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photocatalytic reduction of
nitroaromatics using tailored SrTiO3 crystals:
mechanism and reactivity enhancement†

Wiktoria Adamowicz, ab Wojciech Macyk a and Marcin Kobielusz *a

This work presents a selective photocatalytic reduction of nitroaromatics to amines on tailored SrTiO3

crystals. Exploring the role of exposed facets reveals their substantial impact on both the efficiency and

selectivity of this type of reduction reaction. A series of uniform SrTiO3 crystals with systematically varied

morphologies, differing only in shape and type of exposed facets, were synthesised.

Photoelectrochemical measurements and photodeposition experiments demonstrated that reduction

reactions preferentially occur on the {001} facets, while oxidation predominantly takes place on the {110}

facets. Furthermore, the {110} facets play a key role in enhancing charge separation, thereby significantly

boosting photocatalytic activity. The changes in the efficiency of photocatalytic oxidation of terephthalic

acid follow the same pattern as photocurrent generation. Using tailored SrTiO3 crystals, the reduction of

nitroaromatic compounds was achieved with outstanding conversion rates (up to 40 times higher

compared to commercial SrTiO3). Although {110} facets facilitate charge separation, transforming

nitroaromatics to amines requires {001} planes.
Introduction

Using photocatalysis in organic synthesis has emerged as
a promising alternative to traditional methods, which oen
generate signicant amounts of waste. Among these, the pho-
tocatalytic selective reduction of nitroaromatic compounds
stands out as an environmentally friendly approach.1,2 This
reaction has been demonstrated to achieve high, nearly 100%
selectivity in the presence of TiO2.3–5 Alcohol solutions play
a crucial role in the photocatalytic reduction of nitroaromatics
by scavenging hydroxyl radicals, which otherwise contribute to
undesired side reactions. This underscores the potential of
employing photocatalysts that minimise hydroxyl radical
generation by favouring alternative oxidation pathways, leading
to the formation of weaker oxidants, such as oxygen.

Perovskite-type SrTiO3 is one of the most extensively studied
photocatalysts for water splitting due to its suitable electronic
band structure, anisotropic crystal facets, efficient separation
and transport of photogenerated charge carriers, low cost, and
high resistance to photocorrosion in aqueous conditions.6–13 An
SrTiO3-based photocatalyst recently demonstrated a remarkable
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quantum efficiency of 93% at 365 nm for water splitting, as
reported by Domen et al.14

These properties of SrTiO3, including its ability to oxidise
water to mild oxidants like oxygen, make this material partic-
ularly interesting for applications in the reduction of nitro-
aromatics. Moreover, this material offers a lower conduction
band edge potential compared to anatase-TiO2, which has
previously been tested in these reactions.15 Although there are
reports of its use as a thermal catalyst for reducing nitro-
aromatics,16 to the best of our knowledge, it has not been tested
in this reaction as a photocatalyst so far. Among similar tita-
nates, only CaTiO3 has been reported as a photocatalyst in the
conversion of nitrobenzene to aniline.17 Our preliminary studies
reveal that while BaTiO3, CaTiO3, and SrTiO3 can all photo-
catalytically reduce nitroaromatic compounds, SrTiO3 exhibits
signicantly higher activity, despite only modest differences in
other tests, such as photocurrent measurements (Fig. S1†).

The physical and chemical properties of nanocrystals are
inuenced not only by their size, specic surface area, crystal-
linity and crystal structure but also by the type of exposed
facets.18–20 Polyhedral nanocrystals with well-dened facets,
synthesised under the same conditions, are an outstanding area
for investigating how material properties vary with specic
crystal facets. Exposed facets of SrTiO3 are characterised by
distinct atomic congurations and electronic structures and
play a pivotal role in governing surface reactions and overall
material activity.6 Therefore, the inuence of SrTiO3 exposed
facets remains a topic of ongoing research.
J. Mater. Chem. A, 2025, 13, 19623–19630 | 19623

http://crossmark.crossref.org/dialog/?doi=10.1039/d5ta01766a&domain=pdf&date_stamp=2025-06-25
http://orcid.org/0000-0002-5683-291X
http://orcid.org/0000-0002-1317-6115
http://orcid.org/0000-0003-2707-0415
https://doi.org/10.1039/d5ta01766a
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta01766a
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA013025


Journal of Materials Chemistry A Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

10
:0

3:
59

 P
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
There are various methods to synthesise and control the
formation of exposed facets of strontium titanate, such as the
hydrothermal method using a series of alcohols21–23 or the sol-
vothermal method, tuning sodium hydroxide and ethanol-
amine concentrations.24,25 The properties of tailored SrTiO3

crystals have been studied in many different reactions such as
water splitting,14,22,26,27 CO2 reduction,28 ethanol dehydrogena-
tion,29 isopropanol conversion,30 hydrogen or oxygen
evolution,24,31–35 and dye photodegradation.31,33,36 Other tests,
such as electrical conductivity measurements or the inuence
of light intensity, were also conducted to explain the differences
in the properties of the exposed facets of this material.37,38 The
results of all studies indicate increased activity of tailored
SrTiO3 crystals and differences in the activity of SrTiO3 crystals
depending on the type of exposed facets or the ratio between
exposed facets. Polyhedral SrTiO3 exposing multiple facets,
including {100}, {110}, and {111}, demonstrates improved
photocatalytic activity compared to those exposing only the
{100} facet.23,27 In particular, the combination of {100} facets,
which facilitate electron transfer due to their lower work func-
tion, and Sr-rich {110} facets, promoting efficient charge sepa-
ration, contributes signicantly to the enhanced photocatalytic
performance.34,39,40

The study aims to clarify the inuence of exposed facets of
SrTiO3 crystals on the efficiency and selectivity of reduction of
nitrobenzene derivatives and to identify factors contributing to
the rates of these reactions.
Experimental
Synthesis of tailored SrTiO3 crystals

A series of tailored SrTiO3 crystals was performed by hydro-
thermal synthesis with different types and amounts of alcohol
(5 cm3 of methanol, 1.8 cm3 of ethylene glycol or 2 cm3 of
propylene glycol). In a typical synthesis, 0.45 cm3 of TiCl4 was
added dropwise into 50 cm3 of deionised water containing
appropriate alcohol cooled in an ice bath. Exceptionally, for
cube-shaped crystals, the amount of TiCl4 was 0.42 cm3. Aer
stirring for 5 minutes, 60 cm3 of 3 mol dm−3 LiOH solution was
added, and then aer 5 minutes of stirring, 20 cm3 of 0.24 mol
dm−3 SrCl2 was added. Aer stirring for another 30minutes, the
solution was transferred to a 200 cm3 Teon-lined stainless
steel autoclave and heated at 180 °C for 60 or 72 h. Then, the
autoclave was cooled to room temperature under ambient
conditions, and the resulting residue was centrifuged. The
synthesised crystals were washed with methanol and water ve
times, then dried at 40 °C for 12 h. As a result of the synthesis,
cubic SrTiO3 crystals with identical 6 facets exposed and 18-
facet SrTiO3 crystals with two different types of exposed facets
were obtained. To distinguish the synthesized materials, the
crystals were named accordingly: cubes, slightly truncated
cubes, truncated cubes, and truncated rhombic dodecahedrons.
Materials characterisation

Micrographs of synthesised materials (cubes, slightly truncated
cubes, truncated cubes, and truncated rhombic
19624 | J. Mater. Chem. A, 2025, 13, 19623–19630
dodecahedrons) were taken by scanning electron microscopy
(SEM Helios 5 Hydra DualBeam, immersion mode), equipped
with the EDS detector (EDAX Octane Elite). The measurements
were performed on carbon tape. The average particle size was
calculated based on SEM images.

The crystalline structure of synthesised materials was
studied by powder X-ray diffraction (XRD) using a Rigaku
MiniFlex 600 X-ray diffractometer. The Cu Ka radiation (0.3 mm
lter) in a 2q degree range of 20–80°, with a scan rate of 3°
per min and the scan step of 0.02° was applied. In order to
determine the changes in the fraction of {110} facets, the ratio
of the intensity of (220) to (200) peak was calculated from
diffractograms.

Nitrogen adsorption–desorption isotherms were measured
at 77 K using an automated gas sorption analyser (Autosorb iQ,
Quantachrome Instruments). The Brunauer–Emmett–Teller
model was used to calculate specic surface areas of the
samples.

Spectroscopic analysis

The diffuse reectance spectra of tailored SrTiO3 samples were
measured using a UV-Vis-NIR spectrophotometer (Shimadzu,
UV-3600i Plus) equipped with a 6 cm integrating sphere in the
200–950 nm spectral range. Each sample was ground with
barium sulfate. The collected reectance spectra were trans-
formed to the Kubelka–Munk function, and then, to determine
the band gap energies, the Tauc transformation was applied.41

Photodeposition of Ag and Co3O4

Photodeposition of 5 wt% Ag and Co3O4 on the surface of
SrTiO3 was carried out using AgNO3 and Co(NO3)2. 4 mg of
SrTiO3 (cubes and truncated rhombic dodecahedrons) was
added to the solution of AgNO3 (0.46 mmol dm−3) or Co(NO3)2
(0.67 mmol dm−3). Additionally, KIO3 (20 mg cm−3) was used as
the electron acceptor during photodeposition of Co3O4. Under
constant stirring, the suspension was irradiated with an XBO-
150 xenon lamp (Instytut Fotonowy). Aer 2 hours of reaction,
the suspension was washed with deionised water and methanol
ve times and dried at 40 °C for 12 h.

Photoelectrochemical measurements

Photoelectrochemical measurements were performed using
Instytut Fotonowy potentiostat in a three-electrode setup with
light supplied by a 150 W Xe lamp (XBO-150) passing through
a monochromator. The working electrode was made of a thin
sample layer placed on ITO-coated transparent foil (60 U per sq
resistance, Sigma Aldrich). The counter electrode was a plat-
inumwire, and the reference electrode was an Ag/AgCl electrode
in a 3 mol dm−3 KCl solution. The electrolyte, 0.1 mol dm−3

KNO3 aqueous solution, was purged with argon for 15 minutes
before the beginning until the end of each experiment. The
working electrodes were irradiated in the spectral range of 330–
500 nm, with 0.1 V steps of the potential applied in the range of
−0.2 to 1.0 V vs. Ag/AgCl. The photocurrent doubling effect was
studied in the presence of methanol (a sacricial agent,
concentration of 6.5%).
This journal is © The Royal Society of Chemistry 2025
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Photocatalytic activity

The photocatalytic activity of the materials was studied in the
reactions of terephthalic acid (TA) hydroxylation and reduction
of nitroaromatic compounds. The reaction mixture for tests
with hydroxyl radical generation was prepared according to the
following procedure. SrTiO3 (1.0 g dm−3) was suspended in 16
cm3 of the 0.3 mmol dm−3 terephthalic acid solution. The
prepared suspension was placed in a round quartz cuvette (16
cm3 volume) and irradiated with an XBO-150 xenon lamp
(Instytut Fotonowy) for 1 h under constant stirring. Addition-
ally, an IR lter (0.1 mol dm−3 CuSO4 aqueous solution, 10 cm
optical path) and a 320 nm cut-off lter were used. For each
ltered (0.22 mmMCE lter) and centrifuged sample (2 cm3), the
concentration of generated hydroxyl radicals was determined by
emission spectroscopy. As a result of the reaction, uorescent
hydroxyterephthalic acid (TAOH) with a broad emission band at
lmax = 426 nm (when excited lmax = 315 nm) was recorded.

Reduction of nitroaromatics was tested in SrTiO3 suspen-
sions in a 50 : 50 mixture of water and methanol (0.5 g dm−3),
always sonicated for 5 minutes under the same conditions
(generator: 3 × 80 W; frequency of the sonication: approx. 37
kHz). The suspension was mixed with 3-nitrophenol (3-NP), 1-
iodo-4-nitrobenzene (INB) or 4-nitrobenzoic acid (PNBA) with
the nal nitroaromatics concentration of 0.3 mmol dm−3. The
prepared suspension was placed in a round quartz cuvette (16
cm3), purged with argon for 15 minutes and then irradiated for
2 h under constant stirring, using the same setup as in TA
hydroxylation tests. For each ltered (0.22 mm MCE lter) and
centrifuged sample, the concentration of reagents in the
collected samples (2 cm3) was determined by HPLC (Shimadzu
Prominence-i LC-2030 3D) with a Poroshell 120 SB-C18 column
(3.0 × 100 mm, 2.7 mm) and detected at 246, 266, 272, 283, 297
and 332 nm using a photodiode array detector. The mobile
phase was a mixture of methanol and water (50 : 50) with a ow
rate of 0.4 mL min−1. The reaction rate constant (assuming the
rst-order kinetics) was determined by calculating the natural
logarithm of the product concentration at the time of irradia-
tion and plotting the product increment against time. The slope
of the linear tting of the plot gives the reaction rate constant.

The reduction reactions were carried out in optimal water :
methanol 1 : 1 mixture based on our previous experience.
Methanol has three roles: (i) a solvent for nitroaromatic
compounds, (ii) a hole scavenger and (iii) an additional electron
donor for an efficient transformation. As the methanol content
increases to a ratio of 1 : 1, the conversion rate steadily
increases. However, a further increase in the methanol content
decreases the reaction rate.42 This behaviour was veried for
cubes and truncated rhombic dodecahedrons in the reduction
of 4-nitrobenzoic acid in water (Fig. S2†). Reduction reactions in
the absence of methanol practically do not occur.
Fig. 1 SEM images and size distribution of strontium titanate crystals in
different shapes – commercial reference sample (a), cubes (b), slightly
truncated cubes (c), truncated cubes (d), rhombic dodecahedrons
synthesised with propylene glycol (e) and rhombic dodecahedrons
synthesised with ethylene glycol (f).
Results and discussion

All the synthesised strontium titanate materials were obtained
in the form of white powders. The morphology of a series of the
synthesised SrTiO3 crystals with systematic shape evolution was
This journal is © The Royal Society of Chemistry 2025
conrmed using SEM (Fig. 1). The inner images show single
crystals with the labelled exposed facets. Cube-shaped crystals
obtained in synthesis with methanol have only the {001} type of
exposed facets. Lowering pKa of the alcohol used in the reaction
medium (propylene glycol instead of methanol) resulted in
truncated cubes with a second type of the exposed facet, {110}.
J. Mater. Chem. A, 2025, 13, 19623–19630 | 19625
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Fig. 2 XRD patterns of tailored strontium titanate in the shape of
cubes, slightly truncated cubes, truncated cubes and rhombic
dodecahedrons. The black line represents commercial SrTiO3.

Fig. 3 Photocurrents generated by various SrTiO3 crystals. The
measurements were carried out with and without methanol.
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Using alcohol with even lower pKa (ethylene glycol) led to
truncated rhombic dodecahedron-shape crystals with the
predominantly exposed {110} facets. Nanocrystals are uniform,
without impurities and exhibit comparable crystal sizes of
about 200–270 nm compared to the small, irregular commercial
SrTiO3 crystals. Consequently, the specic surface area of the
euhedral SrTiO3 crystals is similar for the whole series, ca. three
times smaller than the commercial sample.

XRD patterns of the synthesised crystals are shown in Fig. 2.
Only strontium titanate characteristic peaks are present, and
the peak positions are the same for all materials. The peak
intensity ratio, I(220)/I(200), increases with the shape evolution
from 0.35 for cubes to 0.43 for truncated rhombic dodecahe-
drons (Table 1). This trend is related to the increasing contri-
bution of {110} facet. Additionally, EDS spectra were collected
for cubes and truncated rhombic dodecahedrons (Fig. S3†).
They conrm that on the surface of the crystals, there are no
residues of precursors, such as chloride ions, that could affect
the photoactivity of these materials.

The band gap energy values were determined based on DRS
spectra. The Tauc plots for the samples are presented in
Fig. S4.† The calculated band gap energy values are the same,
within the error, for the entire series (Table 1). Only the
commercial strontium titanate reference sample has a lower
Table 1 Comparison of XRD intensities, specific surface area, average p

SrTiO3 shapes
Foremost exposed
facets I(220)/I(200) L

Commercial — 0.40 —
Cubes {001} 0.35 —
Slightly truncated cubes {001} 0.39 0
Truncated cubes {001} and {110} 0.39 0
Truncated rhombic dodecahedron
(propylene glycol)

{110} 0.40 0

Truncated rhombic dodecahedron
(ethylene glycol)

{110} 0.43 0

19626 | J. Mater. Chem. A, 2025, 13, 19623–19630
band gap energy. The physicochemical characterisation indi-
cates that the series of obtained strontium titanate crystals
differ only in morphology and exposed facets. Neither the light
absorption abilities nor the BET surface area of these samples
rationalise differences in their photocatalytic activity (vide
infra).

To verify the dependence of charge separation efficiency on
crystal shape photocurrent measurements were performed. The
photocurrent intensity is closely related to the effectiveness of
photoinduced charge separation. Various photocurrent gener-
ation efficiencies are observed for various materials under
comparable conditions, i.e., the same applied potential and
incident light intensity (Fig. 3). Increasing the contribution of
{110} facets results in higher photocurrents. Importantly, not
only are the photocurrent intensities enhanced for truncated
rhombic dodecahedrons in comparison to cubic crystals, but
also the decay time of the photocurrent signals is prolonged, as
clearly illustrated in the transient photocurrent response shown
in Fig. S5† and its normalized form. This slower decay indicates
reduced recombination rates of photogenerated charge carriers.
The presence of two types of facets (the so-called homojunction)
can result in a selective transfer of electrons and holes to
article size and band gap energy of tailored SrTiO3 crystals

{110}/L{100}
Specic surface
area [m2 g−1] � 2%

Average particle
size [nm]

Band gap energy
[eV] � 0.01 eV

29.6 109 3.19
9.7 203 3.25

.3 � 0.1 8.8 201 3.22

.4 � 0.2 11.3 232 3.24

.6 � 0.3 11.0 270 3.24

.7 � 0.2 8.2 251 3.23

This journal is © The Royal Society of Chemistry 2025
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different facets, i.e. {001} and {110}, respectively,27,31 and thus
better charge separation efficiency.

Methanol can play a dual role in increasing photocurrent – it
can act as an efficient hole scavenger and the so-called photo-
current doubling agent, which, upon oxidation with a hole to
the short-living radical (cCH2OH), may deliver another electron
to the conduction band.43 Such an effect, which should result in
at least a doubling of photocurrent, was observed for all syn-
thesised tailored SrTiO3 materials. The highest photocurrent
and photocurrent multiplication factor observed for truncated
rhombic dodecahedrons with a higher surface of {110} may
indicate the importance of {110} facet in oxidation reactions
(Fig. 3).

The enhanced photocurrent generation efficiency with an
increased fraction of the {110} facets can be attributed to
improved charge separation facilitated by the spatial segrega-
tion of charges on the surface. Studies have shown that the
degree of upward band bending varies with the type of crystal
facet, inuencing the localised accumulation of specic pho-
togenerated charge carriers.7,26,31,37,44 This phenomenon can
lead to regions being enriched in photogenerated holes and
others in photogenerated electrons. Consequently, these
distinct regions may act as preferred sites for reduction and
oxidation reactions. Jia et al., while investigating this
phenomenon for SrTiO3, demonstrated that charge separation
is more efficient for materials with an L{110}/L{100} facet ratio of 1,
compared to those with a ratio of 0.2.39 In our case, the highest
photoelectrochemical activity is observed for materials with
facet ratios of 0.6 and 0.7 (Table 1), which is in good agreement
with their observations.

Photodepositions of silver and cobalt(III) oxide were per-
formed on cubic and truncated rhombic dodecahedral SrTiO3

crystals to test whether reduction and oxidation reactions occur
preferentially on different exposed facets. Fig. 4 shows SEM
images before and aer the photoreduction- and
photooxidation-based deposition. Additionally, EDS maps were
collected to verify the deposition of Ag and Co2O3 (Fig. S6†). For
cubes with only one available exposed facet, {001}, silver and
Fig. 4 The SEM images of the SrTiO3 cubes and rhombic dodeca-
hedrons with photodeposited silver or cobalt(III) oxide. Cubic SrTiO3

crystals before photodeposition (a), loaded with Ag (b) and Co2O3 (c).
Rhombic dodecahedrons of SrTiO3 before photodeposition (d), loaded
with Ag (e) and Co2O3 (f).

This journal is © The Royal Society of Chemistry 2025
cobalt(III) oxide are deposited on every facet of the SrTiO3 crystal
without any preference. Remarkably, for truncated rhombic
dodecahedron SrTiO3 crystals, it was found that silver deposited
mainly on the {001} facet (Fig. 4e), while cobalt(III) oxide
deposited almost exclusively on the {110} facet (Fig. 4f). These
results are consistent with observations obtained from photo-
current measurements and indicate that in the presence of two
different exposed facets, oxidation reactions occur preferen-
tially on the {110} surface. In contrast, reduction reactions occur
preferentially on the {001} surface of the SrTiO3 crystals. The
presence of only one type of exposed facet does not inhibit the
reaction, and both oxidation and reduction reactions proceed.
These ndings are entirely consistent with previous reports.22

Based on our results, it can be concluded that the photo-
generated electrons and holes are distributed on all {001} facets
of cubic SrTiO3, while for truncated rhombic dodecahedral
SrTiO3, electrons and holes are accumulated on {001} and {110}
facets, respectively.

A photocatalytic hydroxylation test of terephthalic acid was
conducted to understand better the effect of faceted SrTiO3 on
the reduction of nitroaromatics. The hydroxylation of tereph-
thalic acid to highly uorescent hydroxyterephthalic acid is
a selective reaction used to measure the efficiency of photo-
catalytic hydroxyl radicals generation.45 Strontium titanate,
while more readily oxidising water to oxygen than TiO2, is still
capable of directly oxidising water and reducing molecular
oxygen to hydroxyl radicals through a three-step mechanism.46

Combined with photocurrent studies, these tests should enable
an assessment of the general relationship between photo-
catalytic activity and the material type. For various materials
with predominantly exposed {001} facets, the efficiency of
hydroxyl radicals generation was almost identical (Fig. 5). For
truncated rhombic dodecahedrons with predominant oxidative
{110} facets, the photocatalytic activity was higher. Changes in
photocatalytic activity follow the same pattern as photocurrent
generation (compare Fig. 4 and 5). This coincidence shows that
despite using an external potential, photocurrent efficiency
Fig. 5 Concentration of TAOH photogenerated in the photocatalytic
oxidation of TA in the presence of tailored SrTiO3 crystals after 30
minutes of irradiation.

J. Mater. Chem. A, 2025, 13, 19623–19630 | 19627
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directly translates to photocatalytic activity. Moreover, this
further conrms more efficient charge separation for truncated
rhombic dodecahedrons in which both exposed facets, {110}
and {001}, are present. Noteworthy, the Sr-rich termination of
the {110} facet provides active sites that facilitate hydroxyl
radical generation by promoting the adsorption and activation
of water molecules,47 which may also contribute to the observed
enhancement in photocatalytic performance.

The photocatalytic activity of the synthesised SrTiO3 crystals
was evaluated by reducing three different nitrobenzene deriva-
tives: 3-nitrophenol, 1-iodo-4-nitrobenzene, and 4-nitrobenzoic
acid. These reactions were carried out in a 1 : 1 water/methanol
mixture, yielding the corresponding aniline derivatives: 3-ami-
nophenol (3-AP), 4-iodoaniline (IA), and 4-aminobenzoic acid
(PABA) (Fig. S7†). The selected substrates and their reduction
products were conrmed to be stable and photostable under the
experimental conditions. The selected nitroaromatic
compounds have diverse functional groups with different
substituent effects, which affect the reducibility of these
compounds. The hydroxyl group in 3-nitrophenol belongs to the
electron-donating groups (EDG). Donating electron density to
the aromatic ring makes the nitro group less electrophilic and –

in general – harder to reduce.48 The carboxyl group in 4-nitro-
benzoic acid is an electron-withdrawing group (EWG). It lowers
the electron density on the nitro group and thereby stabilises
the transition state, making the reduction process more
favourable.48,49 Iodine is qualied as a weak electron-
withdrawing group, but the selective reduction of the nitro
group may be hindered by iodine susceptibility to its abstrac-
tion from the aromatic ring.50 Using different functionalities
(both electron-withdrawing and electron-donating) allows for
more general conclusions on the inuence of the available
SrTiO3 facets on their photoactivity in reducing nitrobenzene
derivatives.

The rate constant for reducing selected nitroaromatics
increases for all materials in the order INB < 3NP < PNBA
(Fig. 6), independently of the exposed facets. It is consistent
Fig. 6 Reaction rate constants for 3-NP, INB and PNBA reduction
reaction in the presence of commercial and tailored SrTiO3 crystals.

19628 | J. Mater. Chem. A, 2025, 13, 19623–19630
with expectations based on the electronic effects of substituents
(EWG/EDG). Hence, the most easily reduced compound is 4-
nitrobenzoic acid. Truncated cubes and rhombic dodecahe-
drons with I(220)/I(200) = 0.40 (Table 1) appeared to be the most
active materials. Also, these types of tailored SrTiO3 crystals
exhibit higher reaction rate constants than commercial SrTiO3,
although the specic surface area is three times smaller. Note-
worthy, for truncated cubes and truncated rhombic dodecahe-
drons, the 3NP conversion rate increases 36–38 times compared
to the commercial material (Table S1†). Compared to the
photocurrent measurements, where the activity improved with
the increase of the {110} surface, the photocatalytic activity of
reduction reactions enhances for crystals with a larger surface
of the reductive {001} facets. Therefore, to achieve a high pho-
tocatalytic activity in the reduction of nitroaromatics, not only
effective charge separation is needed, but also the availability of
reductive {001} facets should be provided. Cyclic tests were also
performed on cubes and truncated rhombic dodecahedrons in
the reduction reaction of 1-iodo-4-nitrobenzene (Fig. S8†). The
materials retained their photocatalytic activity.

Conclusions

In this work, a series of SrTiO3 crystals with a systematic
morphology evolution were successfully synthesised using
alcohols with different pKa values. The obtained ve materials
are uniform and differ only in the shape, type of the exposed
facets and their ratio. Based on the photoelectrochemical
measurements, photodeposition experiments and oxidation of
terephthalic acid, it was proven that reduction reactions occur
preferably on the {001} facets, while oxidation reactions take
place predominantly on the {110} facets. Additionally, a second
type of facets, {110}, plays a crucial role in enhancing charge
separation, signicantly contributing to improved photo-
catalytic activity. Overall, the photocatalytic activity was higher
for rhombic dodecahedrons with two types of facets. The
reduction of three nitroaromatic compounds was successfully
achieved with high efficiency using tailored SrTiO3. This
remarkable photocatalytic performance of the modied SrTiO3

crystals is attributed to the synergistic effects of enhanced
charge separation and the presence of the reductive {001} facets.
The presented study is the rst example of the selective pho-
tocatalytic reduction of nitroaromatics to amines on SrTiO3.
Moreover, the systematic analysis elucidates the role of partic-
ular facets in reduction and oxidation counterparts.

Data availability

The data supporting this article have been included as part of
the ESI† and will also be available in the Cracow Open Research
Data Repository (https://www.uj.rodbuk.pl/).

Author contributions

Wiktoria Adamowicz: Investigation, methodology, validation,
visualization, writing – original dra, writing – review & editing;
Wojciech Macyk: Funding acquisition, methodology, project
This journal is © The Royal Society of Chemistry 2025

https://www.uj.rodbuk.pl/
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ta01766a


Paper Journal of Materials Chemistry A

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

7 
M

ay
 2

02
5.

 D
ow

nl
oa

de
d 

on
 4

/1
/2

02
6 

10
:0

3:
59

 P
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
administration, resources, supervision, writing – original dra,
writing – review & editing; Marcin Kobielusz: Conceptualiza-
tion, funding acquisition, investigation, methodology, supervi-
sion, writing – original dra, writing – review & editing.

Conflicts of interest

There are no conicts to declare.

Acknowledgements

The authors acknowledge the support of the National Science
Centre within the OPUS23 project (2022/45/B/ST5/04087) and
the Faculty of Chemistry under the Strategic Programme
Excellence Initiative at Jagiellonian University. The study was
carried out using research infrastructure funded by the Euro-
pean Union in the framework of the Smart Growth Operational
Programme, Measure 4.2; Grant No. POIR.04.02.00-00-D001/20,
“ATOMIN 2.0 – Center for materials research on ATOMic scale
for the INnovative economy”. The authors thank Dr Kaja Spi-
larewicz for SEM and EDS measurements.

References

1 S. Wang, S. Li, H. Feng, W. Yang and Y.-S. Feng, ACS Appl.
Mater. Interfaces, 2023, 15, 4845–4856.

2 H. Hirakawa, M. Katayama, Y. Shiraishi, H. Sakamoto,
K. Wang, B. Ohtani, S. Ichikawa, S. Tanaka and T. Hirai,
ACS Appl. Mater. Interfaces, 2015, 7, 3797–3806.

3 S. Gisbertz and B. Pieber, ChemPhotoChem, 2020, 4, 456–475.
4 W. Adamowicz, K. Yaemsunthorn, M. Kobielusz and
W. Macyk, ChemPlusChem, 2024, e202400171.

5 D. Franchi and Z. Amara, ACS Sustain. Chem. Eng., 2020, 8,
15405–15429.
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