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Germany

A R T I C L E  I N F O

Keywords:
Light-harvesting
Photocharging
Batch-to-conti
Photoreactor scale-up
Radiation field characterization

A B S T R A C T

A major challenge in photocatalyst design is separating light-harvesting from catalytic steps, for which photo
chargeable materials provide a promising approach for decoupling light-driven energy storage from subsequent 
dark reactions. This work systematically investigates the exceptional capability of as-synthesized titania aerogels 
to store electrons upon irradiation, including sacrificial agents, irradiation time, and incident photon flux. 
Methanol, owing the highest number of α-H atoms, was the most effective sacrificial agent compared to ethanol 
and isopropanol, enabling electron storage up to 64.8 μmol e− in 100 mg titania aerogel. Moreover, insights from 
studies in a semi-batch reactor (Xe-arc lamp) were translated to a flow capillary reactor irradiated with UVA 
LEDs. A characterization of the radiation field of both reactors allowed for an objective comparison of data 
obtained in the different experimental setups. Using the same charging conditions in the capillary reactor as in 
the semi-batch reactor yielded a low charging performance, due to a significant light transmission loss caused by 
low loading. Photocharging conditions were tailored to account for the short optical path length of the capillary 
reactor by an increase of the titania aerogel loading and a reduced dispersion volume. This enhanced the pho
tocharging rate in the capillary reactor, eventually exceeding that of the batch system by a factor of two. 
Doubling the catalyst loading increased photonic efficiency fourfold, demonstrating both the potential and 
challenges of transferring and scaling light-driven processes from batch to flow, and establishing critical design 
insights for light-driven charge storage in continuous systems.

1. Introduction

TiO2 is one of the most investigated photocatalysts [1–12]. Among 
the different types of TiO2, TiO2 aerogels are particular attractive as 
these materials possess a high number of reactive sites, resulting from 
the high surface areas, improved charge carrier separation, and short 
diffusion pathways for minority charge carriers, all of these properties 
being crucial for efficient photocatalysis [8,9,13]. Aerogels are charac
terized by an interconnected porous network with open pores, low 
densities, and high surface areas [14,15]. For example, the surface areas 
for amorphous TiO2 aerogels are of up to more than 700 m2 g− 1 

[6,16–19]. The properties of aerogels can be tailored by adjusting the 
synthesis parameters and post-synthesis processing [6,16,17,20]. 

Compared to TiO2 nanoparticles, the photogenerated electron-hole pairs 
in TiO2 aerogels are more efficiently separated and the density of excited 
electrons is enhanced [8]. Another advantage of TiO2 aerogels, espe
cially of amorphous/semi-crystalline TiO2 aerogels, compared to nano
particulate systems is their increased electron storage capability [6], 
which is advantageous for the use as a solar battery material. Electrons 
in TiO2 are trapped close to the surface in the presence of a hole scav
enger, forming Ti3+ states that exhibit a characteristic dark blue color
ation, i.e. a broad absorption at a maximum of 650 nm [6,21–24]. 
Thereby, very small concentrations of a hole scavenger, i.e. 0.02 mol L− 1 

ethanol, are already enough for the extraction of the photoexcited holes 
and the storage of the photoecxcited electrons in the TiO2 [25]. These 
photogenerated stored electrons can be used for reduction reactions of 
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different metal ions, e.g. silver [22], gold [23], cupper [25], or platinum 
ions [6], or for the reduction of other electron donors in the dark 
[26–28]. One very promising reduction reaction, which was shown for 
the first time by Bahnemann et al. in 2011, is the nitrogen reduction 
reaction to ammonia in the dark with these stored electrons in TiO2 [25]. 
Marschall et al. showed that as-synthesized TiO2 aerogels exhibit the 
best capability to store photoexcited electrons compared to aerogels, 
which were calcined at 300, 400, and 500 ◦C. It could also be shown that 
these photostored electrons in the as-synthesized TiO2 aerogel are able 
to reduce nitrogen to ammonia in the dark [6]. Other reduction reactions 
for the synthesis of ammonia using photostored electrons in TiO2 are the 
nitrate or the nitric oxide reduction reactions [25,29,30].

Sustainable processes using stored electrons can become a very 
important tool for the future economy and can pave the way for an 
energy-efficient and decentralized production of solar fuels, i.e. 
ammonia. For such reactions, it is important to quantify the amount of 
photostored electrons in the material, which are available for the 
following reduction reaction after the photocharging. The quantification 
of photostored electrons in TiO2 can be done with different approaches, 
e.g. by titration with methylene blue [28,31] or by the addition of a 
given amount of Pt4+ to the photocharged TiO2 and the high-resolution 
detection of the evolved hydrogen [6].

To drive commercial adoption of photocatalysis, pivotal advance
ment is needed in photochemical reaction engineering. Standardized 
metrics for reports play a crucial role in simplifying the evaluation of 
photocatalysts since it removes bias and helps to generate reproducible 
results. This can expedite materials screening for commercialization, 
addressing a persistent challenge in the field: the lack of detailed and 
consistent documentation of experimental setups [32–34]. However, 
beyond materials evaluation, designing scalable, efficient, and user- 
friendly photoreactors remains a critical bottleneck for large-scale 
implementation of photocatalytic processes across numerous applica
tions [35,36]. This challenge primarily arises from the exponential light 
intensity attenuation within photoreactors, which must to be considered 
in conjugation with mass and heat transfer phenomena [37,38]. In this 
regard, photonic characterization of photoreactors becomes essential. 
Detailed characterization provides critical insights into design limita
tions and opportunities for improvement. Sender et al. [39,40] proposed 
a radiometric scanning method to evaluate the radiation field within 
photoreactors. Applying this technique to different configurations of 
photoreactor enables to gain a deeper understanding of the impact of 
design decisions on the photonic efficiency.

Despite the recent developments in photoreactor design and photo
catalyst, the connection between photoreactor design and photo
catalytic performance remains inadequately understood. In this work, 
the exceptional light-induced electron storage capabilities of as- 
synthesized TiO₂ aerogels were investigated for different parameters. 
Subsequently, two reactor configurations, a semi-batch reactor and a 
capillary reactor, were compared based on the radiation fields by 
characterizing light sources and using radiometric scanning. This inte
grated approach allowed a direct connection between reactor design, 
photonic efficiency, and photocatalystic performance of the material.

2. Experimental

2.1. Chemicals

Titanium(IV) tetraisopropoxide (98 %, Merck), hydrochloric acid 
(37 %, ACS reagent, Sigma-Aldrich), ethanol (CHEMSOLUTE, denatured 
with MEK, IPA, and Bitrex, 99.8 %), methanol (99.9 %, Fisher Chemi
cal), ethanol (VWR, 99.9 %), isopropanol (VWR, >99 %), hexa
chloroplatinate(IV) hydrate (99.995 %, Carl Roth), and Hombikat UV 
100 (99 %, Sachtleben Chemie) were used as received.

2.2. Synthesis of TiO2-aerogel

The TiO2 aerogel used herein was synthesized as previously reported 
by a HCl-catalyzed sol-gel method without further thermal treatment 
after the supercritical drying using scCO2 [6].

2.3. TiO2-aerogel characterization

XRD measurements were conducted on a Bruker D8 ADVANCE X-ray 
diffractometer using a Cu Kα radiation source and a LYNXEYE XE-T 
detector. The diffraction data were measured in the range of 15–90◦

2θ with a step size of 0.01◦. The crystallite sizes were estimated using 
Bruker EVA software by calculating the integral breadth from the XRD 
pattern. Phase quantification and determination of the amorphous and 
crystalline phase was performed using the Rietveld method imple
mented in Topas with CeO2 as the internal standard.

The specific surface area was determined via N2 physisorption 
measurements at 77 K on a Micromeritics 3Flex instrument in a partial 
pressure range of 0.05 < p/p0 < 0.3 using the Brunauer–Emmett–Teller 
(BET) method. The total pore volume of the samples was obtained from 
the N2 desorption isotherms at a partial pressure of 0.98, and the pore 
size distribution was obtained using the Barrett–Joyner–Halenda (BJH) 
model. Prior to physisorption analysis, the samples were degassed at 
60 ◦C for 12 h on a Micromeritics VacPrep Gas Adsorption Sample 
Preparation Device.

2.4. Semi-batch reactor setup

Measurements of the photocharging were performed in two different 
reactor setups. Fig. S1 in the Supporting Information (SI) shows the 
semi-batch reactor setup, which was used also in previous work. In this 
reactor setup, the carrier gas can be switched between argon and ni
trogen. For the measurements, a top irradiation batch reactor is used, 
which is equipped with a fixed quartz glass slide on the top with 5 cm in 
diameter and which can be cooled by a thermostat from Lauda (ECO 
RE1050G). A continuous gas-flow is used, which can be adjusted with a 
mass flow controller from Bronkhorst. The gas stream behind the reactor 
is heated to 110 ◦C and guided into a drying column equipped with silica 
gel. The gas evolution can be detected online either by a gas chro
matograph (GC, GC2014 from Shimadzu), equipped with a shin carbon 
ST column (Restek) and a thermal conductivity detector, using argon 5.0 
as the carrier gas, or by a mass spectrometer (MS, Hiden HPR-20 Q/C 
from Shimadzu) using either argon 5.0 or nitrogen 5.0 as carrier gas.

2.5. Capillary reactor setup

A custom-made capillary reactor was used for investigating the 
photocharging of the as-synthesized titania aerogel in a flow reactor. 
This photoreactor consists of two layers of capillaries wound in a spiral 
shape (Fig. 1). A scaffold holds capillaries and LEDs as light sources. The 
scaffold is 3D-printed from polylactic acid (PLA) using a Raise Pro2 Plus 
printer (Raise3D Premium PLA Filament and extrusion temperature of 
205 ◦C). The holder, with an inner diameter of 15 cm, was designed to 
arrange the two layers of capillaries with an offset of one capillary 
diameter (see Fig. S2c). This offset is intended to ensure that the gap 
between adjacent capillaries is properly filled, optimizing the alignment 
and structural integrity within the reactor system. Details of the design 
are shown in the supplementary information (Figs. S3-S5). 4 LEDs (365 
nm, Luminus LST1-01G01-UV01–00, Luminus Devices, Inc.) were 
positioned on each side of the holder in a circular pattern at 90-degree 
intervals. On the upper side of the reactor, the first LED was placed at 
an angle of 0 degree, while the first LED on the lower side of the reactor 
was rotated by 45 degrees to increase the homogeneity of photon irra
diance (see Fig. 1 and Fig. S5). The spiral design of the capillary gua
rantees extended irradiation times. The total length of the capillary used 
in the system was 9 m. Polymeric capillaries with 1/8″ outer diameter 
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and 1/16″ inner diameter made from different materials, including 
perfluoro alkoxy alkane (PFA, Bohlender GmbH, Germany), fluorinated 
ethylene propylene (FEP, Bohlender GmbH, Germany), and poly
vinylidene fluoride (Kynar Flex™ 2750 PVDF) were evaluated as reactor 
material.

2.6. Reaction engineering investigations in the semi-batch reactor setup

The dependence of the photocharging of the aerogel on the sacrificial 
agent, light intensity, and irradiation time was determined by quanti
fication of the amount of stored electrons with the reduction of Pt4+ to 
Pt0 in the dark, as reported previously [6]. For all measurements 100 mg 
of the as-synthesized aerogel was dispersed in 150 mL of a 10 vol% aq. 
alcohol solution and the temperature was set to 20 ◦C using a Lauda 
thermostat (ECO RE1050G). The dispersion was stirred and the reactor 
was flushed with Ar 5.0 for 1 h with 100 mL min− 1 (set with a Bronk
horst mass flow controller) to remove all residues of air in the reactor. 
The flow was reduced to 25 mL min− 1 Ar and the gas evolution was 
detected online for 30 min with a GC (GC2014 from Shimadzu, equipped 
with a shin carbon ST column (Restek) and a thermal conductivity de
tector, using argon 5.0 as the carrier gas) every 10 min and then the 
sample was irradiated with a 300 W Xe lamp (Quantum Design). After a 
certain time, the lamp was switched off and for around 20 min mea
surements were still performed with the GC before the detection was 
switched to the high-resolution detection with MS every 12 s. For this, 
the flow was increased to 100 mL min− 1 Ar and it was waited for stable 
H2 evolution. Subsequently, an aqueous solution of H2PtCl6 was added 
to reach a concentration of 0.1 wt% Pt and the H2 evolution peak was 
detected in the dark.

Small variations were implemented to investigate the dependence of 
the photocharging on the different parameters:

For the dependence of the photocharging on the sacrificial agent, 
either 150 mL 10 vol% aq. alcohol solution of absolute methanol, 
ethanol, or isopropanol were used and the irradiation time for all 
measurements was 110 min with a 300 W Xe lamp operated without 
filter.

For studies on the dependence on the light intensity, a 10 vol% aq. 
alcohol solution of methanol was used, and the irradiation time was set 
to 110 min for all measurements with a 300 W Xe lamp. Measurements 
were performed without a filter, with a ND0.10 filter (79.4 % trans
mission), with a ND0.20 filter (63 % transmission), with a ND0.40 filter 
(39.8 % transmission), or with a ND0.70 filter (20 % transmission) from 
Quantum Design. The lamp spectra without and with the different filters 

were measured with a Flame spectrometer from Ocean Insight and are 
shown in Fig. S6.

For the dependence on the irradiation time, a 10 vol% aq. alcohol 
solution of methanol was used and the irradiation time with a 300 W Xe 
lamp was set to either 10 min, 20 min, 50 min, 80 min, 110 min, 4 h, 6 h, 
or 12 h of irradiation.

2.6.1. Cycling test
For the cycling test, the same conditions were used as described 

above with a 10 vol% aq. alcohol solution of methanol. The dispersion 
was irradiated for 110 min with a 300 W Xe lamp, then the lamp was 
switched off, the hydrogen evolution rate was detected with the GC until 
the rate of evolved hydrogen became much smaller than in the begin
ning after the lamp was switched off. After that, the lamp was switched 
on again and the sample was irradiated for another 110 min. This cycle 
was repeated seven times, and it was waited until the hydrogen evolu
tion became nearly zero in the last step.

2.6.2. Charging persistence test
For the test of the persistence of the charging state of the aerogel, the 

same conditions were used as described above with a 10 vol% aq. 
methanol solution. The dispersion was irradiated for 110 min with a 
300 W Xe lamp, then the lamp was switched off and the hydrogen 
evolution rate in the dark was detected with the GC until no hydrogen 
evolution was detected anymore. Furthermore, photographs of the 
dispersion were taken before the irradiation, after 110 min of irradia
tion, and at different times after the irradiation until the dispersion 
became colorless again as in the beginning of the experiment.

2.7. Photocharging experiments using the capillary reactor

To study the photocharging of titania in the capillary reactor, 100 mg 
of as-synthesized aerogel (particle size less than 63 μm) was dispersed in 
10 vol% aqueous alcohol solutions, consisting of 135 mL water and 15 
mL absolute alcohol. If not stated otherwise, methanol was used. Ar was 
bubbled through the mixture to remove all residues of oxygen until 
oxygen could not be detected anymore with the attached microGC 
(DynamiQ-S from qmicro equipped with TCD detector and WCOT/PLOT 
columns). A SIMDOS 10 pump manufactured by KNF was used to 
circulate the TiO2 dispersion in the capillary reactor. The sample was 
irradiated for 3 h with UV-LEDs (365 nm) while pumping the mixture 
through the reactor with a flow rate of 10 mL min− 1. The flow diagram 
of the setup is shown in Fig. S7 in the SI. After photocharging, light was 
turned off and the hydrogen produced during the photocharging was 
purged from the reservoir. Subsequently, 1 mL of an aqueous H2PtCl6 
solution was injected in the reservoir, using a syringe pump and the GC 
operation was changed to high-resolution detection to measure the 
hydrogen evolution peak in the dark. A measurement of hydrogen was 
done every 14 s.

2.8. Radiation field characterization

Radiometric scans were done using the multidimensional radio
metric setup developed by Sender et al. [39,40] The setup equipped with 
a UV–Vis spectrometer measures light intensity across a two- 
dimensional plane above the photoreactor. The detector is fixed on a 
computer controlled motorized X/Y-translation stage. This system al
lows to position the spectrometer across the plane and measure the full 
light spectrum at each grid point. The integration time is adjusted 
automatically to avoid saturation. The collected spectra are post- 
processed to generate two-dimensional heat maps that visually repre
sent the irradiance distribution. For the capillary reactor used in this 
study, scans were conducted under various conditions: with the light 
sources alone, with the light sources installed in the reactor, with the 
reactor containing capillaries filled with water-methanol, and with the 
reactor filled with a concentrated methyl orange solution (5 g L− 1). 

Fig. 1. Configuration of the capillary photoreactor designed in this work.

A. Valaei et al.                                                                                                                                                                                                                                  Chemical Engineering Journal 524 (2025) 168924 

3 



Concentrated methyl orange was employed to ensure complete UV ab
sorption, allowing accurate quantification of photons.

2.9. Integrating sphere measurements

The radiometric output of the UV-LEDs was measured using a cali
brated integrating sphere (Mountain Photonics GmbH, Landsberg am 
Lech, Germany) to determine the integral radiant flux. An AvaSpec- 
ULS2048CL-EVO-RS-UA spectrometer (Avantes, The Netherlands), 
calibrated for this setup by Mountain Photonics GmbH, was employed 
for spectral measurements. These measurements were used to calibrate 
the radiometric scans of the sole LEDs to ensure accurate quantification 
of the photon flux entering the reactor. Detailed information on the 
measurements are provided in the SI.

2.10. Extinction coefficient measurement

The absorbance of the photocatalyst was measured as a function of 
photocatalyst loadings in a methanol-water mixture using various op
tical path lengths (0.2, 0.5, 1, 2, and 5 cm). These cuvettes were securely 
positioned using custom 3D-printed holders; the corresponding CAD 
designs are available [41]. Titania aerogel was dispersed in a 10 % V/V 
aqu. methanol solution using an ultrasonic bath, resulting in a stable 
suspension for several minutes. Light absorption at 365 nm was then 
measured for each cuvette and extinction coefficient was determined by 
applying Beer-Lambert law.

3. Results and discussion

The used as-synthesized TiO2 aerogel is semi-crystalline with 10 % 
crystalline phase (anatase) and 4 nm crystallite size, which is in accor
dance to our previous publication. Anatase is the only occurring crys
talline phase after calcination [6]. The corresponding N2 isotherm and 
pore size distribution of the used as-synthesized TiO2 aerogel is shown in 
Fig. S8. The aerogel exhibits a surface area of 642 m2 g− 1, a cumulative 
pore volume of 2.6 cm3 g− 1 and an average pore size of 17 nm, 
respectively.

3.1. Photocharging results using the semi-batch reactor setup

3.1.1. Impact of the type of sacrificial agent
Previously, it could be shown that the amount of stored electrons in 

photocharged TiO2 aerogels depends on the concentration of methanol 
used as sacrificial agent. The intensity of the bluish color increases with 
increasing concentration of methanol [6]. TiO2 is known to trap elec
trons close to the surface in presence of a hole scavenger, which goes in 
line with the formation of Ti3+ states leading to a bluish color of the 
material with an absorption maximum at 650 nm [21,22,25,26,42]. 
However, not only the concentration of the sacrificial agent has an in
fluence on the photocharging of TiO2 aerogels, but also the kind of 
sacrificial agent as can be seen in Fig. 2. Using the semi-batch reactor, 
different alcohols were tested, i.e., methanol, ethanol, and isopropanol, 
as sacrificial agents for their influence on the electron storage ability of 
the as-synthesized aerogel. The intensity of the hydrogen evolution 
peaks in the dark, after charging for 110 min and the addition of H2PtCl6, 
in dependence of the sacrificial agent are shown in Fig. 2 (left).

An increase in the hydrogen evolution rate in the dark corresponds 
with an increasing amount of photostored electrons in the aerogel. Since 
the amount of added Pt4+ from the chloroplatinic acid is for all mea
surements the same, and all Pt4+ is first reduced to Pt0 with stored 
electrons in the aerogel, a stoichiometric amount of 2 μmol of stored 
electrons is needed for all measurements to reduce all provided Pt4+ to 
Pt0. Only the amount of evolved hydrogen in the dark differs, depending 
on the amount of stored electrons left in the aerogel after the Pt4+

reduction. This can be quantified by the integration of the hydrogen 
evolution rate transient [6]. At the end, the amount of stored electrons in 
the TiO2 aerogel is the sum of the 2 μmol of electrons needed for the 
reduction of Pt4+ to Pt0 of the chloroplatinic acid in the first step, and the 
amount of electrons needed for the formation of hydrogen in the second 
step of the dark reduction reaction. The results presented in Fig. 2 clearly 
show that methanol is the best of the tested sacrificial agents for the 
electron storage with the as-synthesized TiO2 aerogel. For methanol, an 
amount of 43.6 μmol of photostored electrons was measured, decreasing 
to 33.6 μmol of electrons if ethanol is used and to 15.2 μmol of stored 
electrons for the use of isopropanol as sacrificial agent. This difference in 
storing efficiency is also visibly assessable by the less intensive bluish 
color – the amount of Ti3+ − of the dispersion with isopropanol in the 
inset photographs of Fig. 2 (left). The amount of photostored electrons of 

Fig. 2. Hydrogen evolution in the dark for the quantification of stored electrons in the as-synthesized TiO2 aerogel dependent on the sacrificial agent methanol 
(green), ethanol (red), and isopropanol (black) with the inset showing photographs of the TiO2 aerogel dispersions after 110 min irradiation using a 300 W Xe lamp in 
the semi-batch reactor (left). H2PtCl6 solution was added after 0.22 h to reach 0.1 wt% Pt and H2 evolution in the dark was measured until no evolution could be 
detected anymore. The dependence of the obtained amount of stored electrons on the α-H atoms of the used sacrificial agent with the corresponding fit (right).
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the as-synthesized aerogel in methanol is higher compared to the pre
viously reported as-synthesized aerogel, which is in accordance to the 
reported dependence; i.e. an increasing electron storage ability with 
increasing surface area – the surface area of the herein used aerogel is 
642 m2 g− 1 compared to the previously used aerogel with 600 m2 g− 1 

[6]. The tested three alcohols contain different numbers of protons in the 
α-position to the alcohol group (α-H atoms), increasing from isopropanol 
with one, to two α-H atoms for ethanol, and three α-H atoms for meth
anol, which goes in line with an increasing polarity from iso
propanol<ethanol<methanol. The quantified amount of photostored 
electrons linearly increases with the number of α-H atoms in the sacri
ficial alcohols (Fig. 2, right). During photocharging of the TiO2 aerogel, 
hydrogen evolution rates for the three sacrificial agents of up to 0.6 
μmol h− 1 for ethanol, 0.7 μmol h− 1 for isopropanol, and up to 1.8 μmol 
h− 1 for methanol were detected (Fig. S9). These quite small hydrogen 
evolution rates were expected, as the hydrogen evolution activity de
creases with increasing electron storage ability of the TiO2 aerogel, and 
the as-synthesized aerogel was found to exhibit the best photocharging 
ability compared to calcined TiO2 aerogels. However, the hydrogen 
evolution rate in methanol is increased compared to ethanol or iso
propanol as sacrificial alcohols. This can be attributed to a photocurrent 
doubling effect due to the formation of hydroxymethyl radicals, which 
have a high reduction potential of E(⋅CH2OH/CH2O) = − 0.95 V vs. NHE, 
being high enough for direct injection of an electron to the TiO2 con
duction band [43,44]. It was shown that the electron transfer from 
ethanol and isopropanol to TiO2 is somewhat hindered compared to 
methanol, which is in line with the lower hydrogen evolution rates 
detected for ethanol and isopropanol compared to methanol [45]. 
Additionally, methanol is the best hole scavenger compared to ethanol 
and isopropanol. Therefore, the recombination rate of electrons and 
holes in the TiO2 aerogel is reduced and the amount of stored electrons is 
increased if methanol is used as sacrificial alcohol instead of ethanol and 
isopropanol. This effect can be further explained with the oxidation 
potentials of methanol, ethanol, and isopropanol, which become more 
positive in the order of methanol>ethanol >isopropanol [46].

3.1.2. Impact of the light intensity and irradiation time
The photon flux (light intensity) and irradiation times are important 

operating parameters for the photocharging. Dispersions of the as- 

synthesized TiO2 aerogel in aqueous methanol solution were investi
gated, since methanol was shown to be the best sacrificial agent. For all 
measurements of the photon flux dependence tests, the same 300 W Xe 
lamp was used for all irradiations; only the reactor was equipped with 
different neutral density filters to prevent an influence of the light source 
on the results. Fig. 3 shows the results for the dependence of the pho
tocharging of the aerogel on the photon flux. The hydrogen evolution 
peaks in the dark show increasing hydrogen evolution rates with 
increasing photon flux during photocharging.

The corresponding amounts of photostored electrons in the TiO2 
aerogel reaching values of 17.4 μmol of electrons after an irradiation 
time of 110 min with a photon flux of 0.324 μmol s− 1 of the 300 W Xe 
lamp, increasing up to 43.6 μmol of electrons for a photon flux of 1.176 
μmol s− 1. A linear dependency of the amount of stored electrons in 
relation to the photon flux is observed (Fig. 3 (right)). In conclusion, the 
electron storage ability of the as-synthesized TiO2 aerogel increases 
linearly with the photon flux. The hydrogen evolution rates during the 
photocharging of the aerogel with the 300 W Xe lamp in Fig. S10 also 
demonstrate a linear dependence of the maximum hydrogen evolution 
rate of the aerogel on the photon flux.

Irradiating the aerogel with 1.176 μmol s− 1 of the 300 W Xe lamp, 
but adjusting the irradiation time from 10 min up to 12 h, results in a 
different dependency shown in Fig. 4. The amount of stored electrons 
increases up to an irradiation time of 4 h. After 4 h, the amount of stored 
electrons does not increase anymore and remains almost constant 
(Fig. 4, right). Thus, the as-synthesized TiO2 aerogel is already fully 
charged after 4 h of irradiation time.

The hydrogen evolution during the longest irradiation time of 12 h is 
shown in Fig. S11. Interestingly, the hydrogen evolution rate does not 
exhibit a constant steady-state rate after 4 h, however increases during 
the whole irradiation time. Longer irradiation times were not tested for 
the investigation, since the focus of the work is on the electron storage, 
which stabilized after 4 h.

3.1.3. Cyclability and persistence of photocharging
Cyclic photocharging was investigated with the 300 W Xe lamp and a 

photocharging time of 110 min, followed by hydrogen evolution 
detection in the dark until the hydrogen evolution decreased signifi
cantly. Afterwards, the sample was irradiated again, and the cycle was 

Fig. 3. Hydrogen evolution in the dark for the quantification of stored electrons in the as-synthesized TiO2 aerogel dependent on the photon flux adjusted by the use 
of a 300 W Xe lamp and the continuous gas-flow batch reactor equipped with different neutral density filters; no filter (gray), ND0.10 filter (red), ND0.20 filter (blue), 
ND0.40 filter (green), and ND0.70 filter (purple) after an irradiation time of 110 min (left). H2PtCl6 solution was added after 0.15 h to reach 0.1 wt% Pt and H2 
evolution in the dark was measured until no evolution could be detected anymore. The dependency of the obtained amount of stored electrons on the photon flux 
with the corresponding fit (right).
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repeated. The results are shown in Fig. 5. Similar to already presented 
results, the hydrogen evolution rate increases during the charging. The 
maximum of the hydrogen evolution rate after 110 min charging also 
increases slightly over the first 5 cycles and decreases afterwards slightly 
for the 6th and 7th cycle. Even in the dark, hydrogen evolution is 
detected after every charging step for several hours, which is particular 
obvious after the last charging step. After the last charging step, the 
bluish color of the aerogel dispersion remained even after 7.5 h of 
discharging.

The enduring persistence of the color and the hydrogen evolution in 
the dark until the aerogel is completely discharged is further docu
mented in Fig. S12 together with photographs of the aerogel dispersion 
after different times of photocharging for 110 min. The charging of the 
aerogel and thus the Ti3+ states persist for more than 24 h. The aerogel is 
completely discharged after 27 h, which is indicated by the same 
colorless appearance of the dispersion as before the photocharging was 
started. This period is in line with an end of the hydrogen evolution in 

the dark. The long persistence of the charges as well as the cyclability of 
the charging is advantageous for on-demand solar battery applications 
of such aerogels.

3.2. Results using the capillary reactor

3.2.1. Capillary materials selection
To identify the most suitable capillary material for photocharging 

applications, three polymeric capillaries— PFA, FEP, and PVDF —were 
evaluated under standardized conditions. Each material was tested 
using a photocharging protocol consisting of 6 h of irradiation with eight 
365 nm UV-LEDs (total electrical power: 18.8 W) and a pumping rate of 
10 mL/min.

It was observed that TiO2 (titania) could not be charged in PFA and 
FEP capillaries. Studies in controlled atmosphere (argon and air) 
revealed that air diffuses through these capillaries, causing a discharge 
of the titania aerogel, probably because of the oxygen reduction 

Fig. 4. Hydrogen evolution in the dark for the quantification of stored electrons in the as-synthesized TiO2 aerogel as function of the irradiation time with a 300 W Xe 
lamp using the semi-batch reactor (left). H2PtCl6 solution was added after 0.35 h to reach 0.1 wt% Pt and H2 evolution in the dark was measured until no evolution 
could be detected anymore. The dependency of the obtained amount of stored electrons on the irradiation time with the corresponding fit (right).

Fig. 5. Hydrogen evolution rate during periodic photocharging cycles of TiO₂ aerogel in the semi-batch reactor with 110 min charging steps under a 300 W Xe lamp 
(yellow). Hydrogen evolution in the dark (blue) was monitored until a significant decrease occurred before each subsequent charging step. Insets show aerogel 
dispersion at different stages of the experiment.

A. Valaei et al.                                                                                                                                                                                                                                  Chemical Engineering Journal 524 (2025) 168924 

6 



reaction. Air permeability of FEP, PFA and PVDF film are 2900, 1150, 
and 7 cm3 m− 2 d− 1 bar− 1, respectively [47]. In addition, oxygen 
permeability for FEP, and PVDF was reported as 1200, and 20 cm3 m− 2 

d− 1 bar− 1, respectively [47]. Considering the higher permeability of PFA 
and FEP in combination with a long capillary and thus a large surface 
area, significant oxygen intake can occur and reverse photocharging. 
Due to the superior properties of PVDF in preventing oxygen diffusion, 
this material was selected for further tests. PVDF also meets the 
requirement to be transparent for UV light, rendering it an excellent 
choice for the photocharging capillary reactor. To minimize the influ
ence of potential oxygen permeation into the reactor, the reactor was 
operated with 1 bar overpressure.

3.2.2. Reactor characterization

3.2.2.1. Extinction coefficient. Within the limits of the Beer-Lambert law 

D10 = β365 nm c l 

the optical thickness D10 depends on the spectral absorption coefficient 
β365, the loading of the absorbing species c and the optical path length l. 
To determine the extinction coefficient, the absorbance was measured as 
function of titania aerogel loading and optical path length as described 
by Li et al. [41] The results are shown in Fig. S13. An extinction coef
ficient of 2.98 L g− 1 cm− 1 for a wavelength of 365 nm was determined. 
For higher titania aerogel loadings, the absorbance of light deviates from 
the linear relation. The inner diameter of the employed capillary in this 
study was 1/16″. To account for the curvature of the capillary, the op
tical path length was calculated by dividing the mean hydraulic cross 

Fig. 6. First row: scheme of the light path through the setup; Second row: Radiometry scans of (a) light source, (b) with reactor housing, (c) with reactor housing, 
holder and capillary filled with water and methanol, (d) with reactor housing, holder and two-layer capillary filled with methyl orange, total transmission TT =

qt q− 1
0 , where qt is the transmitted and q0 is the incident photon flux and individual transmission TI = qtq− 1

0,i , where qt is the transmitted and q0,i is the incident light 
on a specific reactor component. Third row: Sankey diagram illustrating the overall photon efficiency within the system. Fourth row: Ribbon graph depicting in
dividual photon losses across the reactor components.
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section by the mean diameter of the capillary [48]: 

l =
S
d
=

πd2

4d
= 1.246 mm 

With a material loading of 0.66 g L− 1, which was used throughout the 
experiments, the fraction of absorbed or scattered light, f(365 nm), 
within the capillary was determined to be 24.5 %. Thus, 75.5 % of the 
total incident photon flux is transmitted through the reactor due to the 
low loading of catalyst.

3.2.2.2. Radiation field. The incident photon flux on the suspension is 
an important factor for determining the photocharging efficiency and 
comparing different reactor types. To avoid detector saturation during 
radiometric scans, the LED current was reduced to 0.02 A. In the 
capillary setup, four LEDs were positioned on each side of the reactor. 
Each LED was individually characterized using a calibrated integrating 
sphere, resulting in a total photon flux of 0.37 μmol s− 1.

A multidimensional radiometric measurement setup developed by 
Sender et al. [39,40] was used to measure the radiation field of the 
various reactor configurations (Fig. 6). By combining radiometric 
measurements with absolute power measurements of each LED with a 
calibrated integrating sphere, the incident photon flux for the capillary 
setup could be assessed. The radiation field characterization aimed to 
elucidate how reactor geometry and material properties influence light 
utilization efficiency, providing valuable insights for optimizing reactor 
design.

Photon losses in the reactor were evaluated using two transmission 
metrics: 

(1) total transmission, defined as the ratio of the transmitted photon 
flux along a defined light path to the total incident photon flux 
from the light source: 

TT =
qt

q0 

where qt is the transmitted and q0 is the incident photon flux; and. 

(2) individual transmission, defined as the ratio of transmitted photon 
flux to the photon flux incident on a certain reactor part after 
accounting for individual loss mechanisms occurring on the light 
path: 

TI =
qt

q0,i 

where qt is the transmitted and q0,i is the incident light on a specific 
reactor component. The individual transmission thus reflects the net 
transmission efficiency after isolating configuration-related losses.

The individual photon loss (LI) is defined as: 

LI = 1 − TI 

For the case of measurements performed using a capillary filled with 
concentrated methyl orange, full absorption is assumed and desired and 
thus any detected transmission is considered a photon loss: 

LI = TI 

Analogous to the definition of the transmission, the total photon loss (LT) 
refers to the total photon loss in a given configuration relative to the 
total photon flux emitted by the light source.

The initial radiometric measurement was conducted with 4 LEDs 
placed on a reactor cover without side wall (Fig. 6, second row: A), 

serving as reference for the other calculations when assuming 100 % 
transmission. Fig. 6, second row: B shows the radiometry scan of the four 
LEDs installed within the reactor, including the enclosure. The indi
vidual transmission was TI1 = 79.5 % (equals TT1 in this case), indi
cating that 20.5 % of photons are lost due to the absorption or scattering 
by the reactor body. Fig. 6, second row: C shows the radiation field of the 
reactor with a capillary holder and the capillary filled with water and 
methanol. The calculated individual transmission for this configuration 
was TI2 = 56 %, thus 44 % of the incident photon flux was not available 
in the capillary. This was considered a photon loss in subsequent 
calculation of the total available photons as these photons are not 
available for photocharging. Further investigations were conducted by 
filling the capillary with a methyl orange solution to mimic a fully 
absorbing solution. The radiometric scans are shown in Fig. 6, second 
row: D for two-layer capillaries. The photon flux incident in the capil
laries can be determined by assuming that all photons entering the 
reactor were absorbed by the highly concentrated methyl orange solu
tion. The individual transmission of the two-layer capillaries was 
measured to be TI3 = 65 % in relation to the transmitted photon flux of 
the reactor with a capillary filled with methanol and water, i.e. 35 % of 
the remaining photons are absorbed by the methyl orange solution. The 
high degree of transmission is attributed to the gap between the capil
lary and capillary walls. These values were also considered as photon 
losses in the subsequent calculation of total photons.

The total photonic efficiency, i.e. the efficiency to guide photons 
from the light source to the reaction solution, can be calculated from the 
efficiencies determined from the radiometric scans with the following 
equation: 

ηT = TI1 ×TI2 ×(1 − TI3)

ηT = 0.15 

By considering the extinction of the light within the suspension, the total 
efficiency of the whole setup can be calculated by the following equa
tion: 

ηT × f(365 nm) = 0.038 

Based on the characterization of the reactor setup, the photon flux 
available for photocharging was calculated. The LEDs used for the 
capillary setup used a total electric power of 18.8 W. With a calibrated 
integrating sphere, an electricity to light efficiency of the LEDs of 40 % 
was determined, yielding an optical power of 7.5 W. The emitted photon 
flux was calculated with the following equation: 

q =
Pλ
hc 

where h is Plank's constant (6.626× 10− 34J s), c is the speed of light 
(2.998× 108 m s− 1), and λ is the wavelength of light in meter. A photon 
flux of 22.82 μmol s− 1 was calculated to be emitted by the LEDs. The 
photon flux available for photocharging was calculated by considering 
the different losses caused by the experimental setup, which is illus
trated in Fig. 6.

The total photon flux, which could potentially lead to photocharging 
is 0.87 μmol s− 1 which is 3.8 % of the total emitted photons.

3.2.3. Photocharging results in capillary reactor
Fig. 7 (a) illustrates the light-induced electron storage capability of 

the titania aerogel suspended in different alcohols including methanol, 
ethanol, and isopropanol in the capillary reactor. The highest photo
charging capacity for the titania aerogel was measured with methanol, 
followed by ethanol and isopropanol. This trend is consistent with the 
semi-batch reactor experiments.

The influence of the photon flux on the electron storage capacity of 
titania aerogel after 6 h photocharging and using the capillary reactor is 
depicted in Fig. 7 (b). The amount of stored electrons increases with the 
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incident photon flux, which is in line with the results of the semi-batch 
reactor setup. This correlation implies that the equilibrium concentra
tion of charges is influenced as the rates of generation of the photo
charges and the recombination depend on the incident photon flux in a 
different way. A longer photocharging duration was selected for the 
capillary reactor, as using the same 110-min photocharging time used 
for the semi-batch reactor resulted in a significantly lower amount of 
stored electrons, leading to increased experimental error.

Photocharging was studied for different irradiation times of 40, 80, 
110, and 360 min in the capillary reactor. With the total amount of 
photons incident on the reactor, which can be determined from the 

photocharging time and the incident photon flux, the photonic effi
ciency can be calculated with the following equation: 

ξ =
amount of stored electrons
amount of incident photons 

The number of stored electrons increases with the irradiation time but 
levels off with longer irradiation times, as an equilibrium between 
charging and discharging is reached (Fig. 8). Discharging could occur by 
the competing hydrogen evolution reaction or the presence of oxygen in 
the reactor due to diffusion through the capillaries (s. above). This result 
can also be an explanation for the linearly increasing hydrogen 

Fig. 7. (a) Photocharging of titania aerogel in the capillary reactor with different sacrificial agents after 3 h irradiation using four 365 nm LEDs. (b) Effect of incident 
photon flux on photocharging after 6 h irradiation under identical conditions. Photostored electrons were quantified via H₂ evolution after H₂PtCl₆ addition in 
the dark.

Fig. 8. Photocharging time dependency of electron storage and efficiency of photocharging of the as-synthesized titania aerogel.
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evolution rate observed in the experiment with a 12 h irradiation time 
(Fig. S9).

Periodic photocharging experiments were carried by 3 h photo
charing before the LEDs were switched off and the system was operated 
without irradiation until hydrogen detected by the GC decreased 
significantly. Subsequently, the lamps were switched on again to start a 
new photocharging cycle. Fig. 9 shows the detected transient hydrogen 
evolution. The hydrogen evolution rate increases with time during each 
cycle and decreases once the lamps were switched off. Notably, the 
maximum hydrogen evolution rate increased with each successive cycle 
of photocharging and discharging. The observed trends are similar to the 
trends observed for the semi-batch reactor.

3.3. Comparison of the photocharging efficiency in the semi-batch and the 
capillary reactor

Given the fundamental design differences between the semi-batch 
and the capillary reactors, particularly the different light sources and 
geometrical reactor designs, a suitable method to objectively compare 
the photocharging performance is imperative, although many qualita
tive results are very similar. This can be achieved by evaluating per
formance in relation to the incident photon fluxes and photon irradiance 
available in each reactor setup.

From spectral irradiance measurements the optical power and 
eventually the incident photon flux provided within the UV range (λ <
420 nm) was calculated for the semi-batch reactor. The semi-batch 
reactor, equipped with a 300 W xenon lamp, received a photon flux of 
1.17 μmol s− 1 within the UV range. In comparison, a photon flux of 
about 3.54 μmol s− 1 was incident on the capillary reactor. While the 
photon flux is higher in the capillary reactor, it has to be considered that 
75.5 % of the light is transmitted (see Section 3.2.2.2) and only 0.87 
μmol s− 1 of the photon flux could potentially lead to photocharging, 
approximately 25 % less than in the semi-batch reactor where light is 
fully absorbed. Despite these relatively small difference in available 
photon flux in both reactors, the semi-batch reactor demonstrates a 
notably higher photocharging efficiency compared to the capillary 
reactor (see Fig. 10 a). Taking the photon flux as basis for a performance 
comparison, the semi-batch reactor is at least twice as efficient as the 
capillary reactor.

Beside the photon flux, the photon irradiance, i.e., the area normal
ized photon flux, is important for the overall performance of photon- 
induced processes as it eventually influences the volumetric rate of 
photon absorption.

The semi-batch reactor was operated with a photon irradiance of 

596 μmol s− 1 m− 2
, while the photon irradiance of the capillary reactor 

was only 72.6 μmol s− 1 m− 2. This difference stems from different reactor 
geometries: the batch reactor has an irradiation window with a diameter 
of 5 cm, concentrating the light in a small area. In contrast, the capillary 
reactor has a larger total surface area (diameter of the capillary spiral: 
15 cm), resulting in a lower photon irradiance. While the capillary 
reactor was designed to distribute light across the entire reactor surface, 
practical limitations lead to gaps between the capillaries (see Fig. S2a), 
which lead to photon losses. To address this, the projection area of the 
capillary was calculated by multiplying the diameter with the length of 
capillary inside the reactor (7.5 m). Calculations indicate that the 
effective surface area for light absorption is approximately 67 % of the 
total surface area of reactor.

Since it was found that the photocharging efficiency linearly depends 
on the photon irradiance, the linear photocharging response observed in 
the semi-batch reactor was extrapolated to the capillary reactor's photon 
irradiance of 72.6 μmol s− 1 m− 2. The amount of photocharges for the 
semi-batch reactor at this lower photon irradiance was linearly extrap
olated (see Fig. 2) to be 14 μmol e− and thus about 30 % lower than the 
capillary reactor's performance (18.3 μmol e− ) under identical condi
tions (see Fig. 10 b). This implies that the significant difference in the 
photocharging efficiency at higher photon irradiance is due to variations 
in the equilibrium between the charging and discharging rates.

For better understanding the influence of the photon irradiance on 
the efficiency of photocharging in the different reactor types, further 
experiments were conducted by reducing the total volume of the sus
pension to 25 % of that used in standard experiments. This adjustment 
accounts for the fundamental difference between two reactors, specif
ically the total volume of the capillary, as only this is irradiated. The 
volume of the capillary is approximately 15 mL and with this, only about 
10 % of the volume of the suspension (150 mL in typical tests) is under 
irradiation for normal condition. By reducing the total volume of the 
suspension to 38 mL with the same catalyst loading (0.66 g L− 1), the 
fraction of irradiation volume increases to 40 %. Reducing the total 
volume of the suspension by about 4 times more than doubles the 
photocharging rate (Table 1) as well as the amount of electrons stored 
per 100 mg of aerogel. Increasing the aerogel loading increased the 
absorbable photon irradiance in the capillary to 145.37 and 290.75 
μmol s− 1 m− 2 for catalyst loading of 1.32 and 2.64 g L− 1, respectively, 
since higher loadings increase the optical density (see Section 3.2.2.2).

After adapting the charging condition to the particularities of the 
capillary, i.e. higher photon irradiance and reduced dispersion volume, 
photocharging was found to be faster than in the semi-batch reactor. 
Photocharging rates were calculated for the capillary and the semi-batch 
reactors and are summarized in Table 1, Fig. 11. The charging rate in the 
capillary reactor was 1.25 μmol e− min− 1,which is more than two times 
higher than in the semi-batch reactor (0.59 μmol e− min− 1). An analysis 
of the photonic efficiencies under optimized conditions revealed a 
fourfold increase by doubling the catalyst loading in comparison to the 
standard semi-batch reaction conditions (photonic efficiency increased 
from 0.21 % to 0.85 %). A further increase in catalyst loading led to a 
reduction in photonic efficiency. However, the photonic efficiencies 
remained nearly three times higher than those observed under semi- 
batch reactor conditions. The decline in photonic efficiency is attrib
uted to reaching a saturation point in charge accumulation just before a 
charging time of 50 min. Commercial anatase nanoparticles (Hombikat 
UV 100) were employed as a reference to evaluate the electron storage 
capability in the capillary reactor. Hombikat UV 100 was already 
investigated in previous studies, showing a less efficient photocharging 
for comparable crystallite sizes but lower surface area than the aerogel 
[6]. Under optimized conditions, they exhibited an electron storage 
capacity of 19.4 μmol, corresponding to only 31 % of the total electrons 
stored in titania aerogel. These results highlight that titania aerogel 
possesses a remarkable superior efficiency for electron storage 
compared to conventional anatase nanoparticles.Fig. 9. Cycling photocharging of the as-synthesized titania aerogel using the 

capillary reactor and photocharging times of 3 h with four 365 nm LEDs.
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4. Conclusion

This study investigated the photocharging behavior of as-synthesized 
titania aerogels in semi-batch and capillary reactors, focusing on key 
process parameters. Methanol was the most efficient electron donor 
compared to ethanol and isopropanol, with a linear relationship 
observed between the number of α-H atoms and photocharging effi
ciency. Both photocharging time and photon irradiance strongly influ
enced performance, with higher irradiance yielding increased electron 
storage and a linear dependency between photocharging and irradiance.

Photocharging was further transferred from a semi-batch to a 
capillary reactor. For objective comparison, both reactors were thor
oughly characterized. Direct transfer of conditions from the semi-batch 
system resulted in low performance of the capillary reactor: with low 
aerogel loading, over 75 % of incident photons were transmitted without 
contributing to charging. Nevertheless, at identical photon irradiance, 
30 % more charges could be stored with the capillary reactor than with 
the semi-batch reactor. Optimizing aerogel loading and dispersion vol
ume significantly enhanced performance, eventually doubling the pho
tocharging rate of the batch system. Moreover, photonic efficiency in the 
capillary reactor increased more than threefold after adjustment.

In conclusion, this work provides a comprehensive photo-reaction 
engineering analysis of titania aerogel photocharging. The results 
highlight the critical role of radiation field properties - photon flux, 
irradiance, and volumetric absorption rate - in evaluating and 

optimizing performance. These insights demonstrate that scaling pho
tocatalytic processes requires careful consideration of the full experi
mental setup, forming the foundation for knowledge-driven 
development of solar-driven and industrial-scale photoreactors.

Symbols

TT1 % Total transmission of installed LEDs within the reactor setup 
without holder and capillary

TT2 % Total transmission of installed LEDs within the reactor setup 
with holder and capillary filled with 10 % v/v methanol

TT3 % Total transmission of installed LEDs within the reactor setup 
with holder and capillary filled with concentrated methyl orange

TI1 % Individual transmission of installed LEDs within the reactor 
setup without holder and capillary

TI2 % Individual transmission of installed LEDs within the reactor 
setup with holder and capillary filled with 10 % v/v methanol

TI3 % Individual transmission of installed LEDs within the reactor 
setup with holder and capillary filled with concentrated methyl orange

ηT % Total photonic efficiency of guiding photons from the light 
source to the reaction solution

β365 L g− 1 cm− 1 Spectral extinction coefficient
f(365 nm) % Fraction of 365 nm light that is absorbed or scattered

Fig. 10. (a) Photocharging of TiO₂ aerogel in semi-batch and capillary reactors at different times. (b) Comparison of photocharging rates under matched photon 
irradiance in both reactors.

Table 1 
Effect of process parameters on photocharging of titania aerogel in the capillary reactor after 50 min irradiation with eight 365 nm LEDs. Photostored electrons were 
quantified via H₂ evolution after H₂PtCl₆ addition in the dark.

Reactor 
type

Catalyst 
type

Total 
Volume/mL

Catalyst 
mass/mg

Catalyst 
loading/mg L− 1

Measured 
electrons/μmol e−

Electrons stored in 100 mg 
aerogel/μmol e−

Photo-charging rate/ 
μmol e− min− 1

Photonic 
efficiency/%

Capillary TiO2 

Aerogel
38 25 0.66 2.54 10.1 0.2 0.38

Capillary TiO2 

Aerogel
150 100 0.66 5.5 5.5 0.11 0.21

Capillary TiO2 

Aerogel
38 50 1.32 22.3 44.6 0.89 0.85

Capillary TiO2 

Aerogel
38 100 2.63 62.6 62.6* 1.25 0.60

Batch TiO2 

Aerogel
150 100 0.66 29.6 29.6 0.59 0.83

Capillary Hombikat 38 100 2.93 19.4 19.4 0.38 0.19

Photocharging measurements were conducted using a second batch of titania aerogel, which could store 31.3 μmol e− . To consider the differences between the batches, 
a correction factor of 2 was applied to enable direct comparison with results from the first batch (see Table S1).
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