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ABSTRACT
Despite numerous advancements in synthesizing photoactive materials, the evaluation of their catalytic performance remains challenging
since their fabrication often involves tedious strategies, yielding only low quantities in the μ-gram scale. In addition, these model catalysts
exhibit different forms, such as powders or film(-like) structures grown on various supporting materials. Herein, we present a versatile gas
phase μ-photoreactor, compatible with different catalyst morphologies, which is, in contrast to existing systems, re-openable and –useable,
allowing not only post-characterization of the photocatalytic material but also enabling catalyst screening studies in short experimental time
intervals. Sensitive and time-resolved reaction monitoring at ambient pressure is realized by a lid-integrated capillary, transmitting the entire
gas flow from the reactor chamber to a quadrupole mass spectrometer. Due to the microfabrication of the lid from borosilicate as base
material, 88% of the geometrical area can be illuminated by a light source, further enhancing sensitivity. Gas dependent flow rates through
the capillary were experimentally determined to be 1015–1016 molecules s−1, and in combination with a reactor volume of 10.5 μl, this results
in residence times below 40 s. Furthermore, the reactor volume can easily be altered by adjusting the height of the polymeric sealing material.
The successful operation of the reactor is demonstrated by selective ethanol oxidation over Pt-loaded TiO2 (P25), which serves to exemplify
product analysis from dark-illumination difference spectra.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0134287

I. INTRODUCTION

In recent years, reactors with dimensions in the micrometer
scale have gained increasing attention for application in photocatal-
ysis. The benefits of such a design include not only small catalyst
expenditure but also fast mass and heat transfers.1–4 Although the
processing via standard microfabrication techniques already limits

the choice of suitable starting material, transparency for the wave-
lengths complying with the solar spectrum or other light sources
is an additional prerequisite. Among common systems, the com-
bination of silicon and borosilicate glass (Pyrex) became one of
the most prominent material choices due to easy processing and
transparency.5,6 Irreversibly fusing the μ-structured silicon chip to
the Pyrex via anodic bonding after catalyst deposition creates a
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small reactor volume hosting the catalyst, and μ-channels for low
gas or liquid flux enable sensitive detection of products.3,6,7 In con-
trast to conventional reactor designs with a product analysis via
chromatography,3,6,7 silicon-Pyrex based μ-reactors have success-
fully been coupled by a flow limiting capillary to a quadrupole
mass spectrometer (QMS), thus optimizing sensitivity.8 The product
analysis with fast response times has been demonstrated not only for
thermal9–11 but also for photocatalytic reactions, such as CO and
methanol oxidation,12 methane decomposition13 and water split-
ting,14 with catalysts in the shape of powders or films. Additionally,
this concept was transferred to a fully transparent reactor based on
Pyrex to enable optical in situ characterization.15 Despite the numer-
ous benefits of this design, the fabrication strategy of irreversibly
closing the reactor restricts the possibility of post-characterization.
Additionally, a re-use of such a reactor is precluded since it cannot
be re-opened without significant damage. Similarly, a fast catalyst
exchange for screening studies as well as testing of certain samples,
such as single crystals, is not feasible.

The gas phase μ-photoreactor presented herein employs a
different design concept. The gas flow system including the capillary
is not integrated into the reactor material itself but instead manufac-
tured into a fully Pyrex-based, transparent lid, which is then coupled
to a QMS by the capillary outlet. The supported photocatalyst is
sealed with a polymeric spacer with a thickness in the μm-range of
a circular cut-out of 9 mm diameter, defining the gas filled reactor
volume. Hence, this versatile model is re-useable, compatible with
powders, films, and other planar catalysts, and it enables fast sample
exchange beneficial for screening studies. The lid made exclusively
out of Pyrex features not only excellent chemical resistance,16 but
also allows for an optimized illumination of the geometrical cata-
lyst area. The applicability of this device for catalytic investigations
is demonstrated by the photooxidative dehydrogenation of ethanol
on Pt-loaded P25 powder, a relevant photocatalytic reaction due to
its potential viability as a CO2 neutral H2 supply, and the use of
alcohols as sacrificial agents.17–19 Products are detected with time
resolution by a QMS, achieving fast response times and sensitive

detection. Furthermore, important reactor properties, such as flow
rate through the capillary and reactor volume, are characterized,
which become relevant for interpretation in the experimental con-
text (e.g., residence times) and prospective calibration as it has been
done for previous systems.20

II. REACTOR CONCEPT
The main component of the μ-photoreactor is the Pyrex lid

with a channel system for gas flow, which is sealed by a polymeric
spacer to the metal cap bearing the photocatalyst, as depicted in
Fig. 1(a). The lid rests on nine Kalrez gaskets (Shore hardness 85)
to balance mechanical stress, whereby the gaskets connect either the
lid to the gas manifold with the reactant gas inlet, the exhaust gas
outlet, or the outlet toward the QMS (HiQuad QMA 410, Pfeiffer
Vacuum, ionization energy = 70 eV). A recess in the center of the
manifold allows illumination from below by an interchangeable light
source, such as LEDs with different emission wavelengths, lasers, or
a solar simulator. Alternatively, back illumination can be realized by
a recess cut into the metal cap. The polymeric spacer with a circular
void with a diameter of 9 mm defines the reactor chamber. While, in
this case, a 200 μm thick thermoplastic polyurethane (diekleinewerft)
sheet (26 × 26 mm2) was selected due to its low gas permeability and
good chemical resistance toward alcohols, the spacer material and its
thickness can be varied depending on the desired application. The
reactor is closed by screws fixing the metal cap. This cap supports
the photocatalyst, which is optionally either a powder deposited by
spin coating or drop casting or has a planar shape like films, as pre-
sented in Fig. 1(a). A detailed drawing of the Pyrex lid is depicted
in Fig. 1(b). It comprises two 25 × 25 mm2 Pyrex wafers with inte-
grated μ-structures for the gas flow and features the basic design
of previously published systems.8,12,15 The reactant is supplied via
the inlet, while excess reactant is removed via the exhaust gas out-
let, which also allows for maintaining the desired pressure within
the reactor by a backpressure controller (El-Press, Bronkhorst, max.

FIG. 1. (a) Schematic drawing of the assembled photoreactor with labeled components in explosion view. (b) Top view of the reactor lid consisting of two Pyrex wafers fused
together via anodic bonding by a Si layer with a circular recess of Si for illumination. The lid further contains the capillary for the pressure drop toward the QMS and channels
for the gas flow.
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2000 mbar). The actual flow through the reactor chamber is gov-
erned by the dimensions of the capillary, which transmits the reac-
tant and product mixture toward the QMS. It is designed for creating
a pressure drop of nine orders of magnitude to guarantee an ade-
quate operating pressure of 10−6 mbar in the QMS. The μ-structures
are implemented into the borosilicate glass by lithography and wet
etching processes, similar to those reported for fully transparent
μ-reactors,15 although the sequence and etching agents were mod-
ified to aim for highly defined capillary depths. Subsequently, the
glass wafers are fused together irreversibly with anodic bonding by
means of a 200 nm thick silicon layer, while a circular recess with a
diameter of 9 mm in the silicon layer ensures high transparency over
the vis and UV-A ranges.

The μ-photoreactor is implemented into a setup infrastructure
(Fig. 2), which is adapted and extended from a system previously
utilized for μ-reactors.8 Briefly, the reactant feed is generated in
the desired stoichiometry by four mass flow controllers (El-Flow
Prestige, Bronkhorst, max. 10 ml/min) and a saturator system for
liquid components, such as H2O or alcohols. Similar to generally
applied systems,21,22 the vapor pressure of these liquids is gener-
ated by bubbling an inert gas with a flow of 10 ml/min (e.g., Ar, He)
through the pure liquid in the first bottle (stainless steel, V = 200 ml),
while the second empty bottle serves as a condenser, both main-
tained at constant temperature by a thermostat (Corio-DC, Julabo,
T = −20 ○C–40 ○C). Homogeneous mixing is guaranteed by a 6 m
long 1/16-inch tubing coil. The fraction of the feed not entering the
μ-photoreactor is connected to a pump via a back pressure con-
troller, maintaining the set pressure in the system including the
reactor. Time resolved reactant and product analysis is realized by
a QMS. A separate compartment with a defined volume of 235 ml
(including tubes and valves) and a pressure sensor (Baratron Inc.
type 722, MKS, range 0–1 mbar or PKR 361 FullRange Gauge,
Pfeiffer Vacuum) enables the determination of the flow rate
through the capillary for different gases. A gas confinement sys-
tem around the reactor minimizes the air content in the reactor
chamber, which originates mainly from the diffusion through the
polymer-based components (O-rings, spacer). While the concen-
tration of these impurities may be small in the reactor, keeping
their amount as low as possible is particularly important in order
to avoid unwanted oxidative side reactions. Temperature, pres-
sures, flows, and light source power are controlled and recorded
by a LabVIEW program, enabling time synchronization with the
QMS data.

III. LID DESIGN
A. Fabrication

The lid consists of two 25 × 25 mm2 commercially avail-
able Pyrex wafers (Type D263® T eco, Schott) with a thickness of
1.1 mm each. Both parts are fabricated in a multi-step lithography
approach (Fig. 3). First, the bottom wafer is cleaned with Caro’s
acid (H2O:H2SO4:H2O2 = 5:1:1) in an ultrasonic bath at 70 ○C for
15 min and rinsed consecutively with deionized (DI) water and iso-
propanol. After cleaning the surface from any coarse contaminant, a
400 nm amorphous silicon layer is deposited in a radio frequency
magnetron sputtering process on both sides of the bottom Pyrex
wafer. Both sides are spin coated with a positive photoresist (AZ ECI
3027, MicroChemicals) with an approximate thickness of 3 μm and
soft baked on a hotplate at 100 ○C for 150 s. To structure the chan-
nels and holes for the gas inlet and exhaust gas outlet [Fig. 1(b)], the
photoresist is processed using direct laser lithography (Dilase 250,
KLOE) and treated with the corresponding developer afterward. The
exposed silicon is then etched away by submerging the wafer into
a 40% HF:69% HNO3 (1:1) solution for 1 s and rinsing it with DI
H2O. To further protect the glass surface under the non-etched Si
layer whose morphology is crucial in the bonding process, the wafers
are wrapped in wafer tape (ULTRON 1008R-9.0, Minitron elektronik
GmbH). The tape comprises recess areas for the structures, which are
then wet etched with 40% HF for 35 min, yielding holes and chan-
nels with a depth of 250 μm. After rinsing with DI water, the wafer
is unwrapped, and the photoresist is removed.

The capillary is manufactured by the same process of direct
laser lithography and silicon etching, but due to the isotropic etch-
ing of HF in glass, a width-independent etching depth is only feasible
for wider channels. The width was, therefore, increased compared to
the conventional system8 to 175 μm along its length (∼4450 μm) to
assure a defined molecular flow in the desired range. Buffered HF
[BOE 7-1 (AF 87, 5–12, 5) avec Surfactant, TECHNIC] was utilized
to allow for precise control of the etching depth (Fig. S1), following
a linear behavior with an etching rate of 56 nm/min and an offset
of 900 nm due to the previous Si etching step. Thus, 30 min etching
time results in a depth of 2.75 ± 0.08 μm, which is validated by pro-
filometry (DektakXT, Bruker) and depicted in Fig. 4. The profiles of
the capillary further prove that width and depth remain unaltered
through its entire length. The removal of photoresist and silicon lay-
ers in the same manner as described above finalizes the capillary’s
manufacturing procedure. As etching was only performed to a depth

FIG. 2. Setup infrastructure of the
μ-photoreactor.
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FIG. 3. Fabrication steps of the Pyrex lid involving the etching of large channels,
the capillary, milling, and consecutive anodic bonding.

of ∼250 μm on each side of the bottom waver plate, the holes are
eventually created by a subsequent full milling step using a precision
mill (DIADRIVE 2000/500, Mutronic GmbH & Co KG) with dia-
mond tipped milling head (diameter = 400 μm). The holes in the top
Pyrex wafer serving as reactor in- and outlet [Fig. 1(b)] are created
exclusively by milling. The processed wafers are cleaned with Caro’s
acid. For anodically bonding the wafers, a 200 nm thick silicon layer
is sputtered onto the top wafer with a recess for the illumination area,
which is created by a shadow mask aligned and fixed with a magnet
on a wafer mount. Subsequently, the top and bottom parts of the lid
are stacked and aligned in a 25 × 25 mm2 insulating ceramic frame
and fused by anodic bonding. A voltage of −1 kV is applied on a
single spot to the top waver with a metal tip for ∼2.5 h, while the
bottom plate is heated by a plate at 450 ○C. This way a success rate

FIG. 4. Evaluation of the etched capillary dimensions by profilometry. Three mea-
surements per lid were performed at different positions along the capillary (approx.
at 100, 2200, and 4400 μm).

FIG. 5. UV–Vis transmittance of the illumination area and bonded region of the
Pyrex lid with a photo of the lid converted into a black–white contrast image for the
assessment of the area of illumination by counting pixels.

in the bonding process of 95% is achieved. For enhanced mechani-
cal stability, the lid is tempered for 5 h at 550 ○C and cooled to room
temperature over 12 h to reduce mechanical stress within the glass
caused by the bonding process.

B. Optical characterization
The lid was characterized with regard to its optical proper-

ties by means of UV–vis spectra recorded with a Spectrometer
(Specord 40, Analytics Jena) (Fig. 5). An air-filled beamline served
as a reference spectrum. While for the bonded region only longer
wavelengths are transmitted due to the 200 nm thick silicon layer,
the illumination area exhibits full transparency in the vis range and
UV-A with an onset at 320 nm. The illumination area was deter-
mined to be 56 mm2 by a pixel calibration of a black–white contrast
image (Fig. 5), whereby the maximal area is defined by the circu-
lar void (diameter = 9.0 mm) in a polymeric spacer with an area
of 63 mm2. The illuminated area, therefore, covers 88% of the geo-
metrical catalyst area and reduces the un-illuminated dead volume
to only 12%, whereas illumination from the back even allows 100%
exploitation of the geometrical area. These high percentages are
especially advantageous for sensitive measurements of less active
photocatalysts.

IV. CHARACTERIZATION AND PROOF-OF-PRINCIPLE
A. Evaluation of leak tightness

The choice of spacer material is a pivotal factor for leak tight-
ness. Aromatics-based thermoplastic polyurethane is commercially
available in micrometer thicknesses (200 and 320 μm, diekleinew-
erft) and exhibits the required features of softness for compressibility
and chemical stability toward alcohols, which are used as a reac-
tant in this study. In this regard, the combination of the material’s
properties is superior to those of other potential sealing materials,
such as Teflon, PEEK, PP, Parafilm, and Viton based Fluorodyn,
despite their availability in smaller thickness (e.g., 0.05–0.10 mm for
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FIG. 6. Exchange of air with argon in the reactor by pumping (dotted area) and
flushing at p = 960 mbar for the evaluation of leak tightness leading to an air
content of 1% (corresponding to 2000 ppm O2). An argon atmosphere (gray area)
around the reactor decreases the air content further to 0.1% (corresponding to
200 ppm O2).

Parafilm or PP) for a reduced reactor volume and residence times.
The leak tightness of the reactor assembled with a 200 μm thick
thermoplastic polyurethane spacer is always assessed by QMS prior
to every experiment based on N2 (m/z = 28) and O2 (m/z = 32)
traces (Fig. 6). Upon the replacement of air (pR = 960 mbar) with
argon (pR = 960 mbar) by two pumping cycles, the N2 and O2
traces are reduced to 1% of their initial signal intensities. A con-
trollable atmosphere around the reactor assembly created by a flow
of argon enables an additional drop of these signals to 0.1%. This

yields a residual oxygen content of ∼200 ppm, which can be further
improved by better reactor confinement. During all experiments, N2
and particularly O2 levels are monitored, especially during exposure
to reactants to identify and account for possible O2 mediated side
reactions.

B. Photocatalytic oxidative dehydrogenation
of ethanol on Pt-loaded P25

To demonstrate the operation of the μ-reactor, photocatalytic
ethanol oxidation is carried out as a test reaction on 0.7 ± 0.2 mg
of 1 wt. % Pt-loaded P25 (Acros Organics). The catalyst is obtained
based on the procedure reported by Taing et al. without the use
of trisodium citrate,23 suspended in 1 ml ethanol, and deposited
by drop casting onto the metal plate. HPLC grade ethanol
(Sigma-Aldrich) is introduced as a reactant by saturating an argon
flow of 10 ml/min at 0 ○C, resulting in a partial pressure of pEtOH
= 16 mbar according to Antoine equation,24 while the total pressure
pR in the reactor chamber is fixed at 960 mbar. A conventional GaN
LED (λ = 365 nm, Led Engin) serves as an illumination source and is
calibrated by an optical power meter (Nova II, Ophir) (Fig. S2). By
means of mass scans (m/z = 1–100) under illumination, relevant m/z
traces were selected to monitor the photoreaction [Fig. 7(a)]. Typical
species were the reactant ethanol (m/z = 31, 45), possible products
like H2 (m/z = 2) and acetaldehyde (m/z = 16, 29, 43, 44), and poten-
tial side products, such as CH4 (m/z = 16) and CO (m/z = 28), which
are known from the literature to be formed under illumination over
metal-loaded TiO2 catalysts in the liquid phase.25 Moreover, CO2
(m/z = 44) was included, as total oxidation cannot be precluded due
to residual O2 (m/z = 32) and H2O (m/z = 18).

Under illumination, the behavior of the mass traces directly
shows whether they originate from reaction products or reactants.

FIG. 7. (a) Monitoring of the m/z signals by mass spectrometry in the photooxidative dehydrogenation of ethanol. During the illumination with 365 nm at 270 mW/cm2

(blue area), m/z signals of main fragments of reactants (i.e., for ethanol m/z = 31, 45) decrease, while those of products increase (i.e., for acetaldehyde, m/z = 29 and
43; for hydrogen, m/z = 2). The dotted regions indicate the interruption of the measurements by mass scans from m/z = 0 to 100. (b) Difference spectrum obtained by
the subtraction of mass scans recorded in the absence of and under illumination. Positive peaks originate from products formed during photocatalysis, while negative
peaks result from the consumed reactant. The fragmentation pattern of the reactant and products are subtracted, yielding a balanced baseline. This strategy enables the
identification of different reaction channels occurring during illumination. Due to the large excess of Ar being the background gas, the fluctuation in its mass traces (gray
area) corresponds to saturation effects in the signal, which are also indicated by the abnormal shape of the signal in the difference spectrum for m/z = 40 and do not result
from the photoreaction.
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Traces of reactants, such as ethanol, decrease as the molecule is con-
sumed, while the traces of products rise because of their formation
in the photoreaction. In order to identify the species involved in
the photoreaction, a difference in the mass spectrum [Fig. 7(b)] is
obtained by subtracting mass scans recorded in the dark from those
under illumination (Fig. S3). The peak maxima are converted into
bar graphs that are analogous to the previous work from our group.26

Negative signals in the difference spectrum arise from reactants,
as their traces decrease during the photoreaction, while positive
peaks originate from products formed in the photoreaction, whose
traces increase under illumination. Subsequently, the fragmentation
patterns of involved molecules (Fig. S4) normalized to their main
fragment are subtracted successively, while the spectrum of ethanol
being the reactant is added. The baseline is expected to yield a zero
balance, which is satisfactorily achieved after accounting for ethanol,
hydrogen, and acetaldehyde. The remaining signals, especially
m/z = 1, are within the error range due to the inaccuracy of the uti-
lized fragmentation patterns. As the concertation of argon being the
background gas (m/z = 20, 40) is several orders of magnitude higher
than those of the other species, the changes after the subtraction
result from saturation effects in the signal intensity visible already
in the abnormal peak shape and not from the photoreaction. The
subtraction procedure reveals that the signals m/z = 44 and 16 stem
from the fragmentation of acetaldehyde (Fig. S4) and not from other
side products, such as CO2 or CH4.

Based on this analysis, hydrogen and acetaldehyde are the
main products of the photoreaction, according to CH3CH2OH(g)
→ H2(g) + CH3CHO(g). Furthermore, products with a larger mass
than ethanol are not formed, as evidenced by the scans up to a
mass of m/z = 100 (Fig. S3). Consequently, the identified selec-
tivity is in accordance with studies performed on metal-loaded
TiO2 in the liquid phase under ambient conditions,25 as well as
ultrahigh vacuum results.27 This demonstrates that product iden-
tification can be realized even with m/z signals overlapping from
several molecules through the disentanglement of traces by their
characteristic fragmentation pattern. For an unequivocal verifica-
tion of photoinduced oxidation, the experiment was carried out

FIG. 8. Baseline corrected signals of ethanol (m/z = 31), acetaldehyde (m/z = 29,
additionally corrected for ethanol contribution), and hydrogen (m/z = 2) at different
powers with an irradiation wavelength of 365 nm at a total pressure of 960 mbar.

without a catalyst under the same conditions. As expected neither
conversion, i.e., no drop of the ethanol characteristic traces was
observed under illumination (Fig. S5), nor did any other trace expe-
rience a significant increase. While altering illumination power does
not influence the findings qualitatively, a more pronounced rise in
product signals and a stronger decline in reactant signals at higher
LED power indicate higher photoconversions (Fig. 8). This exper-
iment demonstrates the feasibility of irradiation power dependent
experiments in this μ-photoreactor, in general. In contrast to H2, the
signals of acetaldehyde and ethanol require much longer times to
reach a steady state, when the light is switched on or off. This phe-
nomenon is likely not caused by the kinetics of the photoreaction
itself but rather results from the mass transport to the QMS. This
seems, in particular, plausible as such an effect was already noticed
for methanol and H2O in similar systems.12,14

V. REACTOR DIMENSION
The dimension of the reactor and the flow of molecules through

the device are relevant parameters for the assessment of photocat-
alytic results. In the following, experimentally determined reactor
height and capillary flow will be discussed and utilized to predict the
reactor volume and achieved residence times.

Since the polymeric spacer is compressed during the assem-
bling process of the reactor, its effective height strongly depends on
the material of choice and the force applied to seal the reactor. To
measure the height under realistic conditions, an additional recess
is cropped into the polymeric spacer, allowing for the insertion of a
feeler gauge. After closing the reactor and applying the same force as
under operation conditions, the effective height is determined to heff
= 165 ± 5 μm. Taking the circular cut-out with a diameter of 9 mm
into account, this results in a total reactor volume of Vreactor = 10.5
± 0.3 μl, according to the following equation:

Vreactor = (0.5 ⋅ d)2 ⋅ heff ⋅ π. (1)

The flow from the reactor chamber through the capillary is
investigated following a strategy developed by Basu and Yates.28 For
this, the flow is guided into a defined and previously evacuated vol-
ume of 235 ml at room temperature by closing valve V1 to the QMS
and opening V2 (Fig. 2). While the pressure pR within the reac-
tor chamber for different pure gases i is set constant to 960 mbar,
the pressure in the defined volume pDV is monitored over time
with a capacitance manometer (Baratron Inc. type 722 MKS, range
0–1 mbar). The time-dependent pressure pDV is then converted into
the number of molecules transmitted by the capillary N, according
to ideal gas law,

N(t) = V ⋅ p(t)
kB ⋅ T

, (2)

where V is the defined volume, T is the temperature, and kB is the
Boltzmann constant. The number of molecules passing through the
capillary is plotted as a function of time for air, argon, and hydro-
gen [Fig. 9(a)]. The slope of the linear fits reveals the flow rates of
6.54 × 1015 ± 0.07 × 1015 molecules s−1 for argon, 7.47 × 1015 ± 0.02
× 1015 molecules s−1 for air, and 18.5 × 1015 ± 0.6 × 1015 molecules
s−1 for hydrogen. Since the capillary covers all flow regimes (con-
tinuous, intermediate, and molecular), gas characteristics, such as
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FIG. 9. (a) Experimentally determined capillary flow rates for air, argon, and hydrogen by leaking into a defined and pre-evacuated volume. The test venting during the
hydrogen flow evaluation has no relevance to the measurement. (b) Capillary flows of argon, air, and hydrogen for two different lids and a comparison of pressure sensors
(Baratron Inc. type 722 MKS, range 0–1 mbar and PKR 361 FullRange Gauge, Pfeiffer with Pirani gauge).

mass, dynamic viscosity, tube roughness, and polarity, affect the flow
rates, explaining the divergent results for different gases. A theoret-
ical prediction of the flow, as it was already performed for similar
systems,8,29 cannot be applied straight forwardly due to its different
dimensions and pressure regimes requiring extensive modifications
of the existing models. The flow rates for Ar and H2 ascertained
for a second lid display deviations of only 6% and 1%, respec-
tively, relative to the values obtained for the first one [Fig. 9(b)],
which evidences the high reproducibility in the fabrication pro-
cess of the capillary. Employing a Pirani gauge (PKR 361 FullRange
Gauge, Pfeiffer) for the pressure monitoring instead of the capaci-
tance manometer yields a discrepancy of 5%. Yet, the ratio of flow
rates for air and argon is inversed. This inaccuracy is derived from
the pressure correction with a gas dependent factor for gases other
than air using a Pirani gauge.30

Additionally, the continuously recorded pressure in the QMS
pMS allows the verification of flow rates Ṅi, due to its correlation in
the steady state according to

Ṅi = pMS,i ⋅ Seff

kB ⋅ T
, (3)

where Seff is the effective pump speed and T is the temperature.
The effective pump speed was estimated to be Seff = 143 L s−1

(HiCube300, Pfeiffer Vacuum, with an initial pump speed of S = 260
L s−1 for N2), corrected for an aperture with a diameter of 9 cm and
a tube length of 40 cm. The QMS pressures were monitored with a
cold cathode (PKR 361 FullRange Gauge, Pfeiffer), for which the gas
dependent correction factor was taken into account for argon and
hydrogen.30 It is evident from Table I that the flow rates are in good
agreement with the prediction via pump speed and QMS pressure.
The installed defined volume thus allows the determination of flow
rates through the capillary prior to the photocatalytic measurement
by this simple experiment, which becomes relevant for quantitative
analysis and corroborates the accurate capillary dimensioning dur-
ing fabrication. Moreover, the corresponding residence times τi can
be approximated by the expression,

τi = VR

V̇i
, (4)

where VR is the reactor volume and V̇i is the volume flow obtained
by converting the molecular flow rate Ṅi into a volume flow at con-
stant pR = 960 mbar according to ideal gas law. The as-obtained

TABLE I. Flow rates of one capillary (Lid1) for pure air, argon, and hydrogen Ṅi(exp) determined by pressure increase in a
defined, evacuated volume pDV, and flow rates Ṅi(estim) determined by estimation via pump speed Seff and steady state
pressure pMs,i in the QMS, as well as the residence times τi estimated for pure gases and calculated from the experimentally
defined parameters.

Gas
Ṅi(exp)

× 1015 (molecules s−1)
Ṅi(estim)

× 1015 (molecules s−1)
pMS,i

× 10−6 (mbar) τi (s)

Ar 6.54 ± 0.07 7.2 2.1 ± 0.1 39 ± 1
Air 7.47 ± 0.02 8.4 2.4 ± 0.1 33 ± 1
H2 18.5 ± 0.6 13 3.7 ± 0.1 13 ± 1
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values are listed in Table I. Clearly, hydrogen displays higher flow
rates and thus shorter residence times compared to larger molecules.
Hence, its fast response to light switching can be linked to this trans-
port phenomenon while acetaldehyde and ethanol require a longer
time to reach a steady state (Fig. 8). It is noted that other desired res-
idence times can be realized by altering the reactor volume VR using
a polymeric spacer of a different height to reveal its influence on the
course of reactions.31

VI. CONCLUSION
Herein, a new design concept of a gas phase μ-photoreactor

is presented. It is tailored to not only host low catalyst amounts
of different shapes, such as in planar form or as powders, but
also to be re-openable, which enables a fast sample exchange for
screening studies and the analysis of the catalyst material after
the reaction experiments. Briefly, the reactor is based on a fully
Pyrex-based lid with an implemented gas flow channel system,
which is pressed on the supported catalyst by a polymeric spacer
with a circular cut-out, creating a reactor chamber volume of only
10.5 μl. The entire gas flow is transmitted by a capillary to a QMS,
enabling time-resolved and sensitive reaction monitoring at ambient
pressure.

The lid fabrication from two Pyrex wafers by a lithographic
and wet-etching approach provides capillaries in the desired, repro-
ducible μm-dimensions. The consecutive fusing strategy allows
illumination with an interchangeable light source (λ > 320 nm) while
enabling the illumination of 88% of the geometrical catalyst area.
The gas dependent flow rate through the capillary was determined
to be 1015–1016 molecules s−1 with a defined volume integrated into
the setup infrastructure. These values corroborated first estimations
using pump speeds and obtained pressures in the QMS.

The functionality of the device was demonstrated by the pho-
tooxidative dehydrogenation of ethanol over Pt-loaded TiO2 (P25)
at varying illumination intensities. By means of dark-illumination
difference spectra, reaction products were unambiguously identified
despite the presence of several overlapping mass peaks in the QMS.

Therefore, this versatile reactor concept is well suited for
screening photocatalytic materials with various shapes, which are
available only in small amounts due to their tedious fabrication.
Furthermore, changes resulting in the catalyst upon the reaction can
be studied by opening the reactor and characterizing the material
afterward. The combination of these properties may prove benefi-
cial to enable new studies of photocatalytic reactions or materials
with this type of reactor.

SUPPLEMENTARY MATERIAL

Additional information on etching rates, LED power calibra-
tion, mass scans under illumination and in the dark, fragmentation
patterns of reactants and products, and mass traces without any
photocatalyst in the reactor are given in the supplementary material.

ACKNOWLEDGMENTS
This work was supported by the e-conversion Cluster through

Germany’s Excellence Strategy − EXC 2089/1-390776260. I.C.

acknowledges the TUM-IAS for financial support from the Hans
Fischer Senior Fellowship. C.C.A. acknowledges the Ph.D. scholar-
ship by the Studienstiftung des Deutschen Volkes and thanks Tim
Langschwager and Anna Lemperle for their support in the lab.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Clara C. Aletsee: Conceptualization (lead); Data curation (lead);
Formal analysis (lead); Investigation (lead); Methodology (equal);
Writing – original draft (lead). Degenhart Hochfilzer: Conceptual-
ization (supporting); Methodology (equal); Validation (supporting);
Writing – review & editing (equal). Anika Kwiatkowski: Concep-
tualization (supporting); Data curation (supporting); Investigation
(supporting); Resources (supporting); Writing – review & editing
(supporting). Markus Becherer: Conceptualization (supporting);
Methodology (supporting); Resources (supporting); Writing –
review & editing (supporting). Jakob Kibsgaard: Conceptualiza-
tion (supporting); Methodology (supporting); Validation (support-
ing); Writing – review & editing (supporting). Ib Chorkendorff:
Conceptualization (equal); Funding acquisition (equal); Investiga-
tion (supporting); Resources (supporting); Supervision (support-
ing); Validation (equal); Writing – review & editing (equal). Martin
Tschurl: Conceptualization (lead); Formal analysis (equal); Funding
acquisition (supporting); Methodology (equal); Supervision (lead);
Writing – review & editing (equal). Ueli Heiz: Conceptualization
(lead); Funding acquisition (lead); Methodology (equal); Project
administration (equal); Supervision (equal); Validation (equal);
Writing – review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

REFERENCES
1K. F. Jensen, Chem. Eng. Sci. 56, 293 (2001).
2K. Jähnisch, V. Hessel, H. Löwe, and M. Baerns, Angew. Chem., Int. Ed. 43, 406
(2004).
3R. Gorges, S. Meyer, and G. Kreisel, J. Photochem. Photobiol., A 167, 95 (2004).
4L. Soler, N. J. Divins, X. Vendrell, I. Serrano, and J. Llorca, Current Trends and
Future Developments on (Bio-)Membranes (Elsevier, 2020), Vol. 141.
5S. K. Ajmera, C. Delattre, M. A. Schmidt, and K. F. Jensen, Sens. Actuators, B 82,
297 (2002).
6B. Venezia, E. Cao, S. K. Matam, C. Waldron, G. Cibin, E. K. Gibson, S. Golunski,
P. P. Wells, I. Silverwood, C. R. A. Catlow, G. Sankar, and A. Gavriilidis, Catal. Sci.
Technol. 10, 7842 (2020).
7A. Castedo, A. Casanovas, I. Angurell, L. Soler, and J. Llorca, Fuel 222, 327
(2018).
8T. R. Henriksen, J. L. Olsen, P. Vesborg, I. Chorkendorff, and O. Hansen, Rev.
Sci. Instrum. 80, 124101 (2009).

Rev. Sci. Instrum. 94, 033909 (2023); doi: 10.1063/5.0134287 94, 033909-8

© Author(s) 2023

https://scitation.org/journal/rsi
https://www.scitation.org/doi/suppl/10.1063/5.0134287
https://doi.org/10.1016/s0009-2509(00)00230-x
https://doi.org/10.1002/anie.200300577
https://doi.org/10.1016/j.jphotochem.2004.04.004
https://doi.org/10.1016/s0925-4005(01)01012-7
https://doi.org/10.1039/d0cy01608j
https://doi.org/10.1039/d0cy01608j
https://doi.org/10.1016/j.fuel.2018.02.128
https://doi.org/10.1063/1.3270191
https://doi.org/10.1063/1.3270191


Review of
Scientific Instruments ARTICLE scitation.org/journal/rsi

9J. N. Riedel, M. D. Rötzer, M. Jørgensen, U. G. Vej-Hansen, T. Pedersen,
B. Sebok, F. F. Schweinberger, P. C. K. Vesborg, O. Hansen, J. Schiøtz, U. Heiz,
and I. Chorkendorff, Catal. Sci. Technol. 6, 6893 (2016).
10A.-L. N. Christoffersen, A. Bodin, C. F. Elkjær, J. E. Sørensen, J. Kibsgaard, and
I. Chorkendorff, J. Phys. Chem. C 122, 1699 (2018).
11R. Jensen, T. Andersen, A. Nierhoff, T. Pedersen, O. Hansen, S. Dahl, and
I. Chorkendorff, Phys. Chem. Chem. Phys. 15, 2698 (2013).
12P. C. K. Vesborg, J. L. Olsen, T. R. Henriksen, I. Chorkendorff, and O. Hansen,
Chem. Eng. J. 160, 738 (2010).
13S.-i. In, M. G. Nielsen, P. C. K. Vesborg, Y. Hou, B. L. Abrams, T. R. Henriksen,
O. Hansen, and I. Chorkendorff, Chem. Commun. 47, 2613 (2011).
14F. Dionigi, P. C. K. Vesborg, T. Pedersen, O. Hansen, S. Dahl, A. Xiong,
K. Maeda, K. Domen, and I. Chorkendorff, Energy Environ. Sci. 4, 2937 (2011).
15F. Dionigi, M. G. Nielsen, T. Pedersen, O. Hansen, I. Chorkendorff, and P. C. K.
Vesborg, Rev. Sci. Instrum. 84, 103910 (2013).
16J. P. McMullen and K. F. Jensen, Annu. Rev. Anal. Chem. 3, 19 (2010).
17J. Schneider, M. Matsuoka, M. Takeuchi, J. Zhang, Y. Horiuchi, M. Anpo, and
D. W. Bahnemann, Chem. Rev. 114, 9919 (2014).
18K. Sathiyan, R. Bar-Ziv, V. Marks, D. Meyerstein, and T. Zidki,
Chem. -Eur. J. 27, 15936 (2021).

19K. Shimura and H. Yoshida, Energy Environ. Sci. 4, 2467 (2011).
20P. C. K. Vesborg, S.-i. In, J. L. Olsen, T. R. Henriksen, B. L. Abrams, Y. Hou,
A. Kleiman-Shwarsctein, O. Hansen, and I. Chorkendorff, J. Phys. Chem. C 114,
11162 (2010).
21J. Nokerman, S. Dutour, M. Frère, S. Limborg-Noetinger, and S. Jullian, Stud.
Surf. Sci. Catal. 144, 267 (2002).
22G. L. Chiarello, L. Forni, and E. Selli, Catal. Today 144, 69 (2009).
23J. Taing, M. H. Cheng, and J. C. Hemminger, ACS Nano 5, 6325 (2011).
24C. B. Kretschmer and R. Wiebe, J. Am. Chem. Soc. 71, 1793 (1949).
25A. V. Puga, A. Forneli, H. García, and A. Corma, Adv. Funct. Mater. 24, 241
(2014).
26C. Courtois, M. Eder, K. Schnabl, C. A. Walenta, M. Tschurl, and U. Heiz,
Angew. Chem., Int. Ed. 58, 14255 (2019).
27S. L. Kollmannsberger, C. A. Walenta, C. Courtois, M. Tschurl, and U. Heiz,
ACS Catal. 8, 11076 (2018).
28P. Basu and J. T. Yates, Surf. Sci. 177, 291 (1986).
29U. J. Quaade, S. Jensen, and O. Hansen, J. Appl. Phys. 97, 044906 (2005).
30Pfeiffer Vacuum GmbH, Operating instructions PKR 361, 2015.
31Y. Liu, F. M. Kirchberger, S. Müller, M. Eder, M. Tonigold, M. Sanchez-Sanchez,
and J. A. Lercher, Nat. Commun. 10, 1462 (2019).

Rev. Sci. Instrum. 94, 033909 (2023); doi: 10.1063/5.0134287 94, 033909-9

© Author(s) 2023

https://scitation.org/journal/rsi
https://doi.org/10.1039/c6cy00756b
https://doi.org/10.1021/acs.jpcc.7b11089
https://doi.org/10.1039/c2cp43684a
https://doi.org/10.1016/j.cej.2010.03.083
https://doi.org/10.1039/c0cc02570d
https://doi.org/10.1039/c1ee01242h
https://doi.org/10.1063/1.4826495
https://doi.org/10.1146/annurev.anchem.111808.073718
https://doi.org/10.1021/cr5001892
https://doi.org/10.1002/chem.202103040
https://doi.org/10.1039/c1ee01120k
https://doi.org/10.1021/jp100552x
https://doi.org/10.1016/s0167-2991(02)80144-6
https://doi.org/10.1016/s0167-2991(02)80144-6
https://doi.org/10.1016/j.cattod.2009.01.023
https://doi.org/10.1021/nn201396v
https://doi.org/10.1021/ja01173a076
https://doi.org/10.1002/adfm.201301907
https://doi.org/10.1002/anie.201907917
https://doi.org/10.1021/acscatal.8b03479
https://doi.org/10.1016/0039-6028(86)90140-8
https://doi.org/10.1063/1.1829377
https://doi.org/10.1038/s41467-019-09449-7

