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Abstract: Mesoporous photocatalysts have gained tremendous attention in the last
decade by demonstrating that increased surface area and porosity can strongly improve
their performance. In fact, all reports on mesoporous semiconductors corroborate this
scenario. But is it possible to quantify and compare the reported advantages of the
mesopores and the increased surface area between different works? In this contribution,
we present a model that can evaluate the improvements in photocatalytic activity
achieved by the introduction of mesoporosity independent on synthetic or test conditions.
We exemplify this methodology focusing on photocatalytic hydrogen/oxygen evolution
with sacrificial reagents, but also include examples of CO2 reduction and electrocatalysis.
By correlating the relative increase in surface area to the relative increase in activity — in
comparison to non-porous counterparts — we show that the origin of mesoporosity can
have a pronounced influence on the activity enhancement, and that different
semiconductor materials behave quite differently. Our model can serve as a starting point
for the community to extract and compare key information on mesoporous photocatalysts,
to put results into context of existing data, and to compare the performances of various

catalytic systems much better.
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1. Introduction

The search for sustainable and renewable energy sources to substitute current fossil fuels
and to reduce the emission of greenhouse gases in our atmosphere for a cleaner

environment constitutes one of the key fundamental challenges of our modern society.?

The ability to harness sunlight for the conversion of abundant materials, such as water
and COg, into useful chemicals and fuels has the potential to revolutionize the field of
green chemistry and pave the way towards a more sustainable way of life. In fact, the
splitting of water into its constituent elements, oxygen and hydrogen, remains the key
requirement to realizing the successful use of hydrogen as a clean energy source and
was recently identified by the European Science Foundation as one of the world’s
emerging key research fields.? Light-driven conversion of COz into chemical commodities
for industrial production of fine chemicals would equally benefit environment and

economy.3

Another global challenge is to provide clean water, both from accessing natural water
resources and from recycling and purifying wastewater. Industrial and agricultural wastes
produce a variety of aromatic compounds, while xenobiotic substances (i.e. antibiotics,
drugs, toxins, pesticides) are becoming an increasingly large problem, since they are
often resistant towards degradation with currently applied purification techniques.*

Semiconductor photocatalysis and photoelectrochemistry can offer very promising
pathways towards clean energy and water, as highlighted by the continuously increasing
numbers of publications and patents. Yet, despite the tremendous developments over the
last decade, still more efficient, stable, recyclable, and recoverable photocatalysts and

photoelectrodes are required.

A plethora of strategies have recently been developed to design new types of photoactive
materials, which typically address one or two of the many performance-limiting
characteristics, such as light absorption, degree of crystallinity, surface faceting,
accessibility of catalytic sites, lifetime of charge carriers, charge transport and charge
extraction. These include, for example, heteroatom doping,® defect and crystal

engineering,® and surface modification of the semiconducting catalyst,” as well as the



coupling and interface engineering of the semiconductor with another catalyst (e.g. Z-
scheme),® co-catalyst,® photosensitizeri® or charge acceptor.'! Other popular strategies
include the down-scaling to the nanometer regime and the structuring into 1D and 2D

nanomaterials to increase surface area and charge transport characteristics.!?

Recently, a review addressing the performance limiting factors in photocatalytic and
photosynthetic processes indicated that surface area is the sole limiting parameter for
photocatalytic devices (e.g. Hz evolution with sacrificial reagent from particle
suspensions) when the reaction is carried out upon conditions of sufficient charge carrier
generation, long carrier lifetimes, and low overpotentials.*® Therefore, an increase in
surface area is considered beneficial to enhance photocatalytic activity. However, this

analysis assumes that all surface area is accessible.

Prominent strategies to enhance the surface area of semiconductor materials are ball
milling of bulk materials,'# synthesis of nanopatrticles,*® and nano/mesostructuring of bulk
materials to produce porous catalysts, typically using soft or hard templates.'® A new
research area that focuses on the implementation and engineering of mesopores to
facilitate access to a large interior active surface area has therefore gained tremendous
popularity.” Porous photocatalysts derived in these ways often exhibit a larger specific
surface area, which is typically measured by inert gas physisorption measurements (e.g.
using N2 or Ar) and calculated by e.g. non-local DFT or Brunauer-Emmet-Teller (BET)
method using specific isotherms. However, for systems with micropores or small
mesopores, the measurement of surface area and porosity characteristics (pore size
distribution etc.) becomes a challenge. As such, poorly measured isotherms or wrongly
applied theoretical models can result in highly inaccurate values. This problem is
unfortunately rarely discussed in application-driven papers, thus leaving the readers with
just one option to trust the reported values, while still introducing one more factor of
uncertainty. Yet, the main question remains whether the entire measured surface area is
fully accessible to reactant molecules during the photocatalytic process. Does the existing

literature hold an answer?

To address this issue, here we present a methodology that allows evaluating the

accessibility of the surface area in correlation with the photocatalytic activity for a range



of process parameters. Our approach further stimulates a database that potentially
enables a comprehensive comparison of all (photo)catalysts and (photo)electrodes

reported in literature independent of the many existing process conditions.

Key to this methodology is the extraction of the unit-free terms “relative activity increase”
and “relative BET increase”, which describe the factor of activity increase (from evolution
rates, photonic efficiencies, IPCE or photocurrent values) and the factor of specific
surface area (from BET model) increase between the mesoporous photocatalyst and a
non-porous reference (Scheme 1). This methodology allows to eradicate or at least
consider many internal parameters (such as reaction conditions, material of choice,
catalyst amounts and synthetic protocols) of each individual report and, therefore,
compare the data extracted from a large number of articles. We would have preferred to
extract the increase of activity from quantum efficiencies, but still very few reports on
mesoporous photocatalysts provided quantum efficiencies, so in most of the cases we

calculated the activity increase from evolution rates.

A/Aref A *

S-limiting reaction with
negligible mass
transport limitations

S/ Sref

Scheme 1 lllustration of the methodology used to evaluate the bulk of the literature data. S and Sret
correspond to the surface area of the mesoporous catalyst (e.g. ordered structures or non-ordered
agglomerates, in red) and the non-porous reference (e.g. typically particle aggregates, in blue) reported
alongside, respectively. A and Aret correspond to activity of the mesoporous catalyst and of the non-porous
reference reported alongside, respectively.

We will exemplify this methodology for photocatalytic hydrogen production with sacrificial
reagents, which is a photocatalytic downhill reaction in which the surface area has been
proposed to determine the photocatalytic activity, as recently highlighted by Osterloh.13
Accordingly, full accessibility of the surface area constitutes the rate limiting factor, and

all other parameters are considered secondary under the given conditions. However, the
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here presented new methodology can be used to analyze many porous systems,
including electrocatalysts, (photo)electrodes, and hierarchical porous photocatalysts!® in
view of a wide range of reactions. Thus, we also looked at some oxygen evolution and
CO2 reduction reactions, yet we excluded dye degradation reactions due to the large
variety of organic compounds and additional experimental parameters used in these
works. We also excluded metal-organic frameworks and covalent-organic frameworks
from our analysis due to the limited number of examples for photocatalysis or
photolectrochemistry reported so far.1%-20

2. Database

We have analyzed roughly 200 papers (full list of references is available in the Sl) in which
mesoporous materials have been synthesized and evaluated regarding their activity in
various photocatalytic applications. Driven by the idea to identify current trends of the
state-of-the-art research and be able to compare results obtained in different works, we
were especially interested in reports in which non-porous references had been
investigated in comparison with the mesoporous catalysts. It should be noted that such
references ideally constitute non-porous counterparts of the mesoporous materials being

fully characterized regarding surface area, crystallinity and photocatalytic performance.

We then chose about 50 examples in which the effect of mesoporosity on activity was
analyzed by comparing the performance (evolution rates) of the mesoporous sample with
such a reference material. These papers — presented in Table 1 — laid the foundation for

our data analysis that is presented at the beginning of the next chapter.

In particular, we have categorized the results regarding important criteria, including the
type of semiconductor, origin of porosity, and size/structure of mesopores; we analyzed
how surface area increase and photocatalytic activity are connected for porous materials
and identified other factors that may contribute to the photocatalytic activity of a
mesoporous network. More specifically, we have compared the activity changes
(enhancement in Hz evolution, O2 evolution or CO2 reduction rates with sacrificial

reagents) with the surface area enlargement upon introduction of mesopores. This



allowed us to extract the aforementioned unit-free terms “relative activity increase” and

“relative BET increase”, which are discussed in the next chapter.

2.1 Observations

Type of material: As expected, the most frequently studied mesoporous photocatalysts
have been TiO2 or TiO2-based systems, as highlighted by Table 1. Other materials of
interest for photocatalytic applications included carbon nitrides, which were recently
reviewed regarding synthesis and applications?!, and tantalum oxide-based systems.
Only a minor part of the reports aimed at introducing functional mesoporosity into less
common materials such as sulfides, vanadates, nitrides as well as Nb20s and Ga20s-

based catalysts.

Synthesis route: Most of the mesoporous photo(electro)catalysts have been prepared
by means of hard-templating (with SiO2 nanoparticles (NP), mesoporous SiOz,
polystyrene (PS), polymethylmethacrylate (PMMA), cellulose, or biological systems such
as bacteria or butterfly wings as templates) or soft-templating (with block copolymers or
surfactants) routes (Table 1). A number of articles obtained mesoporous structures
without the use of any templates, for example, via modified solvothermal or sol-gel
processes. However, only structures with unordered pore geometry have been obtained

in this way, most often nanoparticle assemblies with interparticular porosity.

Materials characterization: Most catalysts were generally characterized by X-ray
powder diffraction (XRPD, to identify phase), transmission and scanning electron
microscopy (TEM and SEM, to reveal morphology, pore dimensions and order) and
physisorption (to estimate surface area and pore size distribution). Some studies involved
X-ray photoelectron spectroscopy (XPS, to confirm composition and purity) and diffuse
reflection spectroscopy (DRS, to evaluate light absorption properties). The latter is quite
an important point that makes it possible to analyze whether mesoporosity does affect
light absorption of mesoporous photocatalysts. Very few have combined all techniques in

the same report.



Table 1 Summary of the materials characteristics from papers that contributed to our statistical analysis

Material Order | Pore Synthesis method [template] Pore size [nm] Pore size Surface area Application Ref
architecture distributions BET
[nm] [m?/g]

C3Ny NO wormbhole-like hard [SiO, NPs] 8.3 5-15 67 PC HER 22
C3N, NO - hard [in situ SiO, NPs] 4-5 broad 123,137,160 PC HER 2
C3Ng - - template-free, modified sol- 3.5 - 54,161, 230, PC HER 24

gel 264, 273
C3N, [¢] cylindrical hard [SBA-15] 5.3 2-12 239 PC HER 2
C3Ng NO - template-free, hydrothermal 9 2-20 130 PC HER 26
C3Ny NO interparticular hard [in situ SiO, NPs] 3.7 - 170 PC HER 27
C3N, NO spherical hard [SiO, NPs] 7 10-20 131 PC HER 28
CsN, NO - hard [SiO, NPs] - - 216 PC HER 29
CN, NO interparticular hard [in situ SiO,] 3.6 2-13 167 PC HER 30
S-C5Ny NO spherical hard [SiO, NPs] 7 10-20 128 PC HER 28
Nb,O0s NO interparticular soft [P123] 7.7 2-30 89, 108 PC HER 31
Nb,O0s NO wormhole-like soft [P123] 6 2-25 96 PC HER 32
Ta,05 NO wormhole-like soft [P123] 12.1 3-15 41 PC HER & OER 33
Ta,0s (e} gyroidal soft [ISO polymer] 28 15-45 34 PC HER 34
Ta,0s (0] cylindrical soft [P123] 3.7 - 109 PC HER & OER 35
Ta,05 e} cylindrical soft [P123] 3 3 108 PC HER 36
Ta,0s NO - soft [P123] 2.3 2.3 92 PC HER 37
Ta,05 NO interparticular soft [P123] 5.4 2-14 117 PC HER 38
NaTaO3 NO interparticular hard [SiO, NPs] 20, 50 - 46, 26 PC HER & OER 39
NaTaOy NO interparticular template-free, hydrothermal - 10-25 - PC HER & OER 40
CsTaWOg NO - soft [P123] 10 5-20 78 PC HER 4
N-Ta,0s NO interparticular soft [SDA] 6.8 - 86 PC HER & CO, a2
TasNs e} cylindrical soft [P123], ammonolysis 3.7 2-8 114 PC HER a3
TasNs NO interparticular hard [C3N,], ammonolysis 7,12,24 - 61, 45, 40 PC HER “
TiO, NO interparticular template-free 3.9 2-4 70 PC HER 45
TiO, (0] cylindrical soft [P123] 4.6 2-5 169 PC HER 46
TiO, NO wormhole-like soft [P123] 6.2 3-7 173 PC HER 6
TiO, NO interparticular template-free, electrospinning 7 1-15 96 PC HER 47
TiO, NO - soft [CTAB], hydrothermal 2.1 - 438 PC HER a8
TiO, [¢] cylindrical soft [F127] 7.2,6.8,6.5 2-10 267, 209, 175 PC HER 49
TiO, NO - soft [F127] 8.5 2-15 54 PC HER 50
TiO, NO wormhole-like soft [TEA] 4.5 3-5 525 PC HER 51
S,N-TiO, NO interparticular template-free, precipitation & 8.1,10.7,33 2-10, 4-13, 5- 114, 80, 21 PC HER 52

deposition 40
SrTiO3 NO interparticular soft [SDA] 5 2-9 10 PC HER 53
SrTiOs NO interparticular soft [SDA], hydrothermal 2.5&30,2.5&90 2-100 101, 65 PC OER 54
SrTiO3 (0] spherical hard [PMMAs & PSs] 150 - 23 PC HER 55
CdS NO - template-free, ultrasonication 5.4 0.5-9 95 PC HER 56
INVO, NO wormhole-like soft [CTAB] - - 66, 45 PC HER 51
Mn,053 NO - soft [P123] 9.6 5-15 120 PC OER 57
WO3 e} spherical soft 21 10-50 70 PC OER 58
ZnS-ZnO NO - template-free, [hydrothermal 5.3 2-15 35 PC HER 59
Bi,WOg¢ e} spherical hard [PSs] 405 - - PEC HER 60
BiVO, (e} dual porosity hard [PSs] 155 & 105, 170 & - - PECHER & OER | ©

85,180 & 35

Fe,03 NO - hard [SiO, NPs] 10 10-30 18 PEC OER 62
TiO, NO interparticular soft [P123] 12 5-12 103 PEC HER 63
TiO, e} spherical hard [PSs] 290 - 34 PEC HER 64
TiO, NO wormhole-like soft [P123] 7 2-10 125 PEC HER 64
TiO, NO wormhole-like soft [P123] 5.1 - 197 PEC HER 65
TiO, (0] cylindrical soft [P123] & hard [PSs] 5.3 & 255 - 228 PEC HER 65
TiO, NO interparticular soft [SDA] 3 3-5 94,105,117 PEC OER 66
TiO, NO interparticular template-free, supercritical 40 5-100 114 PEC OER 67

drying
Ga,03 NO - soft 4 3-30 42 CO, 68
TiO, NO - template-free 2.3,12.4 2-50 50 CO, 69
ZnGa,0, NO wormhole-like template-free, hydrothermal 3.5 3-4 110 Cco, 70

O - ordered; NO — non-ordered; SDA - structure directing agent; NP — nanoparticle; PS — polystyrene; PMMA — polymethylmethacrylate; PC —

photocatalytic; PEC - photoelectrocatalytic; HER —hydrogen evolution reaction; OER —oxygen evolution reaction; CO2 — photo(electro)catalytic CO2

reduction



Type of application: In contrast to the field of photocatalysis, the measurement of
specific surface areas and their correlation with performance has often been neglected in
the photoelectrochemistry community.”* This is likely due to the often small amounts of
material used and their device-based synthesis, which render surface area
measurements challenging. Consequently, only a small number of PEC-related papers

could be evaluated in this article.

3. Analysis and Discussion

The accessibility of the internal surface area is typically defined by the minimum width of
the pore, which - often near the pore opening - can also be blocked during diffusion
processes. To minimize kinetic restriction, research targets pore diameters in the
mesopore regime (2 — 50 nm) with a focus on pores larger than 10 nm. Pore size
distributions can have additional non-linear effects on educt and product diffusion. Pore
length and — in conjunction with the pore width — aspect ratio are also critical parameters.
The diffusion characteristics are also affected by the surface chemistry of the pore walls
through adsorptive interactions with the reactant molecules. Moreover, the pore
architecture defines the overall pore connectivity. For example, diffusion through 1D
pores is more dependent on aspect ratio and pore blocking than diffusion through 3D-
interconnected pore architectures, such as in gyroidal structures.”? The pore architecture
and ordering can further affect the performance of photocatalysts by enhancing light
propagation and enabling photonic characteristics.®® Finally, the crystallinity and
dimensions of the pore walls can affect the diffusion of photogenerated charge carriers,
which can also be considered as educts, from the interior to the surface of the

catalyst/electrode.?

3.1 Analyzing the Database

We have analyzed literature data according to enhancements in photocatalytic activity
due to an increase in surface area by establishing mesoporosity in the final product.
Figure 1 shows the analyzed database and the dependence of activity increase factor on

surface area enlargement factor for different photocatalytic applications.
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Figure 1 Correlation of increase in photocatalytic or photoelectrochemical activity with increase in BET
surface area, always related to a non-porous reference: (a) all analyzed papers; (b) magnification of the
bottom left area of the left graph. Different colors represent different application. Colored areas represent
deviation from the linear surface-activity correlation. Numbers inside the data points correspond to the
reference number of the manuscript in the main reference list. References that are discussed in detail are
highlighted by a golden circle.

Each of the colored dots in Figure 1 represent one example (mesoporous photocatalyst
and a corresponding non-porous reference) from our literature database: red dots indicate
photocatalytic (PC) hydrogen evolution reaction (HER) or oxygen evolution reaction
(OER) results, black dots correspond to photoelectrochemical (PEC) studies, and green
dots depict photocatalytic CO2 reduction results. The blue and yellow shaded areas
highlight a £20% and a £50% deviation range from the projected linear increase of activity

with surface area.

It can be seen immediately from Figure 1 that only very few studies give a close to linear
correlation of activity increase with surface area enlargement due to our proposed model.
The data for activity increase are highly scattered, even in the region of small values of
surface area increase (Figure 1b). Fundamentally speaking, an increase in surface area
should lead to a linear increase in the number of catalytic active sites on the surface and
therefore photocatalytic activity. Yet, the extracted data in Figure 1 suggest that this linear

correlation is not governed solely by the surface area, in contrast to the considerations by
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Osterloh; hence, we have to consider other contributing factors, i.e. kinetic limitations that

can affect the photocatalytic performance of porous photocatalysts.

We can envision several potential reasons for this large deviation from a linear correlation.
The simplest explanation involves mass transport limitation of reactants, products or
electrolytes, when small pores are present. An increase in surface area with respect to
the active sites is only beneficial if these are fully accessible, while recombination centers
don’t need accessibility and thus may at one point become the dominant contribution,
leading to non-linear increase in activity with surface area. A few years ago, Li et al. have
investigated the degradation of methylene blue over ordered mesoporous WOs3
photocatalysts with narrow pore size distributions that ranged from 8 to 25 nm’3, and
observed considerable kinetic limitations by reactant diffusion even in pores with
diameters up 10-12 nm. If we consider that many literature reports have described
materials with a broad rather than narrow pore size distribution, i.e. including micropores,
it is plausible to expect diffusion limitations and thus a deviation from linear correlation
with activity. Note that this becomes patrticularly problematic when using nanoparticle

aggregates, which are often denominated as “mesoporous catalysts”.

Another explanation involves the crystallinity of the newly designed mesoporous
catalysts, which can differ from the reference material, thus introducing yet another

contribution to the non-linear performance.

Therefore, we have narrowed down our dataset and only considered those reports that
have fully characterized and discussed the catalysts’ pore sizes and pore size
distributions. Figure 2a shows, now on a double-logarithmic scale, the activity vs surface
area trend for different average pore sizes. Interestingly, as can be seen from the
distribution profile, the non-linear correlation between activity increase factor and surface
area enlargement factor that we observed before (in Figure 1) does not originate from
different pore dimensions. We have chosen 5 nm pores as a threshold for our data
analysis, because it is the typical pore size one can achieve synthetically using the
commercial block-copolymer Pluronic P123 as a porogen.’* Still, Figure 2a illustrates non-

linear behavior and large scattering of data points independent on the average pore size.
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Some literature reported a linear activity increase with surface area also for pores smaller
than 5 nm (e.g. data points in the blue area). This is in contrast to some more recent
literature reports, which indicated that pore blocking in photocatalytic water
splitting/hydrogen production could only be avoided when sufficiently large pores
(> 10 nm) are present.>* Our data analysis clearly shows that neither of the two

statements can in fact be generalized, independent of the three chosen applications.

Another reason for the highly-scattered results in Figure 1 might be that neither pore
geometry (ordered, non-ordered, broad or narrow pore size distribution) nor pore wall
thickness have been considered so far, which are indeed crucial characteristics that affect
the photo(electro)catalytic performance. Importantly, the “optimum” pore wall thickness,
i.e. in view of charge transport to the solid-liquid interface, will vary for different
mesoporous materials due to varying diffusion length of charge carriers in each material.
Thus, differences in material nature need to be considered. Yet, a linear relation of activity
with surface area enlargement is still expected with every material. The question remains

as to which of the structural parameters limit the performance in each case.
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Figure 2 Correlation of increase in photocatalytic or photoelectrochemical activity with increase in BET
surface area, both related to a non-porous reference as a function of (a) pore size; (b) pore origin. Colored
areas represent deviation from the linear surface-activity correlation. Numbers inside the data points
correspond to the reference number of the manuscript in the main reference list.
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We have additionally analyzed the activity-surface area trend with respect to the pore
origin (i.e. pores derived from nanoparticle agglomeration vs template-derived pores) and
the type of the template used to engineer pores, shown in Figure 2b and 3a, respectively.
Although a comparably smaller number of interparticle-derived mesoporous photocatalyst
have been investigated, the results in Figure 2b also indicate that the origin of the pores

is not the major factor defining the non-linear relation of surface area with activity.

In contrast, we observed that the activity increase with surface area (Figure 3a) strongly
depends on the type of porogen. For example, catalysts with pores that were engineered
with hard templates showed a close to linear correlation in comparison with soft-templated
samples. Hard-templating, when performed appropriately, can lead to well-defined pores
with narrow pore size distribution. This could be an indication that narrow pore size

distribution can be of benefit for the reactant and educts diffusion.

(3)100- i ! —i_ (b) 100 A : _1__
@ softtemplating | @ ‘ [ 20 % deviation ® Tio, ) ‘
- @ hard-templating ‘ 50 % deviation o ® Ta,04 [
@ L | e @® CN, Q
0] [ EEEEIE
o Pdf oef °
= e o = e » @ o
= D £ (5]
S 104 19 o 4 L £ 104 | o B L
s %@ @ ® G o o
< o < » o 9
o s 0% ¢ @
2 B o Do $ Ps 2 o Fo | o
© e® .0 © g °® o | o
* % Yoo iR o © Q@ @ Qd "
14 £ s 9 L L i e e © s
@ @ |
1 10 100 1 10 100

Relative BET increase Relative BET increase

Figure 3 Correlation of increase in photocatalytic or photoelectrochemical activity with increase in BET
surface area, both related to a non-porous reference as a function of (a) template nature; (b) material.
Different colors represent different application. Colored areas represent deviation from the linear surface-
activity correlation. Numbers inside the data points correspond to the reference number of the manuscript
in the main reference list.

In another set of analyses, we extracted the data for different types of material (Figure 3b).
It is very interesting to see that carbon nitride (or polyheptazine) generally seems to
enable large surface area and activity increases: many studies on mesoporous carbon
nitride show activity and surface area enlargements by a factor of 10 or more. Moreover,

in many cases there is only a slight deviation from a linear correlation. This trend indicates
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that increasing surface area of carbon nitrides is a viable strategy to improve their

photocatalytic performance.

In contrast, the results for both TiO2 and Ta20s are much more scattered and large
deviations from the linear correlation can be observed. Interestingly, most of the Ta20s
data points lie far off the linear relationship region: only one example with large ordered
mesopores shows linear activity increase with surface area enlargement.®* Still, most of
the data points for Ta20s are concentrated on the bottom right corner of the graph (Figure
3b). For example, some reports described Ta20s materials with up to 100-times higher
surface areas compared to a reference material,3® yet with only a minor activity increase.
This suggests that the strategy for activity enhancement by increasing the surface area
has not been successful in the case of Ta20s yet, as apparently different parameters

govern its photocatalytic performance.
3.2 What is the reason for this diverse behavior?

Our data analysis and model have shed new light on the impact of prominent criteria,
however, it remains a single parameter analysis and we also need to consider the
combination of parameters. In fact, we could not find one study yet that varied exclusively
one structural parameter. Referring again to the aforementioned Ta20s examples: both
mesoporous samples were prepared by soft-templating, but still the resulting pore size
characteristics differed strongly. Moreover, the study with the strongest deviation from
linear behavior actually compared an amorphous mesoporous Ta20s with a bulk
crystalline reference.®® Consequently, differences in both, crystallinity and pore size
distribution, have likely influenced the performance in addition to the surface area and
porosity. This may explain the strongly scattered results and why it remains a challenge

to identify the key parameter in designing mesoporous photo(electro)catalysts.

Another challenge in identifying the key parameters is the fact that many of them have a
strong overlap. As such, when analyzing the impact of the sacrificial agent type on the
activity-surface trend, we have found that > 95% of the reports in which trimethylamine
was used as an electron donor have exclusively employed carbon nitride materials as

photo(electro)catalysts (see Figure S1). This example illustrates that the existing
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literature does not provide any means to deconvolute these two factors and understand
the effect of the sacrificial agent type and structure on photocatalytic performance that

might be affected by pore diffusion in a complex way.

Finally, many of the analyzed reports used a reference material that was not fully
characterized to correlate activity with surface area. For example, some reports used
commercial samples without providing any analysis of phase composition or crystallinity
or crystallite size; other works used different temperature treatments for the reference —
again without accounting for changes in phase composition and crystallinity. Sometime,

no information on the reference has been provided at all.

A suitable reference could be prepared in the same way (e.g. technique, protocol) and
post-treated under the same conditions (e.g. temperature) as the mesoporous material,
yet without the porogen. Thus, an ideal reference would mimic the crystallite size,
crystallinity, defect concentration and impurity level of the mesoporous sample, yet exhibit
a lower surface area. It is clear that a reference needs to be adjusted for every respective
material and application, and that its design constantly imposes a challenge in materials

chemistry.

Our analysis revealed that, for whatever reasons, nearly 80 % of the papers did not
investigate suitable references (see the full list of references in the Sl). This reduces the
database to the small, yet significant set of studies presented in Table 1 for further
evaluation. However, we believe that our proposed model and methodology is very useful
to interpret photocatalysis results of mesoporous photocatalysts with a new perspective.
This attempt might provide a basis for future analysis given more and better-designed
catalyst and reference systems being available. This analysis should also draw the
attention of the readers to the need to evaluate literature results on mesoporous

photocatalysts more carefully and critically in the future.
3.3 Exemplary efforts and their takeaways

As already mentioned, it is very difficult to control all material properties of a mesoporous
photo(electro)catalyst at a time while synthetically varying only one. We have selected

several reports in literature which, in our opinion, have put great effort into purposeful
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synthesis, analysis and control of mesoporous photocatalysts, or have evaluated and

discussed the interplay between various parameters.

A number of research works aimed to relate photocatalytic activity with the BET surface
area of the prepared photocatalysts. As such, Puangpetch et al.>® prepared a SrTiOs
powder with narrow-sized mesopores and compared it with a commercial powder that
exhibited broad-sized interparticular pores, yet similar crystalline phase and crystallite
size. The authors highlighted the importance of the small particle size of the mesoporous
sample that was similar to the crystallite size unlike in the reference sample that consisted
of significantly larger particles. Their H2 evolution tests performed with different sacrificial
agents suggest that the values of specific surface area should not be considered as the
global indicator for photocatalytic activity. Instead, parameters such as porosity, pore and
wall size, uniformity and size of crystallites and patrticles as well as their interplay should

to be given more attention.

In a similar way, Masolo et al.%® evaluated the role of various synthetic conditions on
morphology, texture and phase content of non-ordered, yet mesoporous TiO2 powders
were prepared via a soft-templating route. Their photoelectrochemical tests suggest that
neither the pore volume nor specific surface area plays a key role in the performance.
Instead, homogeneous intra- and inter-particles pore distribution has been mentioned as
the most important parameter. In general, a uniform distribution leads to an optimized

mass transfer and, as a consequence, to a higher activity.

To a similar conclusion came Kailasam et al.,>® who synthesized mesoporous carbon-
nitride silica composites via combined sol-gel/thermal condensation route and critically
discussed several effects that can influence the activity of mesoporous semiconductors.
The measured increase in photocatalytic activity for water reduction was not linearly
proportional to the increase of surface area of the materials due to many additional
parameters, such as the different pore wall thicknesses. The tricky relationship between
the size of the pores, the number and accessibility of surface active sites, the pore wall
thickness (smaller pores yielded higher number of surface sites and thinner pore walls,
which could yield numerous defects), and the corresponding activity was also mentioned

by the authors as an important challenge for further studies.
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Tuyslz et al.*? also mentioned the influence of crystallinity, particle size, structure and
morphology on the photocatalytic activity. They identified two important effects that gave
rise to higher rates: improved crystallinity (that yields fewer recombination centers for
charge trapping) and enlarged surface area of the photocatalyst (that yields more active
sites for substrate adsorption and reaction). However, they acknowledged that high
crystallinity often requires high temperature treatments which in turn increase particle size
and decrease available surface area. A trade-off between these characteristics needs to

be carefully considered.

Lin et al.3! provided another experimental evidence for this trend. The authors evaluated
photocatalytic activity for water splitting over wormhole-like mesoporous Nb20s (see
Figure 4a) and discussed the competition between the crystallinity and the surface area
as a result of different heat treatments with regard to the photocatalytic activity. With
higher calcination temperatures, the surface area of the materials was decreased while
the crystal sizes increased. The mesoporous Nb20Os calcined at 650 °C showed a lower
hydrogen production rate compared to the 450 °C calcined sample due to the larger
surface area of the latter. However the specific surface photocatalytic activity was higher
for the 650 °C calcined catalyst as a result of higher degree of crystallinity. In another
example Kuo et al.>” prepared a series of mesoporous Mn203 via soft-templating, and
investigated the dependence of the oxygen evolution activity on the porosity and
crystallinity, in comparison to a non-porous commercial sample. The most crystalline
commercial Mn2Os showed the highest surface area normalized activity, indicating the
crucial role of crystallinity. One the other hand, the maximum absolute activity was
achieved with a mesoporous Mn203 sample exhibiting the highest surface area of 150
m?gl. These works demonstrate the complexity of mesoporous photo(electro)catalysis,
which, depending on the choice of material and reaction, can render different structural

parameters to become dominant and in fact limit catalytic performance.

There are only few reports, in which the authors have tried to prepare mesoporous
photocatalysts with different pore size characteristics to elucidate whether the pore size
actually matters. In one example, Weller et al.*! prepared a quaternary semiconductor,

CsTaWOes, with various mesoporous morphologies. By optimizing synthesis conditions,
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they obtained samples with nearly identical crystallinity, yet altered pore morphology, and
investigated the influence of pore size and pore size distribution on photocatalytic
hydrogen production activity. Although the derived mesopores were not ordered, the
authors showed that pores of 5-7 nm were too small (poorly accessible) to improve
hydrogen evolution, even though the surface area was increased by 10 times. Only when
the pore size was increased to up to 20 nm, the increase in surface area (up to 78 m? g-
1) resulted in doubled activity compared to the non-porous reference. Still, the activity
increase did not go in line with the increase in surface area. Recently, Weller et al.
presented ordered mesoporous CsTaWOs with mesopores around 40 nm in size (Figure
4b).”> Comparing both mesoporous CsTaWOs, the ordered mesoporous material showed
300% increased activity in hydrogen production albeit reduced surface area. This shows
that even with decreased surface area strong activity enhancements can be achieved
when large mesopores for improved mass transport are established in semiconductor

oxide materials.

In another contribution, Cherevan et al.3* reported on the synthesis of ordered
mesoporous Ta20s with large pore sizes beyond 30 nm and narrow pore size distribution
(Figure 4c). The authors showed that the 3D-interconnected gyroid mesopore
architecture in the combination with sufficiently large pores can effectively eliminate
diffusion limitations observed in previously reported mesoporous Ta20s with smaller or
random pores. As a result, this mesoporous photocatalyst revealed a unique linear activity
increase with respect to the surface area enlargement when compared to a powdered
reference material prepared using similar conditions but without the porogen. These
works show that pore size characteristics need to be considered since the presence of

too small pores can trigger undesirable mass transport limitations.

Several works were dedicated to synthesis and activity evaluation of
photo(electro)catalysts exhibiting various pore size distribution. For example, Pan et al.>*
reported on the synthesis of mesoporous perovskite titanate spheres with tunable porosity
characteristics. The authors managed to prepare hollow SrTiOz spheres with hierarchical
porosity (centered at 3 and 100 nm) and solid SrTiO3 spheres with unimodal (centered at

20 nm) mesopores, yet with comparable sphere size, specific surface area, absorption
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properties and crystalline phase. Interestingly, despite huge differences in the pore size
distributions and the presence of small mesopores in the former sample, photocatalytic
O:2 evolution rates normalized per surface area yielded similar activity values (within 10%).
This result suggests that building photocatalysts with hierarchical pores can effectively
address diffusion limitations inherent to small mesopores and render the catalyst matrix

fully accessible for reactants and products.

Another example of hierarchical macro-mesoporous photocatalysts was reported by Zhou
et al..>® This work compared PEC water splitting activity of BiVOa4 films with dual porosity.
They reported a striking difference in activity, when normalized to electrode specific
surface area, which demonstrated the importance of the additional macropores in the final
film. Again, the authors conclude that such hierarchically ordered macro-mesostructure
(exemplary image in Fig. 4d) can increase the accessibility of the internal surface created

by the small mesopores.

In a different contribution, Fang et al.®® photoreduced CO2 to CH4 using Pt-modified
mesoporous TiO2 microspheres made of nanocrystals with similar anatase-to-rutile ratio
compared to commercial P25. The spheres had also similar surface areas yet differed in
their pore size distributions, with dual maxima at 2.3 and 12.4 nm for the sol-gel samples
and a single peak centered at ~3 nm for P25-derived microspheres. Due to the presence
of large mesopores, the activity for CO2 reduction was increased by a factor of ~5. This
result was attributed to the hierarchical porosity, being beneficial for fast mass transport
and enhanced light harvesting. These works show the ability of the meso-macroporous
systems to cope with inefficient mass transport kinetics intrinsic to mere mesopores

making it a viable strategy to fully utilize benefits of mesoporous photo(electro)catalysts.

Only few reports have been trying to identify the advantage of 3D-interconnected ordered
mesoporosity. Hossain et al.*¢ prepared mesoporous TiO2 photocatalysts with uniform
hexagonal and with random wormhole-like pores (Figure 4e). Both materials appeared
highly crystalline and exhibited similar crystallite/wall dimensions as well as comparable
specific surface areas and pore sizes lying within the 3-7 nm range. Photocatalytic tests,
however, revealed strong differences in activity towards H2 evolution reaction, with the

ordered porous TiO2 outperforming the random porous TiO2 by the factor of at least 20.
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Figure 4 (a) TEM images of mesoporous Nb20s exhibiting wormhole-like porosity; reproduced with
permission from ref. 31, © 2011 Elsevier; (b) SEM image of mesoporous CsTaWOs with ordered porous
structure; reproduced with permission from ref. 75, © 2018 The Royal Society of Chemistry (c) TEM image
of mesoporous gyroid Ta20s fragment with large uniform pores; reproduced with permission from ref. 34 ©
2016 The Royal Society of Chemistry; (d) SEM images of ordered macroporous BiVOa4 with dual porosity;
reproduced with permission from ref. 61, © 2013 Wiley-VCH (e) TEM images of mesoporous TiO2 with
uniform hexagonal pores; reproduced with permission from ref. 46, © 2015 Elsevier (f) SEM images of
hematite films prepared from mesoporous and solid single crystals; reproduced with permission from ref.
62 © 2016 American Chemical Society.

20



Similar trends have been derived from degradation experiments including methylene blue
and 4-chlorphenol photooxidation. Importantly, the authors attributed such superior
activity of the ordered mesoporous sample to (1) uniform channel size that results in
uniform diffusion rates of the reactant and products throughout the material, (2) open and
accessible porosity as well as (3) faster transfer of charge carriers within the crystalline

walls due to the presence of three-dimensional interconnected TiO2 matrix.

Mesoporous photo(electro)catalysts have been also studied with regard to other
parameters and characteristics of the porous matrix. As such, Wang et al.%? prepared o-
Fe20s3 photoelectrodes from solid single crystals and mesoporous single crystals (Figure
4f). The latter were synthesized using hydrothermal approach, adding NaF and/or
colloidal silica to the mixture to alter the morphology. The maximum IPCE of 20.2% at
360 nm was achieved with highly porous hematite. The activity of the mesoporous
electrode increased 7-fold compared to dense films (made of solid single crystals), while
the surface area increased nearly identically, by a factor of 5.4 (up to 18 m? g') and
crystallinity was kept the same. The authors refer their increased activity to superior light
absorption and enhanced charges separation by the mesoporous electrode.
Unfortunately, the authors did not provide information on the surface area after all

synthetic variations, thus a definite trend could not be observed.
4. Challenges and Outlook

For more than a decade, considerable research efforts have been devoted toward
designing photocatalysts and photoelectrodes with large specific surface areas via
nanostructuring or/and pore engineering. It is commonly accepted that a larger surface
area is beneficial for photocatalytic activity as it provides a higher number of active sites.

But it also increase the probability of surface recombination.

In their anxiety to increase the surface area, researchers have aimed at introducing small
pores, i.e. micropores and mesopores below 5 nm. Such small pores, however, can
hinder direct access to the interior surface, thus considerably limiting the performance of
a catalyst. Kinetic restrictions due to pore diffusion therefore constitute a major challenge

that is increasingly gaining awareness in the research community.
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Understandably, there is a trade-off between too narrow and too large pore sizes, and the
ideal pore dimensions and optimum surface areas have each to be identified for the
various types of materials and applications. Moreover, we are not aware of any study that
was able to tune the pore size of a semiconductor with narrow pore size distribution
without altering any other material properties. This remains a major challenge in the field
of mesoporous photocatalysts. However, as confirmed in this review, hierarchical pore
systems may in fact provide a promising alternative to improve mass transport into the

pores of photocatalysts or photoelectrodes.

For most semiconductor photocatalysts, co-catalyst loading (e.g. noble metals, metal
complexes) is necessary to obtain a measurable reaction rate. This is especially true for
multielectron transfer reactions like water splitting and CO:2 reduction. However, a
homogeneous deposition of co-catalysts also requires full accessibility of internal surface
area. An early example for diffusion-limited photodeposition was provided for mesoporous
CsTaWOes. We observed that the activity of CsTaWOs with small mesopores did not
improve with increasing amounts of Rh co-catalyst, in contrast to CsTaWOs with large
ordered mesopores, which showed a linear enhancement with Rh loading.*®"> Further
studies are necessary to address the distribution of co-catalysts inside mesopores, and

its influence on photocatalytic activity.

Another challenge involves the crystallinity, i.e. crystallite size, phase composition and
defect/impurity level, of the photocatalyst. These are material-dependent parameters that
strongly influence the optimum surface area as well as charge transport and extraction
characteristics. For example, depending on the material, the diffusion length of charge
carriers is different, which in turn affect the optimum crystallite size for both, absorption
and diffusion of charge carriers. Nevertheless, surface recombination must be minimized,
thus there is always an optimum ratio between crystallite size and surface area for each
material — another trade-off to consider. As revealed by our analysis, increasing the
surface area can be a promising route towards improving the photocatalytic activity, but
only in cases where surface recombination is negligible, e.g. for carbon nitrides, which

showed the expected linear increase in activity with surface area.
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Surprisingly, we could not find any study yet that explicitly underlines the advantages of
pore ordering over non-ordered porosity for photocatalysis. This is understandable, as it
is indeed very challenging to prepare mesoporous semiconductor materials with identical
pore size and pore size distribution, yet tunable pore structures (e.g. 2D hexagonal vs.
3D cubic vs. non-ordered). Indeed, this might even be the most challenging task for a
materials scientist in the field of mesoporous photocatalysis. As revealed in our study,
hard-templating constitutes the most suitable method to introduce pores with uniform pore
size distribution, albeit it may be limited to a narrow pore size range (i.e. either very small
or very large pores) and only few pore architectures (e.g. spherical, cylindrical). In
contrast, soft-templating, while synthetically more challenging, may offer a more versatile

range of pore dimensions and structures.

A new parameter that has barely been investigated so far involves the optical properties
of ordered mesoporous photocatalysts, which can affect the light penetration depth and
absorption efficiency as well as induce additional photonic effects. There have already
been some indications that mesoporous and hierarchical pore structures can exhibit
multiple photon absorption due to scattering of light inside the pores. This area of research

is still in its infancy, yet expected to stimulate much interest in future developments.

Finally, we would like to emphasize that many additional parameters and their effects on
the photocatalytic performance of mesoporous catalysts should be investigated in the
future. For example, not much is known about adsorption and diffusion of sacrificial
agents within a mesopore system and their imminent influence on the photocatalytic
activity. The same is valid for e.g. exposed surface facets inside the pores of porous
photocatalysts. More comprehensive and focused studies are required to reveal these

trends.

This review documents that a great amount of research in photocatalysis in the last few
years has been directed at enhancing activity and efficiency of photocatalysts through
mesostructuring and pore engineering. The database and methodology that we provide
here can serve as a starting point for the community to extract key information on
mesoporous photocatalysts, put results into context of existing data and better compare

the performances of various catalytic systems. We believe it will stimulate the
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implementation of new concepts, such as optical/photonic effects in ordered pore
architectures to further benefit the designing of a new generation of photocatalysts and

photoelectrodes.
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