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Molecular molybdenum sulfide clusters such as [Mo3S13]
2− ({Mo3}) are promising earth-abundant catalysts

for the light-driven hydrogen evolution reaction (HER). Their catalytic performance strongly depends on the

irradiation conditions, which can influence both activity and stability. In this study, the prototype

thiomolybdate {Mo3} was combined with [Ru(bpy)3]
2+ as a photosensitizer (PS) to evaluate HER

performance under dynamic irradiation conditions, a combination that has not been systematically

explored before. A statistical Design of Experiments (DoE) approach was applied to assess the impact of

three key parameters, i.e., irradiation intensity, on/off frequency, and duty cycle on the catalytic

performance (assessed based on the turnover number). The results identify irradiation intensity as the

main control parameter for catalytic activity, followed by duty cycle and on/off frequency. Interactions

between frequency and duty cycle underline the importance of dark periods in the irradiation sequence.

Optimization of the three key parameters resulted in a 102% increase in hydrogen production compared

to continuous irradiation while reducing the required energy input by 25%. Mechanistic studies provide

initial insights into photosensitizer and catalyst deactivation under the given irradiation conditions. These

findings highlight the potential of controlled pulsed irradiation to improve energy use in light-driven

homogeneous HER.
Motivation & introduction

Molybdenum suldes have attracted considerable attention as
earth-abundant, noble-metal-free catalysts for the HER.1–4

Specically, molecular molybdenum sulde clusters, so-called
thiomolybdates, have been used as molecular prototypes to
study reactivity and understand the underlying mechanisms
which govern HER activity and catalyst stability.5–8 Specically,
the prototype thiomolybdate [Mo3S13]

2− (]{Mo3}, Fig. 1) has
been explored in homogeneous light-driven HER,5,9 and the
system has demonstrated remarkable turnover numbers (TONs)
in the tens of thousands.5 However, {Mo3} is highly sensitive to
the reaction conditions and shows highly dynamic behavior
under catalytic operation.5,8 In addition, mechanistic studies of
{Mo3} require precise preparation and careful experimental
timing, as the cluster undergoes extensive disulde ligand
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exchange reactions over time in solution, which results in time-
dependent changes in HER activity, making mechanistic
studies challenging.5,8,10

Specically, to-date, there is no information on the effects of
irradiation on the HER performance of {Mo3} (and on homo-
geneous HER catalysts in general). Thus, there is a distinct
knowledge gap regarding the interplay between irradiation
conditions, HER performance and catalyst/photosensitizer
Fig. 1 (a) 3D Scheme of the modular photoreactor corpus18 and (b)
illustration of the [Mo3S13]

2− catalyst.
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stability.11,12 This is despite the fact that it was recently
demonstrated that dynamic irradiation of light-driven molec-
ular catalysts can be used to control and improve catalyst
stability and consequently, catalytic performance.13 However,
exploration of the complex interplay between all reaction
parameters involved is far from trivial and has not been tackled
in thiomolybdate catalysis or general HER catalysis to-date.

These aspects are particularly relevant for technological
implementation where precise control of light exposure is
essential to maximize both photocatalytic efficiency and energy
utilization.14–16 Photochemical processes, in particular, benet
from recent advances in LED technology, which allow for ne-
tuned modulation of irradiation intensity, frequency, and
pulsing.17–19 Such dynamic irradiation conditions can offer new
insights into the kinetics of light-driven systems and may lead
to improved reaction control by identifying and selectively
addressing rate-determining steps.13

Here, we report the inuence of dynamically modulated
irradiation on the light-driven HER of {Mo3} when coupled with
[Ru(bpy)3]

2+ as PS. The study assesses the impact of irradiation
parameters (irradiation intensity, on/off frequency, and duty
cycle) on the catalytic system and uses these data to identify
optimized reaction conditions and reveal key correlations
between these reaction parameters.20 A statistical DoE approach
is used for these investigations since it enables the reduction of
the number of experiments necessary to get all the information
to a minimum and identify signicant inuences and correla-
tions between parameters based on statistical analysis. In
addition, combined experimental and theoretical mechanistic
studies provide initial insights into the molecular processes
which govern the reactivity and stability of this system.
Results and discussion

To understand the fundamental reactivity of the catalytic
system under study, we rst identied standard conditions
(regarding solvent, reagent concentrations, acidity, etc.) which
are used to comparatively assess the impact of dynamic irradi-
ation.21,22 This was particularly important as {Mo3} reactivity is
known to be dependent on the reaction parameters.10,23 Thus,
the standard system used in all measurements is based on the
thiomolybdate catalyst (NH4)2[Mo3S13] (](NH4)2{Mo3}; c = 0.3
mM), [Ru(bpy)3](PF6)2 as a photosensitizer (c = 20 mM) and
a buffer solution of ascorbic acid/sodium ascorbate (pH = 4) as
a sacricial electron donor (SED; c = 10 mM) in a methanol :
water mixture (9 : 1, v : v). The reaction mixture was irradiated
Fig. 2 Detailed illustration of the on/off frequencies and duty cycle use

Sustainable Energy Fuels
with a monochromatic LED at lmax = 465 nm.23 Irradiation was
performed in a custom-built 3D-printed modular photoreactor
with 6 positions, which enables standardized, reproducible
irradiation, thus limiting the impact of experimental error.18 In
addition, the system can be used to introduce dynamic irradi-
ation while maintaining all other reactor parameters (irradia-
tion geometry, etc.). Note that the reaction mixtures were not
stirred as this led to reduced photocatalytic performance in this
reactor type as reported previously.18

Static irradiation with an LED driver current of 700 mA was
chosen as a standard irradiation setting, as this corresponds to
an average photon uence rate rate of 51 nmol s−1 cm−2. To
ensure comparability, the light power was determined for each
of the six individual sample positions of the photoreactor
(Fig. 1, for details see the SI). Note that in the following, only the
respective LED driver current will be given instead of the light
power for clarity and brevity.

Hydrogen evolution was measured aer 5 h of static irradi-
ation by gas chromatography for three different sample posi-
tions, and the corresponding TON was determined. Different
sample positions were used to eliminate systematic errors due
to minor differences between the irradiation conditions due to
different relative positioning of the sample vial and LED.18 The
measurement was performed six times in total and the standard
deviations (SDs) for the measurements were determined. Note
that these SDs are due to possible minor leakage of H2 through
the septa and general experimental errors, e.g. during prepara-
tion of the catalytic samples or slight differences in irradiation
intensities in the different positions. These measurements
represent the standard benchmark for this work and corre-
spond to an irradiation intensity of 700 mA, a frequency of 0 Hz
and a duty cycle of 100% (Fig. 2). Under these irradiation
settings a TON of 670 ± 140 was determined.
DoE for dynamic irradiation

With the catalytic benchmark under static conditions estab-
lished, further analysis of dynamic irradiation was carried out.
The inuence of dynamic irradiation was studied based on the
three main parameters: photon uence rate (determined from
the LED current, 350 mA, 500 mA or 700 mA), LED on/off
frequency (2 Hz or 50 Hz, number of full on/off cycles per
second) and duty cycle (25% or 75%, on/off time ratio of the
LED per cycle). A schematic diagram of the different parameter
combinations of duty cycle and irradiation frequency is shown
in Fig. 2.
d for the experimental studies.

This journal is © The Royal Society of Chemistry 2026
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The simultaneous investigation of multiple parameters is
challenging, as it can require a large number of experiments,
particularly for identifying correlations between individual
parameters. Traditionally, the one-factor-at-a-time (OFAT)
model is applied to study such inuences.21,22 However, the
OFAT model provides no insights into possible interactions
between the individual parameters, which can lead to misin-
terpretation of results.24 An alternative to address these draw-
backs is the use of Design of Experiments (DoE), which we use
in the present study. DoE uses a statistical approach to experi-
ment planning and can provide insight into the impact of each
parameter and possible interactions between individual
parameters. Moreover, it decreases the number of experiments
required to get a full overview of the interaction and correlation
between individual parameters while enabling the changing of
all parameters simultaneously.20 For this work a full factorial
screening design was selected to obtain a complete overview of
individual inuences of the parameters and their possible
interactions. An experiment plan was generated using Minitab
Statistical Soware 22. The order of experiments was random-
ized. The detailed experimental plan is provided in the SI.

Each experiment was carried out in triplicate using the
standard experimental conditions described above
((NH4)2{Mo3}; c = 0.3 mM, [Ru(bpy)3](PF6)2; c = 20 mM, buffer
solution of ascorbic acid/sodium ascorbate (pH= 4) as the SED;
c = 10 mM in a methanol : water mixture 9 : 1, v : v, no stirring)
as well as the respective parameter settings as outlined above.
An overview of the resulting H2 TONs is shown in Fig. 3 and SI,
Table S4. Based on these data, and using TONs as the perfor-
mance parameter, we obtained the main effect diagrams shown
in Fig. 3.

The main effect diagram can be interpreted as follows: the
individual graphs show the inuence of the lower vs. the higher
value setting. The vertical range covered by a graph in terms of
the responding parameter indicates the extent of the inuence
of the respective parameters. With that in mind, the main effect
diagram can be interpreted. An increased frequency has
a negative impact on the TON while an increased LED current
Fig. 3 Main effect diagram for the individual parameters: on/off
frequency, LED current and duty cycle. Plot of the average TON vs.
frequency, LED current and duty cycle. The TON of the reference
experiment (static conditions: 700 mA, 0 Hz, 100%) is shown for
comparison. Error bars represent the standard error of the mean.

This journal is © The Royal Society of Chemistry 2026
and duty cycle have a positive impact. Furthermore, the LED
current causes the biggest changes in the TON. This implies
that the LED current and therefore light intensity have the
biggest inuence on the HER performance of the system, fol-
lowed by the duty cycle and the on/off frequency. These results
suggest that at high light power and high duty cycle, more
photons are provided to the reaction, resulting in higher cata-
lytic turnover. By contrast, the negative trend observed for
frequency is less intuitive, as changing frequency does not alter
the total energy input. Further analysis is therefore needed to
rationalize this observation.

One possible explanation for this observation is that
exchange of the terminal disulde ligands at {Mo3} is photon
uence rate dependent, so that high photon uence rates can
result in increased deactivation. This hypothesis will be tested
later in this work. Based on earlier work,5 we propose that the
catalyst degradation might follow a similar mechanism as di-
scussed for the photosensitizer [Ru(bpy)3]

2+,25 In both cases,
loss of terminal chelating ligands ({Mo3}: S2

2−; photosensitizer:
bpy) requires cleavage of two coordinative bonds to result in
deactivation. At low photon uence rates this is less likely
compared with high photon uence rates, offering a plausible
explanation for the photon uence rate-dependency of deacti-
vation. Note that the loss of these terminal ligands is expected
to have a major impact on catalytic reactivity as these sites are
discussed as the reactive centers for HER by {Mo3}.8

In the next step, we analyzed possible interactions between
the parameters which are not captured by the main effect
diagram. This is visualized in interaction diagrams, see Fig. 4.

In general, interaction diagrams indicate the presence of
interactions between two parameters when the connecting lines
between individual experimental series are non-parallel or even
cross (Fig. 4, center). In contrast, no interactions are present
when the connecting lines are parallel (e.g. Fig. 4, le and right).
Here, we observe interactions between the on/off frequency and
the duty cycle as shown in Fig. 4, center. Since the on/off
frequency and duty cycle together describe the duration of the
irradiation and dark phases, our ndings indicate that certain
dark-phase lengths are favorable for reaching higher TONs.
This insight will be used later to identify optimized irradiation
conditions for this reaction.

Before aiming at optimized reaction conditions, it is
important to assess whether most of the changes in reactivity
observed are due to the parameters tested, or caused by other,
untested (or unknown) parameters. This can be assessed based
on the R2 value, which is a goodness-of-t parameter to assess
whether enough parameters have been used in the data anal-
ysis, or whether more complex models using additional
parameters would be better suited.26 Here, the analysis of vari-
ance (ANOVA) for this data determined R2 to be 70.6%, indi-
cating that ca. 71% of the TON changes observed are due to the
parameters studied, while ca. 29% of the TON changes observed
are due to other, unknown factors (e.g. minor differences in
irradiation geometry, H2 gas leakage, general experimental
errors, etc.). This indicates that most TON changes are
explained by the parameters studied, which is a sufficient basis
for subsequent TON optimization studies.
Sustainable Energy Fuels
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Fig. 4 Interaction diagram to explore interdependence of two parameters. Left: Average TONs vs. on/off frequency for different LED currents;
center: average TONs vs. on/off frequency for different duty cycles; right: average TONs vs. LED current for different duty cycle. Error bars
represent the standard error of the mean.
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Finally, the DoE analysis enables prediction of the optimal
parameter settings (within the investigated parameter space) for
maximizing TON. Based on the factorial model, the predicted
optimum is an on/off frequency of 2 Hz, an LED current of 700
mA, and a duty cycle of 75%. To validate this prediction, HER
experiments were performed under these conditions. As
summarized in Table 1, the resulting TON increased substan-
tially compared to the best conditions shown in Fig. 4 as well as
compared to the standard setting described above. Notably, the
optimum uses a 75% duty cycle and reaches a TON of 1350,
whereas a static experiment under otherwise comparable
conditions yields only TON = 670. Thus, the optimum setting
results in a 102% higher TON while requiring 25% less energy
input. Also, TON normalized to energy input increases by
a factor of approximately three (Table 1). This unexpected result
indicates that introducing dark phases can signicantly
enhance catalytic turnover while simultaneously reducing
energy consumption. Possible explanations include light-
induced degradation of reaction components under contin-
uous irradiation, or a positive role of dark phases in specic
catalytic steps; these hypotheses are discussed further below.

To gain quantitative insights into the energy costs to produce
hydrogen in our system, we set out to determine the photonic
efficiency (PE) under different irradiation conditions. The
photonic efficiency (PE = n(H2)/n(incident photons))27 was
calculated for each parameter setting to identify the most
photon-efficient setting. The calculated PEs for all irradiation
settings can be found in the SI. The parameter setting with the
highest PE was found to be 500 mA, 50 Hz and 25%.

First, for static irradiation (Table 2, entries 1 and 2), we
observed identical PEs at different photon uence rates qph,
indicating that photon uence rate does not alter the under-
lying hydrogen evolution mechanisms under continuous, static
Table 1 Average TON for standard and optimized irradiation settings

Irradiation setting 700 mA static 700 mA, 2 Hz, 75%

TON 670 � 140 1350 � 160
Energy input 65 mWh 48.75 mWh
TON/energy input 10.3 mWh−1 27.7 mWh−1

Sustainable Energy Fuels
irradiation. This behavior is also observed in the main effect
diagram (Fig. 3), where a linear increase of LED current results
in a linear increase of TON, indicating that the mechanism of
hydrogen evolution under static irradiation remains unchanged
over the photon uence rate range studied. However, under
pulsed irradiation conditions (Table 2, entries 3 and 4) we
observe that decreasing photon uence rate results in
increasing photonic efficiencies. Most notably, under optimized
dynamic conditions (500 mA, 50 Hz, 25%, Table 2, entry 4), the
PE increased by a factor of four compared to the static bench-
mark (Table 2, entry 2). This highlights that dynamic irradiation
affects the hydrogen evolution process, most likely by impacting
reactions which occur on the same timescale as the dynamic
changes (i.e., millisecond timescale). This interpretation
suggests that slower processes (e.g., diffusion, aggregation, and
ion pairing) are impacted, rather than the faster photophysical/
photochemical processes (excitation and charge-separation).
Future work will explore potential reaction paths impacted by
dynamic irradiation using combined in situ experimental
studies and theoretical computations.

The results found for TON and PE as a function of the
different irradiation settings are also visualized in a 3D plot in
Fig. 5. The 3D plot for the TON shows that the surfaces for the
different LED currents do not cross each other but seem to be
parallel. The LED current shis the TON only up and down
while frequency and duty cycle have different inuences. For the
PE, the surfaces of the different LED currents intersect. The
inuence of all 3 key parameters on PE seems to be more
complex. The 3D representations clearly show that for achieving
the two different optimization objectives, i.e. TON or PE,
different irradiation conditions must be set.

To better understand the trends observed, it is critical to
assess the stability of the PS and {Mo3} under the given reaction
conditions. Note that irradiation of the PS can lead to degra-
dation (photobleaching), which will impact the observed cata-
lytic reactivity.12
Decay rate constants of [Ru(bpy)3]
2+

As noted above, the photobleaching of the PS can be a limiting
factor for the catalytic performance of the system. To evaluate
whether dynamic irradiation can lead to decreased
This journal is © The Royal Society of Chemistry 2026
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Table 2 Calculated photonic efficiencies PE, and average photon fluence rate qPh for standard, TON-optimized irradiation settings and the
irradiation setting with the highest PE found

Entry no. Setting PE (10−3) qPh (nmol s−1 cm−2)
TON (−)
aer 5 h of irradiation

1 350 mA static 0.7 � 0.4 27 � 4 340 � 120
2 700 mA static 0.7 � 0.2 51 � 4 670 � 140
3 700 mA, 2 Hz, 75% 1.9 � 0.3 38 � 3 1350 � 160
4 500 mA, 50 Hz, 25% 3.0 � 1.1 9 � 1 520 � 140

Fig. 5 (a) 3D-plot of TON vs. duty cycle and frequency for different
LED currents. (b) 3D-plot of PE vs. duty cycle and frequency for
different LED currents. Single points represent the static benchmark
experiments.
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photobleaching, the decay rate constants of the PS were deter-
mined under different irradiation conditions using UV-Vis
spectroscopy. To this end, the decrease of the characteristic
MLCT transition at 452 nm was monitored over 5 h of irradia-
tion (lirradiation = 465 nm). The degradation of the PS was
investigated in two different systems: (1) PS in methanol (Ru)
and (2) the catalytic system as used in the experiments above
(RuSEDCat). The concentration of PS was kept identical
throughout the experimental series. Decay quantum yields F of
the degradation of the PS were calculated for the two systems
This journal is © The Royal Society of Chemistry 2026
irradiated under different irradiation settings.28 The data are
shown in Table 3.

The decay quantum yields for PS in pure methanol solutions
show a clear trend, in that increasing photonic energy input
results in more photobleaching and higher decay quantum
yields. We note a particularly low decay quantum yield (i.e., high
PS stability) for the 500 mA, 50 Hz, 25% setting. Essentially, the
data show a linear relationship between photon uence rate
and decay quantum efficiency (Fig. 6). This is plausible, as
higher photonic excitation rates can lead to an increased pop-
ulation of antibonding orbitals on the PS, resulting in increased
loss of the bpy ligand, which is a known deactivation mecha-
nism for the PS.25,29–31 Thus, lower photon uence rate will result
in reduced ligand loss, as bpy is a chelating ligand which
requires the cleavage of two Ru–N bonds for complete bpy
removal.32 To further study this observation, future studies will
focus on detailed time-resolved photophysical studies and
complementary theoretical calculations.

In the catalytic system RuSEDCat, we observe a different
trend: in general, the decay quantum yields are higher than
those for the pure Ru system (except for the high-uence rate
situation, i.e., 700 mA static, Table 3 and Fig. 6). This indi-
cates that other components now present in the system (e.g.
SED, catalyst, etc.) increase PS degradation. Notably, here,
increased photon uence rate results in decreased decay
quantum efficiency (Fig. 6), which is the opposite trend to what
we observed for the PS alone. These initial data suggest that
operating the full catalytic system (RuSEDCat) at higher photon
uence rate is benecial to PS stability. One underlying
molecular feature which can impact irradiation stability of the
PS is the formation of PS-SED adducts, which we observed
(based on their characteristic UV-Vis absorbance at 532 nm, see
SI, Fig. S4–S11).33 Importantly, when linking PS stability and
optimized reaction conditions, we note no major difference in
the decay quantum efficiencies for the PS between the TON-
optimized irradiation conditions (700 mA, 2 Hz, 75%)
compared to standard conditions (700mA, static). This suggests
that decreased photobleaching (and thus, higher PS stability) is
not the major driver for the higher TONs observed under
dynamic irradiation, and in fact, the given dynamic conditions
can result in slightly increased PS degradation. For this reason,
we subsequently examined the photostability of the catalyst.

Photodegradation of {Mo3}

{Mo3} is a red compound and shows visible light-absorption. In
a methanol : water mixture (9 : 1, v : v), characteristic absorption
Sustainable Energy Fuels
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Table 3 Decay quantum yields F and time-averaged photon fluence rates qPh for the two systems Ru (c([Ru(bpy)3]
2+) = 20 mM in MeOH) and

RuSEDCat (c({Mo3}) = 0.3 mM, c([Ru(bpy)3]
2+) = 20 mM, c(SED) = 10 mM in MeOH : H2O, 9 : 1, v : v) under different irradiation settings

Irradiation setting qPh (nmol s−1 cm−2) FRu (10−5) FRuSEDCat (10
−5)

700 mA static 51 � 4 4.16 � 0.01 3.2 � 0.2
500 mA static 37 � 4 3.330 � 0.001 4.8 � 0.5
700 mA, 2 Hz, 75% 38 � 3 3.7 � 0.1 4.1 � 0.1
500 mA, 50 Hz, 25% 9 � 1 1.2 � 0.2 8 � 1

Fig. 6 Decay quantum efficiencies FRu and FRuSEDCat depending on
photon fluence rate qPh. The data show linear dependencies and
different trends depending on the reaction and irradiation conditions.

Fig. 7 (a) Absorbance at 340 nm over the course of 5 h for the four
{Mo3} solutions. One was irradiated statically at 700 mA, one was
irradiated dynamically (700 mA, 2 Hz, 75%), and the third one was
irradiated statically at lower intensity (500 mA). The fourth solution was
not irradiated. (b) Time-dependent UV-Vis spectra of {Mo3} (c= 0.1mM)
in MeOH :H2O (9 : 1, v : v) under static irradiation (700 mA, 465 nm).

Sustainable Energy & Fuels Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 2
/2

5/
20

26
 1

1:
14

:0
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
bands are observed at lmax = 428 nm, 268 nm and 233 nm
(spectra are shown in SI, Fig. S12 and S13). The absorption band
at 428 nm is likely attributed to a disulde-to-molybdenum
LMCT transition, as supported by DFT calculations (see the SI).

To examine the photostability of {Mo3}, we performed time
dependent UV-Vis spectroscopy over 5 hours using the same
solvent conditions as used in the catalytic studies (methanol :
water mixture (9 : 1, v : v)). Three conditions were examined:
static irradiation, dynamic irradiation (both using LED-
irradiation at 465 nm), and in the absence of light. Under
irradiation, the absorption bands at 428 nm and 268 nm grad-
ually merge into a broad shoulder, and the spectra show fewer
distinct peaks (Fig. 7). A broad absorption feature between 300
and 350 nm emerges, which increases during irradiation. Based
on preliminary TD-DFT-calculations (see the SI), we assign this
new band to a previously reported, ligand-exchanged derivative,
[Mo3S13−x(H2O)x]

(2−x)− (x = 2, 4, 6).5,8 Based on previous litera-
ture, it is likely that under the given conditions, the reaction
system contains a mixture of species with varying degrees of
ligand substitution (x).5 Note that DFT calculations of the
ligand-exchanged {Mo3} species support these ndings and
indicate that with increasing degree of ligand substitution, the
characteristic spectral features disappear, and lead to a broad
absorption in the region of 200–350 nm (for details see the SI).
In contrast to the spectral changes observed under irradiation,
the non-irradiated solution (Fig. 7) shows no signicant
Sustainable Energy Fuels
changes in absorption, conrming that the observed structural
transformation of {Mo3} is light-induced.

Next, we examined the rate of absorption change at compa-
rable photon uence rate (i.e., 700 mA, 2 Hz, 75%, qPh = 37
nmol s−1 cm−2, and 500 mA static, qPh = 38 nmol s−1 cm−2).
Here, we observe that the change in absorption is in a compa-
rable range (within the error margins), suggesting that catalyst
deactivation is linked to photon uence rate, and is not
signicantly affected by the dynamic irradiation conditions.
This is in line with our hypothesis that irradiation induces
structural changes in {Mo3} which eventually result in forma-
tion of the inactive [Mo3S7(H2O)6]

4+. These changes are mainly
driven by photonic excitation and therefore the deactivation
rate increases with increasing photon uence rate. Detailed
analysis of the data also shows that the absorbance of this band
This journal is © The Royal Society of Chemistry 2026

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5se01490e


Paper Sustainable Energy & Fuels

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
Ja

nu
ar

y 
20

26
. D

ow
nl

oa
de

d 
on

 2
/2

5/
20

26
 1

1:
14

:0
7 

A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
reaches a maximum aer ∼4 h under 700 mA static irradiation
conditions and subsequently decreases, whichmay indicate two
competitive processes, such as formation of the observed
species and subsequent photobleaching at high irradiation
intensities.

In sum, these data show that PS and catalyst degradation are
controlled by photon uence rate and increase with increasing
photon uence rate (i.e., energy input); however, they are not
directly linked to the dynamic irradiation conditions. Thus,
further experimental studies using time-resolved spectroscopy,
as well as theoretical calculations and computational modelling
of mass transport within the system are required to establish
the principal mechanisms of dynamic irradiation.

Conclusions

In sum, we report rst insights into the inuence of dynamic
irradiation on the HER activity of thiomolybdate clusters.
Systematic analyses based on Design of Experiments show that
the irradiation intensity has the biggest effect on the catalytic
activity (based on TON assessment), followed by duty cycle and
on/off frequency. Under TON-optimized conditions, we were
able to increase the TON by +102% using 25% less energy
compared with the static reference conditions. Also, optimiza-
tion of the photonic efficiency was possible, leading to an
approximately threefold increase in TON normalized to the
energy input. Initial mechanistic studies shed light on the
dependency of photosensitizer and catalyst deactivation on
photon uence rate, and reveal that total photon uence rate,
rather than dynamic conditions controls the system stability. In
future, these insights can be used to determine how dynamic
irradiation can be used to enable more efficient hydrogen
evolution conditions, resulting in more energy- and resource-
efficient photocatalysis.
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C. Streb, Angew. Chem., Int. Ed., 2022, 61, e202114106.
12 B. Limburg, E. Bouwman and S. Bonnet, ACS Catal., 2016, 6,

5273–5284, DOI: 10.1021/acscatal.6b00107.
13 M. Sender, F. Huber, M. Moersch, D. Kowalczyk, J. Hniopek,

S. Klingler, M. Schmitt, S. Kauold, K. Siewerth, J. Popp,
B. Mizaikoff, D. Ziegenbalg and S. Rau, ChemSusChem,
2022, 15, 495–513.

14 A. A. Adesina, Catal. Surv. Asia, 2004, 8, 265–273.
15 L. Candish, K. D. Collins, G. C. Cook, J. J. Douglas, A. Gómez-
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