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Abstract

Advances in LED and photoreactor technology have brought semiconductor photocatalysis to the verge of feasibility of
industrial application for the synthesis of value-added chemicals. However, the often observed efficiency losses under inten-
sified illumination conditions still present a great challenge. This perspective discusses the origin of these efficiency losses
and what needs to be done to prevent or counteract it and pave the way for efficient, intensified heterogeneous photocatalytic
processes. The role of surface catalysis is particularly highlighted as one of the rate-limiting steps.

Graphic Abstract

/i
ight intensi

‘A‘.r

Keywords Semiconductor photocatalysis - High light intensity - Rate acceleration - Industrial implementation - Catalytic

efficiency

1 Introduction

The importance of photocatalysis both in fundamental
and applied science has rapidly increased in the last dec-
ades [1]. Intensive research has brought forth potential
application in the treatment of wastewater [2] or air pol-
lution [3], self-cleaning/disinfecting surfaces [4, 5] and
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the generation of sustainable fuels from sunlight [6, 7]. In
recent years, also the application in organic synthesis has
attracted increasing attention [8§—13]. Due to their high-
energy states and radical chemistry [14] photocatalytic
reactions often allow completely new reaction pathways
with potential shortcuts in many production routes. Cou-
pled with the fact that they are typically operated under
mild conditions and that the required photon energy can be
generated carbon neutral using renewable energy sources,
photocatalysis has great potential as a powerful tool in
green chemistry [15, 16]. In contrast to the very popular
photoredox chemistry which uses molecular photocatalysts
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such as homogeneously dissolved dye molecules or com-
plexes [13, 17], heterogeneous photocatalysis using semi-
conductor (nano)particles promises advantages in indus-
trial implementation such as cheaper and more durable
catalysts as well as easier re-use and separation from the
reaction medium.

However, so far the vast majority of heterogeneous pho-
tocatalytic reactions have been performed under conditions
yielding only slow reaction rates. The resulting reaction rates
of only few mM per hour at best are rather low in compari-
son with traditional chemical syntheses and therefore render
these reactions unattractive if alternatives are available. If
heterogeneous photocatalytic reactions are to be industrially
implemented, the reaction rates need to be increased to allow
for molar concentrations of products to be generated within
few hours. To account for losses resulting from imperfect
quantum Yyield, this in turn requires specific photon fluxes
in the range of M h™! equaling radiant flux densities of at
least 100 W L™

So far, this intensification has been hampered by two
effects. The first one is the simple unavailability of light
sources strong enough to generate a sufficiently high pho-
ton flux, apart from using lasers focused on very small vol-
umes [18]. This is starting to be no longer the case with the
advent of highly efficient and affordable high-power LEDs
which enable specific light intensities 1-2 orders of mag-
nitude higher than traditionally used light sources such as
xenon or mercury vapor lamps [19, 20]. By using intensi-
fied reactor concepts such as photomicroreactors [21-23]
falling-film [24] or other thin-film reactors [25] the specific
light intensity can be further increased by several orders of
magnitude, albeit only with small reaction volumes [26, 27].
Alternatively, internal illumination techniques also enable
intensified light intensity at larger scales [28].

The second challenge for intensification is the often
observed non-linear response of the reaction rate at higher
light intensities. Typically, at low light intensity a linear
response of the reaction rate with the light intensity is ini-
tially observed [29]. However, as shown exemplary in Fig. 1,
after reaching a certain critical light intensity, the reaction
rate stops following this trend and gradually shows a lower
response, resulting in non-linear behavior at high light inten-
sity [20, 30-34]. This critical point is typically reached even
in traditional setups featuring only moderate light intensity.
Although this has in rare cases been reported for molecular
photocatalysts at very high light intensity [18] this phenom-
enon appears to be almost exclusively related to heterogene-
ous photocatalysis. While it is still possible to accelerate the
reactions using higher light intensity, this quickly becomes
inefficient due to the increasingly diminishing returns. Also,
the associated drop in photonic efficiency greatly increases
the specific energy consumption and may thereby make the
process uneconomical.
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Fig. 1 The typically observed reaction rate response to light intensity
for heterogeneous photocatalytic reactions

Is therefore the intensification of heterogeneous pho-
tocatalytic reactions only possible with dramatic losses in
efficiency, rendering the processes unattractive for industrial
implementation? Or are there ways to prevent this from hap-
pening and to combine high efficiency with fast reactions?
To answer these questions, the origin of this efficiency loss
should first be discussed.

2 The Origin of Efficiency Loss at High Light
Intensity

So far, efficiency losses in heterogeneous photocatalysis
have often been treated as a problem of the separation of
the photo-generated charges and preventing their recombina-
tion. The more charges are generated, the higher the chances
of recombination become, hence the drop in efficiency at
higher light intensity [35]. Since recombination is the ter-
minal loss process in photocatalysis, this statement must be
true [36]. However, the underlying mechanisms and reasons
for recombination may be misinterpreted.

Recombination is for instance attributed to bulk effects
of the semiconductor material such as defects acting as so-
called recombination centers [37]. Consequently, many of
the charge carriers are thought to be lost before they even
reach the surface of the catalyst. As a potential remedy to
this problem, heterojunctions became quite popular in order
to increase the driving force for charge separation inside the
photocatalyst, similar to the p-n-junction found in photovol-
taic devices [38]. However, there are several hints pointing
toward the photophysical properties of the photoabsorber not
being the actual cause of recombination.

For a given photocatalyst, different reactions are often
reported to proceed with wildly varying quantum efficiency
even under otherwise similar conditions. This is a strong
counterindication for the bulk of the catalyst being involved
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in the responsible loss process since it has no direct contact
with the reactant. For instance, the often employed commer-
cial catalyst Aeroxide P25 (Evonik) exhibits an extremely
high apparent quantum yield for nitrobenzene reduction
even at high light intensity, proving that the material itself
is capable of extremely efficient conversions [39]. Lower
observed efficiencies in other reactions with the same cata-
lyst are therefore unlikely to be caused by the photophysical
properties of the photocatalyst [40]. The source of the inef-
ficiency is more likely found in the nature of the reaction
itself, i.e. the interaction of target substrate and photocata-
lyst. Consequently, in these cases recombination appears to
predominantly happen after the charges have reached the
surface due to insufficiently fast charge transfer to the target
substrates.

The comparison to photovoltaics (PV) is also interesting.
For PV, increasing the light intensity typically produces a
linear current increase while at the same time, the open cir-
cuit voltage increases. As a result, as long as the cell series
resistance is kept in check, PV efficiency actually increases
with higher light intensity. There are of course fundamental
differences between PV and photocatalysis, the most promi-
nent one being the direct interface of the semiconductor with
the liquid or gaseous reaction medium. Consequently, this
also hints at the interface being the source of the efficiency
drop at higher light intensity.

Both of these aspects point towards the bulk material
of the semiconducting photocatalyst being only of minor
importance in the recombination (at least for materials
with proven high efficiency in some reactions). Most of the
charges appear to be lost on the surface of the photocatalyst
particles. Here, they recombine while waiting to be trans-
ferred to the target substrate; it is this fundamental reaction
step that appears to often be the limiting factor. However,
this charge transfer reaction is not governed by the photo-
physical properties of the material but by mass transfer and
catalysis.

When the light intensity is increased, the flux of charges
that need to be transferred at the photocatalyst’s surface also
increases. However, if mass transfer and catalytic turno-
ver frequencies remain unchanged at the same time, they
increasingly become the limiting factor. This shift from
photon limitation at low and kinetic limitation at high light
intensity is the origin of the observed photon efficiency loss
at higher light intensity. This effect was also recently pre-
dicted by kinetic modeling [41].

3 Catalysis in Photocatalysis

Fundamentally, heterogeneous photocatalysis follows the
same basic reaction steps as conventional (thermal) hetero-
geneous catalysis with the addition of photon absorption and

charge migration to the surface. The elementary reaction
steps for a successful heterogeneous photocatalytic model
reaction A + B—>C*~+D** are illustrated in Fig. 2. Note
that for the sake of simplicity only the slower of the two sep-
arately occurring half-reactions is considered (A—>C*” in
this case). The first step (I) is the absorption of photons,
generation of charge carriers and their migration to the sur-
face where they are trapped, forming excited (in this case
reduced) active sites (S*). Once the charges have reached
the surface, the following reaction steps are akin to hetero-
geneous catalysis. The target substrate (A) is adsorbed at
this active site (II), which may happen either before or after
the first step. The excited active site then reacts with the
adsorbed substrate, transferring the photogenerated charge
and forming the product (C*7) (III). Usually, it is one of
these first three reaction steps that is rate-limiting, depending
on the overall reaction conditions. Afterwards, the product is
desorbed from the surface (IV), although depending on the
nature of the reaction, subsequent reaction steps may happen
even before desorption.

At high light intensities where the photocatalyst begins
to be saturated with photons and active sites become per-
manently excited, the first reaction step can be considered
instantaneous. At this point the catalyst starts to behave like
a traditional heterogeneous catalyst, since the remaining
reaction steps are essentially the same. The onset of this
is often apparent far before the majority of photocatalyst
is saturated. Due to the exponential decay of light intensity
inside the reactor, it is much easier to achieve photon satura-
tion in the bright spots nearest to the light source than farther
away in the bulk of the reactor [41]. Once photon saturation
begins to manifest even in parts of the reactor, the efficiency
can be improved by the same means known from classical
heterogeneous catalysis.

While temperature is absolutely critical in conventional
thermal catalysis it is typically not studied in detail in

PC, hv,

General reaction scheme of a model reaction: A+B ——> C*+D**

Balancing reaction (faster)
B->D**

Fig.2 Schematic illustration of the elementary reaction steps (I-1V)
for a model reaction in heterogeneous photocatalysis
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photocatalysis. The rationale behind this seems to be that the
reaction is initiated by the massive energy provided by the
photons, so room temperature is sufficient to drive the reac-
tions [29, 42—-44]. Yet, there are many publications which
clearly show a temperature dependence of the photocatalytic
reactions and use the Arrhenius law to calculate apparent
activation energies (E,) of 5 to 28 kJ mol ™! [45-49].

Consequently, the reaction rates can be increased with
higher temperatures. For instance, the photocatalytic oxida-
tion rate of ethylene was found to more than double when the
temperature was increased from 60 to 160 °C [50]. Recently,
it has also been reported that the photocatalytic water split-
ting reaction greatly benefits from elevated temperatures,
reaching astonishing quantum yields of more than 80% at
270 °C [51].

Even mildly heating up the reaction medium can have a
significant effect. For instance the photocatalytic reduction
of nitrobenzene was reported about 50% more efficient at
65 °C versus 15 °C [39]. In the same temperature range, the
photocatalytic reduction rate of molecular oxygen increases
by the factor of 3 [40]. The photocatalytic chlorine oxida-
tion showed a very pronounced temperature effect in one
study, with almost sevenfold as high reaction rates at 120 °C
compared to 20 °C [25]. However, another study on the same
reaction reported a much weaker temperature effect with
only about 150% activity increase in the same temperature
range [52].

At first glance it seems odd that some studies observe
a dependence on the temperature while others do not and
sometimes even for the same reaction, seemingly conflicting
results are reported. However, this can easily be explained by
the simple fact that the temperature dependence only really
becomes apparent at high light intensity when the photo-
catalyst switches from photon to kinetic limitation. At lower
light intensity the reaction is mostly photon-limited, mask-
ing the temperature dependence. In those cases, it cannot
be directly observed, i.e. only intensified conditions require
higher temperatures (or other means to increase the cata-
lyst’s efficiency). The true unmitigated activation energy can
therefore only be observed under conditions of complete
photon saturation [41].

This is illustrated in Fig. 3 on the basis of an exemplary
calculation according to a previously published holistic
model [41]. Here it is evident that the relative reaction rate
increase when going from 20 to 80 °C is strongly dependent
on the photon flux. The modeled photon fluxes correspond
approximately to 5, 50 and 500 W L~!, representing sce-
narios of mild, strong and very strong light intensity. This
example nicely shows that at low or mild light intensity, the
temperature effect is strongly diminished or may even be
completely absent.

Obviously, increasing the reaction temperature in order
to improve the catalytic efficiency also has downsides and
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Fig.3 Calculated reaction rates in dependence of the temperature
for different photon fluxes (q,,) according to a previously published
model, normalized to the respective reaction rate at 20 °C. Model
parameters: a=5 L g_l, A =200 mol g_1 min~!, E,=30kJ mol™!,
kg=0.5mM min~', c;=2.5g L™}, $ =0.5

limits. Some reaction steps such as adsorption or desorp-
tion may be negatively affected by higher temperatures
and become rate limiting. Also, for exothermic reactions
increasing the temperature may shift the thermodynamic
equilibrium away from the product side and thereby limit
the maximum conversion. At very high temperatures above
300 °C, phonon-mediated recombination may also become a
problem [50]. The possible temperatures are also limited by
the boiling point of the employed solvent, unless also work-
ing at high pressure which would dramatically increase the
complexity and costs of the employed equipment.

However, mild temperature increases up to about 80 °C
should not have these negative impacts while already con-
tributing significantly towards higher reactivity and therefore
present a valuable contribution to more efficient reactions.
This also goes well with the fact that using highly intensified
illumination conditions is usually accompanied by signifi-
cant heat dissipation, so external heating may not even be
required.

Another important aspect in conventional catalysis is the
surface area of the catalyst material. Usually the available
surface area correlates with the number of active sites and
thereby determines the maximum possible reaction rate the
catalyst [53]. However, this is not so clear in photocataly-
sis. In many studies, no clear trend between surface area
and reaction rate can be observed [54]. There is consider-
able experimental difficulty in preparing truly comparable
catalyst materials which only differ in their available surface
area. Often this is attempted by using different calcinations
temperatures or completely different synthesis methods but
this also means that the resulting materials may have differ-
ent crystallinity, facet distribution and defects which may
impact upon their photophysical and catalytic properties
[55]. Moreover, changing the catalyst shape and size may
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also alter its scattering properties, thereby influencing the
light distribution in the reaction vessel [56].

Of those studies which report a correlation between sur-
face area and reaction rate, they typically observe a satura-
tion or plateau effect, i.e., after a certain surface area has
been achieved, further improvements only show a lower or
no effect at all [57-59]. This is readily explained by the
fact that if very small surface area materials are used, the
photocatalyst is already kinetically limited even at low light
intensity so improving the surface area directly impacts upon
the reaction rate. Once the surface area is sufficiently high
for the applied conditions, gradually photon limitation takes
over and the surface area does not matter as much anymore.
According to this theory, this inflection point should shift
to higher surface areas when the light intensity is increased,
as illustrated in Fig. 4. In fact, in a comparison between the
high surface area catalyst Hombikat UV 100 and low surface
area P25, it was found that the latter is more prone to effi-
ciency losses at high photon flux [60].

The overall available catalytically active surface area in
the system may also be increased by using a higher catalyst
mass or concentration. The effects of doing so are super-
imposed by the altered photon absorption and reflection of
more concentrated solutions so direct interpretation is dif-
ficult. However, it is often observed that the reaction rate
improves with higher catalyst mass even after the point
at which all photons are already absorbed. Furthermore,
it could be shown recently in two reaction systems that
increasing the photocatalyst concentration can counteract
the efficiency losses at high light intensity to some degree
[39, 40].

Higher surface area and catalyst mass also help to
increase the overall substrate availability for the photogen-
erated charges. This can further be improved by higher sub-
strate concentrations which generally also show a positive

high light intensity

medium light intensity

Relative reaction rate

low light intensity

Available reactive surface area / a.u.

Fig.4 Exemplary illustration of the reaction rate behavior with
increased available reactive surface area (either by increased catalyst
mass or specific surface area) for different light intensities

effect up to a certain saturation point. This saturation point
has also been shown to increase with higher light intensity,
i.e., higher light intensity demands higher substrate concen-
trations to prevent limitations [34, 41, 61, 62].

In intensified systems, care also needs to be taken that the
mass transfer is sufficiently high, i.e., that converted sub-
strates at the photocatalyst surface are replaced fast enough.
For instance, it could be shown that using a gas-permeable
photocatalytic membrane can dramatically improve both the
oxygen concentration and mass-transfer to the catalyst and
thereby increase the oxygen reduction rate by the factor of
more than 40 [63]. Interestingly, the advantage of this sys-
tem was much more pronounced at higher light intensity,
highlighting the higher mass-transfer demands of the intensi-
fied conditions [63].

4 Improving the Catalyst Itself

For kinetically challenging reactions such as hydrogen evo-
lution it has long since been practice to employ so-called
co-catalysts such as platinum [64]. In these systems, the pho-
tocatalyst material only serves to harvest the light energy
and generate charge carriers. These are then transferred to
the co-catalyst anchored at the surface, which then realizes
the actual reaction. So in this case, the task of catalyzing the
surface reaction is “outsourced” to another material, which
can be designed with only the catalytic properties in mind
without the constraints of also regarding the photophysical
properties. This nicely circumvents the dilemma that good
photoabsorbers are often bad catalysts and vice versa due to
conflicting design criteria [64—66]. Using co-catalysts may
also enable different product selectivity without affecting
other properties of the photocatalyst.

Yet, there are many photocatalytic transformations being
attempted with bare photocatalyst materials such as unmodi-
fied titania, particularly in water remediation and synthetic
chemistry. Nonetheless, the reported efficiencies for those
reactions are not particularly bad. However, as stated above,
only at high reaction rates is high catalytic efficiency actu-
ally required. Or rather to view it the other way around, at
low light intensity even bad catalysts are sufficient. Quite
likely, the typically employed photocatalysts such as TiO,
are bad catalysts for many of the reactions they are applied
in.

Even simple reactions such as alcohol oxidation may not
be overly efficient on a non-modified oxide surface. This
is often not apparent since the photogenerated chemical
potential is so high that the thermodynamic driving force
is sufficient nonetheless, i.e. catalytic inefficiency is just
overcompensated by sheer excess energy. For instance,
at pH7 the one-electron oxidation potential of methanol
is+ 1.2 Vyyg while the two-electron oxidation (accessible
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with a suitable catalyst) is much easier to realize with a
potential at — 0.1 Vyyg [67]. However, this significant dif-
ference is overshadowed by the huge energy difference to
the valence band edge of anatase TiO, in either case (+2.5
Vyugp), Which allows for 1.3 V of overpotential (equivalent
to an excess energy of 125 kJ mol™!) even in case of the less
favorable one-electron oxidation. Moreover, under condi-
tions of low light intensity or rather low reaction rates the
catalyst is not challenged, i.e. it is operated far below its
maximum turnover frequency. Only intensified conditions
can reveal how good or bad a given catalyst really is!

Co-catalysts have also been found to be particularly
important when using larger particles materials with a low
surface area [68]. This indicates that efficient surface cataly-
sis can counteract the negative effects of smaller available
surface area to some degree.

These co-catalysts can be deposited on the photocatalyst
by impregnation, co-precipitation or by just mixing the two
materials together. More elegant methods are grafting and
photodeposition as these are more selective in creating the
desired photocatalyst-cocatalyst interface. Grafting has for
instance been done with many transition metal ions such as
Cu(II) or Fe(III), taking advantage of their extensive redox
chemistry [66, 69—74]. These ions are just adsorbed on the
host material’s surface as isolated single ions, small clus-
ters or even monolayers [73—76]. Due to the typically high
degree of dispersion, even very low amounts of these co-
catalysts can make a dramatic difference. For instance, it was
found that grafting P25 with just 0.04% of Fe(III) increased
the gas phase NO, oxidation rate by the factor of 9 [73]. This
technique has the additional advantage that the co-catalyst
may in some cases also be directly excited by interfacial
charge transfer by visible light and thus bestow visible light
activity upon the material [66, 70].

The photodeposition technique makes use of the photo-
catalyst’s intrinsic ability to catalyse redox reactions. The
photocatalyst is dispersed in a soluble co-catalyst precur-
sor which is then under illumination selectively oxidized or
reduced on the photocatalyst surface to a non-soluble form,
precipitating directly on the surface. This technique is very
popular for noble metal co-catalysts as the respective precur-
sors such as hexachloroplatinate are very easy to reduce by
the photocatalyst [77].

It is even possible to selectively deposit two different
co-catalysts on different facets of a given crystal, creating
specific separate zones on the particle for oxidation and
reduction, respectively [78]. This is accomplished by small
differences in the adsorption behavior or surface potential,
which may lead to preferential deposition of catalysts on
different surfaces. It is therefore particularly beneficial to
utilize photodeposition techniques in this case to leverage
natural gradients, i.e. deposit the co-catalysts specifically
where the respective charges preferentially accumulate
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anyway [79]. It has also been suggested that very efficient
redox catalysis at the photocatalyst surface may even create a
gradient of electrochemical potential which facilitates effec-
tive charge separation inside the bulk of the photocatalyst
[79]. Recently, it has been demonstrated that by using this
methodology, quantum yields of almost unity are possible
even for kinetically demanding reactions such as water split-
ting [80].

It should be noted that there are also other strategies
to improve the catalytic efficiency of the employed pho-
tocatalysts. A commonly adapted strategy for example is
heteroatom doping of the bulk photocatalyst material [81,
82]. This may alter the band positions and charge carrier
density and thereby the redox potential. If a better match
for the target reactions is achieved, this may also increase
the charge-transfer efficiency. As a side-effect, usually some
of the heteroatom dopants will statistically end up at the
surface and may there also act as co-catalysts, adding to
the abovementioned effect [83]. However, this method has
the significant disadvantage, that the bulk doping may also
change the photophysical properties of the material, so the
catalytic properties cannot be manipulated independently.

If a given reaction is intensified using higher light inten-
sity, the employed photocatalyst needs to be effective enough
to handle the increased charge carrier flux. This will usually
make the use of co-catalysts mandatory as the materials used
as photocatalysts are not ideal catalysts for the majority of
reactions.

5 Conclusion

Modern high-power LEDs and innovative photoreactor con-
cepts nowadays enable heterogeneous photocatalytic reac-
tions to theoretically be performed fast enough for industrial
implementation in the synthesis of value-added chemicals.
However, when performed under these conditions catalytic
insufficiency will start to take effect, dramatically reducing
the efficiency of the reaction.

If the amount of generated charges is increased by tuning
the light intensity but mass transfer and catalysis remain
unchanged, this causes a kinetic bottleneck at the particle
surface which is the cause of the inefficiency at high light
intensity. Consequently, when intensifying heterogeneous
photocatalytic reactions mass transfer and catalysis need to
be improved alongside with the increased light intensity!
If this is done correctly, heterogeneous photocatalytic pro-
cesses which are both highly efficient and fast are possible,
facilitating their industrial implementation.

This can be realized by improving the catalytic properties
of the employed materials, i.e. improving the rate of charge
transfer from the photocatalyst to the target substrate. Strat-
egies to achieve this are mostly akin to traditional thermal
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catalysis, e.g. using higher temperature or higher catalyst
concentration and surface area. On the other hand, the pho-
tocatalysts themselves need to be looked at. They can be
modified to feature co-catalysts which then take over the task
of catalyzing the desired reaction.

Consequently, on the road to industrial implementation
research will likely see a shift from the optimization of the
photophysical properties of photoabsorber materials to opti-
mizing their catalytic properties or co-catalysts. Reaction
conditions will also be looked at in more detail, improving
mass transfer, substrate availability and possibly moving to
higher reaction temperatures.
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