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Abstract

In photocatalysis, a set of elemental steps are involved together at different time-
scales to govern the overall efficiency of the process. These steps are divided as fol-
low: (1) photon absorption and excitation (in femtoseconds), (2) charge separation
(femto- to picoseconds), (3) charge carrier diffusion/transport (nano- to microsec-
onds), and (4 and 5) reactant activation/conversion and mass transfer (micro- to mil-
liseconds). The identification and quantification of these steps, using the appropri-
ate tool/technique, can provide the guidelines to emphasize the most influential key
parameter that improve the overall efficiency and to develop the “photocatalyst by
design” concept. In this review, the identification/quantification of reactant activa-
tion/conversion and mass transfer (steps 4 and 5) is discussed in details using the
in situ/operando techniques, especially the infrared (IR), Raman, and X-ray absorp-
tion spectroscopy (XAS). The use of these techniques in photocatalysis was high-
lighted by the most recent and conclusive case studies which allow a better char-
acterization of the active site and reveal the reaction pathways in order to establish
a structure—performance relationship. In each case study, the reaction conditions
and the reactor design for photocatalysis (pressure, temperature, concentration,
etc.) were thoroughly discussed. In the last part, some examples in the use of time-
resolved techniques (time-resolved FTIR, photoluminescence, and transient absorp-
tion) are also presented as an author’s guideline to study the elemental steps in pho-
tocatalysis at shorter timescale (ps, ns, and ps).
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Fig. 1 A Interior view of the Praying Mantis diffuse reflectance accessory (DRP) with the model of the
high-temperature reaction chamber (HTC), B in situ DRIFTS spectra of CO adsorption on Cu/Ti(air) and
Cu/Ti(H,) before and after reaction and after thermal regeneration by H,, C (i) IR spectra of 2% of BEA-
Ti (a) and 2% of BEA-ref (b) diluted in KBr and (ii) IR spectra of calcined beta (a) and TiO,—beta (b)
samples diluted in KBr (5 wt%) before (1) and after (2) D,O exchange. (Copyright with the permission
from Refs. [21, 22])

1 Introduction

Photocatalysis is a process in which light energy drives the chemical reactions. This
process is initiated by photon absorption and involves at least five separate reaction
steps that occur at different timescales, including (1) excitation of electrons upon
photon absorption from the valence band (VB) of the photocatalyst to the conduction
band (CB), yielding electron and hole pair charge carriers in femtosecond timescale
(step 1, Fig. 1), (2) separation (or recombination) of the charge carriers, in femto- to
picoseconds [1-3] (steps 1’ and 2, Fig. 1), (3) diffusion/transport of the charge carri-
ers from the bulk of the photocatalyst to the surface redox sites, generally in nano- to
microseconds [1] (step 3, Fig. 1), (4) activation/conversion of the reactants by their
interaction with the charge carriers (oxidation or reduction) in microseconds to mil-
liseconds [4, 5] (step 4, Fig. 1), and finally, (5) mass transfer/diffusion of the reac-
tants and products in milliseconds to seconds [4] (step 5, Fig. 1). Therefore, all these
steps, involved together at different timescales, govern the overall efficiency of the
photocatalytic process. Thus, each elementary step in photocatalysis must be identi-
fied and quantitatively described by performing the appropriate experiments using
adequate tools/techniques in order to provide the guidelines for the “photocatalyst
by design” concept and improve the overall efficiency. Consequently, it is crucial to
describe the different steps which occur from the first interaction of the light with the
photocatalyst to the formation of the final products. Thus, it is crucial to identify the
electronic structure and the optical properties (bandgap, band positions, absorption
coefficient, etc.) of the chosen photocatalyst. These measurements can be achieved
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using X-ray absorption and ultraviolet—visible (UV-Vis) absorbance spectroscopy.
The femtosecond/picosecond time-resolved absorbance/emission spectroscopies can
be also used to investigate the lifetime and the quantum yield of the excited states
upon interaction of the photocatalyst with light. After photon absorption and gen-
eration of excitons, the latter should be separated to form free charge carriers. This
step can be investigated by measuring the exciton binding energy, i.e., the energy
required to ionize an exciton from its lowest energy state, using photoemission, opti-
cal absorption, photoconductivity screening potential, and magneto-optical spec-
troscopies [6]. Moreover, density functional theory (DFT) calculations are currently
used to estimate the exciton binding energy with high accuracy [7]. The absorption
transient and photoluminescence spectroscopies are also useful techniques, in which
the quantum yield of the triplet excited state and the quenching rate constants can
be determined. Once the exciton is separated, free charge carriers are transferred
from the bulk to the surfaces for successful photocatalysis. The conductivity and
the redox potential of the photocatalyst in this step can be measured by cyclic vol-
tammetry and conductivity/impedance. Finally, the reaction mechanism/formation
of the intermediates can be studied by time-resolved IR spectroscopy from ns—us
(step-scan measurement) to pus—ms (rapid scan measurement); Raman spectroscopy
is a molecular spectroscopy that can give complementary information to infrared
insight; however, experimental challenges result in the overlap of excitation photons
with Raman photons, rendering operando Raman spectroscopy more challenging.
This review presents approaches to circumvent such hurdle. In situ and operando
spectroscopies (e.g., infrared (IR), Raman, UV—-Vis, X-ray absorption spectroscopy
(XAS), among others) may be combined to shed light on the different stages of the
photocatalytic act. The diverse techniques used for the characterization and investi-
gation of the various elemental steps in photocatalysis are summarized in Table 1
(Scheme 1).

In this review, we will mainly focus on the in situ and operando techniques used
in photocatalysis. By definition, in situ spectroscopy, widely used in the catalysis
literature, refers to the real-time investigation of catalyst pretreated under vacuum
during exposure to the reactants or probe molecules. In situ studies may actually
mimic reaction conditions, but the design of in situ cells is typically not that of a cat-
alytic reactor, thus activity data (when measured) are compromised by inappropriate
mixing between reactant and catalyst, or temperature gradients, or flow anomalies.
Such reaction in situ studies can provide valuable information of the photocatalyst’s
state in the reaction environment, but cannot deliver reliable activity data. However,
“Knowing the before-reaction part or after-reaction part is like studying a life with
access only to the prenatal and postmortem states,” as mentioned by Gabor Somor-
jai [8]. That is why birth (catalyst preparation and characterization), life (catalyst
in action), and death of catalyst (deactivation) need to be studied [9]. Such consid-
eration has inspired the operando methodology, where catalysts are actually work-
ing (i.e., operando), and their performance is simultaneously determined along with
their characterization. Operando is a Latin word originally proposed by Prof. M.
A. Bafiares during a discussion with E. Gaigneaux, G. Mestl, and B. Weckhusen
at the 220th ACS National meeting in Washington in 2002 (cf. ref 11 in [8]). Mon-
itoring the catalyst in action, including the observation of reaction intermediates,
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Scheme 1 Illustration of the elemental steps of the photocatalysis process (a) occurring at different time-
scales (b)

quantification of metal ions and determination of their oxidation state, and discrimi-
nation between spectator species and active sites, is crucial for understanding the
reaction mechanism and allows the design of high-performance solid catalysts [10,
11]. For these reasons, many scientific researches have been directed in the last
years towards development of operando techniques for studying the photocatalytic
reaction. Herein, we discuss recent findings related with the most used in situ and
operando techniques in photocatalysis, such as infrared (IR), Raman and X-ray
absorption spectroscopy (XAS). Detailed case studies are presented along with
consideration of the methodology and the proper homemade/commercial reaction
cells that are designed and adapted to the requirements of the photocatalytic reac-
tion. Special attention is directed toward the identification of active sites and reac-
tion intermediates as well as the investigation of the reaction mechanism (Table 2).

2 Insitu Techniques in Photocatalysis

In this section, we will focus on the most popular in situ techniques (FTIR, Raman,
EPR, and XAS) used as a characterization tool or to study the reaction mechanism
during photocatalysis.

2.1 Insitu FTIR Spectroscopy

This technique can operate in three various modes for the present purpose: diffuse
reflectance infrared Fourier transform (DRIFTS), transmission, and attenuated total
reflection (ATR) (Scheme 2).

Diffuse reflectance originates from multiple reflection, refraction, and diffrac-
tion (scattering) at surfaces of small particles within the sample (Scheme 2A) [12].
One of the most important advantages of this technique is the possibility to ana-
lyze nontransparent materials at elevated temperatures, which cannot be analyzed
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Scheme 2 FTIR spectroscopy in A diffuse reflectance, B transmission, and C attenuated total reflection
modes (/RE internal reflection element)

by transmission infrared spectroscopy, and easy protocol for the sample preparation.
However, this mode presents some limitations for in situ studies such as (1) compar-
ison of samples is challenging due to the different granularity of the sample and (2)
quantification of adsorbed species is less straightforward compared to transmission
mode. In transmission mode, there are some criteria to be considered, such as (1)
particles of catalysts should have size smaller than 2-25 pm in order avoid scatter-
ing of the IR radiation, (2) sample pellets (few mg) should be prepared without KBr
or any diluent which could react with some gas molecules (e.g., NO to form KNO;),
or it might change the sorption behavior of the sample, and (3) samples should be
prepared using a moderate pressure during making pellets to avoid changes in the
porous structure of the material and thus of its catalytic performance [13]. However,
both transmission and DRIFTS modes are not suitable for liquid analysis, where
strong absorption of IR radiation resulting from the presence of the liquid may hin-
der identification of the signals typical of the solid and of the adsorbates. In the last
case, the most appropriate spectroscopic technique is based on the attenuated total
reflection (ATR) mode which is suitable for both solid and liquid analysis. ATR-IR
spectroscopy exploits an IR-transparent material [internal reflection element (IRE)
presenting a refractive index>2.4, e.g., ZnSe, Ge, Si, diamond] as a waveguide
for the total internal reflection at the IRE-medium interface (Scheme 2C) [14]. In
ATR-IR configuration, the solid sample is “immobilized” as a thin layer which can
be prepared by physical vapor deposition, by drying of a powder suspension, or by
chemical growth of the photocatalyst on the IRE, and analyzed via the evanescent
wave which penetrates into the sample through~ 1 um. In this section, we give some
examples of the use of the in situ FTIR technique in photocatalysis.

2.1.1 Inssitu FTIR Spectroscopy in Photocatalysts Characterization

It is possible to thoroughly characterize the active sites using in situ IR spectros-
copy which is highly sensitive to the molecular vibrations and able to distinguish the
different geometrical distortions of an adsorbed molecule. In general, two method-
ologies are used to obtain information on the acidic/redox properties of active sites
and on their strength and concentration [15]: (1) the direct observation of active
sites and/or (2) indirect characterization using probe molecules. In the first case,
the active sites can be directly identified through their IR fingerprints. For example,
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the presence of a vy band at 3720 cm™ in the FTIR spectrum of TiO, confirms
the presence of TiOH sites in a defective environment [4]. If the direct investiga-
tion of the active site is not possible, the appropriate solution is by the use of an IR
probe molecule which can selectively interact with a single active site. However,
the choice of a probe molecule must respond to certain criteria such as [16] (1) the
molecule size depending on the accessibility of active sites; (2) the spectral response
with a significant intensity and spectral sensitivity to the band position depending
on the type of interaction; (3) the sufficient interaction with the site under study to
obtain valuable information; (4) the stability on the surface catalyst to avoid decom-
position; and (5) sufficient vapor pressure to be easily introduced into the IR cell.
The redox properties of photocatalysts can be investigated using CO, NO, and/or
methanol as probe molecules [17, 18]. This gives information about the oxidation/
coordination state of the active sites, their acidity, and location on the surface. On
the other hand, both Lewis and Brgnsted acidity of the photocatalyst can be deter-
mined using probe molecules with strong basicity such as pyridine, ammonia, luti-
dine, and trimethylamine. More detailed insight into the nature of the active site can
be provided by co-adsorption of probe molecules, while the structure of the adsorp-
tion sites can be determined on the basis of isotopic exchange. As far as potential
application of in situ IR studies in concerned, it is important to underline that results
obtained from adsorption tests at different temperature may be used to determine
entropy and enthalpy of adsorption process. Finally, in situ IR experiments may also
provide information about the nature of interaction between the reactant and the
active site, similar to that observed during the photocatalytic reaction [19, 20]. For
example, Liu et al. [21] used DRIFTS in situ adsorption of CO to identify changes
in redox properties of the coper species in Cu/TiO, catalyst after its pretreatment at
200 °C under hydrogen or air before and after its application in photocatalytic reduc-
tion of CO, under visible light. The experiments were performed in a Praying Man-
tis diffuse reflectance accessory equipped with a high-temperature reaction chamber
(Fig. 1A) (Harrick Scientific, HVC-DRP). The dome of the DRIFTS cell had two
KBr and one quartz windows transmissive to infrared and visible light, respectively
(Fig. 1A). The authors found that the Cu/TiO, catalyst pretreated under hydrogen
(Cu/Ti(H,)) exhibits higher concentration of Cu* species compared to Cu/Ti(air), as
confirmed by in situ CO adsorption experiments (more intense band at 2109 cm™!,
Fig. 1B). This explains the superior photocatalytic activity of Cu/Ti(H,). The lat-
ter was deactivated during the reaction and was not restored even after re-treatment
under H, at 200 °C, which is related to the higher amount of Cu**in Cu/Ti(H,) after
reaction and the changes in chemicals surrounding Cu* species after the regenera-
tion process. This was evidenced by the shift of the Cu*-(CO), IR band from 2109
to 2114 cm™' (Fig. 1B). In another example, the in situ D,0 exchange was used to
verify the possibility of incorporating titanium (IV) oxide in a beta zeolite structure
by formation Si—O-Ti bonds during preparation of new photocatalyst by cold TiCl,
plasma process [22]. The IR results show the presence of an important feature at
955 cm™! in the TiO,-beta sample. The assignment of this band was still in debate; it
could be assigned to Si—O-Ti or v(Si—~OH) vibrations. In order to unravel the origin
of this IR band, the authors performed isotopic exchange of silanol with 10 mbar
of D,0. After D,O exchange, the band at 930 cm™ shifted by 20 cm™" in the pure
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zeolite sample (Fig. 1C) which is attributed to the H-D exchange of silanol groups.
In contrast, a negligible shift (from 953 to 955 cm™!) was observed for the Ti-doped
zeolite (Fig. 1C) which undoubtedly confirms the formation of the Si—~O-Ti bond.
A similar study comparing silica-supported titania with titanium-silicalite and the
effect of exposure to hydration also identified the Si—~O-Ti bond vibration in the
960-970-cm™" window of titania-silicalite [23].

2.1.2 Inssitu IR Studies for Investigating Photocatalysis in a Gas Phase

Modified in situ IR cells were also used to study the reaction mechanism over TiO,
during photocatalytic reaction involving a gas phase. However, this is an indirect
method of investigation, since the reaction is performed under special conditions
(partial vacuum), and the surface and gas phase analyses are performed separately.
Some case studies describing various photocatalytic reactions are presented here.
Fu et al. [24] used an in situ DRIFTS cell [Praying Mantis diffuse reflection acces-
sory with a high-temperature reaction chamber (Harrick Scientific)] to compare
the reactivity of adsorbed methanol species on {001} and {101} planes of titanium
dioxide nanocrystals. The fresh catalyst was loaded into the reaction chamber then
evacuated at 40 °C until equilibrium and exposed to methanol or water through glass
bulbs until saturation. The photocatalytic reaction was initiated by irradiation with
a 100-W high-pressure Hg arc lamp (Oriel 6281). On the basis of in situ DRIFTS
data, the authors established that both molecularly and dissociative adsorbed meth-
anol species are photo-active on TiO,-{101} surface, while in the case of TiO,
{001}, only methoxy species can be oxidized during the photocatalytic reaction with
higher reactivity than those adsorbed on TiO,-{101} facets. The authors observed
that the intensity of an IR band typical of methoxy species adsorbed on TiO,-{001}
(band at ca. 2820 cm™!) was continuously decreasing upon exposure of the catalyst
to light, while that of molecularly adsorbed methanol on TiO,-{001} (band at ca.
2950 cm™") remained unchanged (Fig. 2A). In the case of TiO,-{101}, the intensity
of IR bands typical of both molecularly (2950 cm™!) and dissociatively (2820 cm™")
adsorbed methanol molecules were decreasing over the reaction time (Fig. 2A).
Another example of the use of in situ DRIFTS was reported by Zhang et al. [25].
The authors investigated the impact of pretreatment conditions on the catalytic per-
formance of TiO, in the photoreduction of CO,. The photocatalysts (60 mg) were
pressed into a thin wafer and loaded into the reaction cell. The photocatalytic reac-
tion was then initiated by irradiation with UV light [5-W light emitting diode (LED)
lamp; A=365 nm]. The authors found that pretreatment conditions (Ar vs. H, for
12 h) have significant impact both on activity and selectivity of TiO, catalysts. The
main product of photoreduction of CO, over Ar-treated catalyst (Ar-12) was the
carbon monoxide, while in the case of H,-treated sample (H-12), the main prod-
uct was formic acid. It was found that in the case of the Ar-treated sample, CO,
molecules were bound to the catalyst surface via a bridging bidentate configuration
(Fig. 2B; IR band at 1671 cm™). In this adsorption mode, the carbon dioxide was
interacting with two Ti’* sites formed near the oxygen vacancy. In the case of the
surface IR spectra of H,-treated samples (i.e., H-2 and H-12), the authors observed
an additional vibrational band at 1576 cm™!, assigned to CO, molecules bound to

@ Springer



Topics in Current Chemistry (2022) 380:37 Page 11 0f 56 37

(A) 2: Tio,-{001} b: Ti0,-{101} (B)
7 - :
I \ oA , 1671 cm!
for ~\1576 e B
1671 o =67
i ¢ — TR T —
8 i 1588~
@ q 1588em™ o
2 H (l;
[=} ' R
4 : ? alle
Q o
By <[t — T —
31
g 1576 cmr!
g1 Ar-12 :
&, /OQg'ko\
§1 : : i . it —Tit —
g 1750 1700 1650 1600 1550 1500
0 20 30 40 a5 % Wavenumbers / cm™
Time (min) Time (min)

Fig.2 A In situ DRIFTS spectra of TiO, during the photocatalytic oxidation of adsorbed methoxy spe-
cies (CH;0y,) and molecularly adsorbed methanol molecules (CH;0H,)) at 40 °C in a 10% O,/Ar
atmosphere with a flow rate of 30 cm®/min and (bottom) coverages of CH;0,, and CH;0H,), respec-
tively, represented by the integrated intensity of the vibrational features at 2820 and 2950 cm™, as a
function of photocatalytic oxidation time: a TiO,-{001} and b TiO,-{101} nanocrystals (NCs). DRIFTS
spectra of corresponding bare TiO, NCs were used as the background spectra; B FTIR spectra of CO,
adsorption on the samples of Ar-12, H-2, and H-12 in the region of 1750-1500 cm™". The background
was collected just before the introduction of CO,. (Copyright with permission from Refs. [24, 25])

hydride-like —Ti—-H-Ti- sites via a bridging bidentate configuration (Fig. 2B). This
unique CO, adsorption mode, observed only for H,-treated samples, was found to
be crucial for formation of C—H bonds and the selective production of formic acid
during the photocatalytic reaction. The authors revealed also that the adsorbate char-
acterized by the IR band at 1588 cm™!, observed on both samples pretreated with Ar
and H,, is rather a spectator than an active intermediate species.

The recent in situ IR studies by Subbotina and Barsukov [26] allowed identifica-
tion of surface peroxides as important reaction intermediates during photocatalytic
oxidation of gaseous ethanol over TiO,. In all the experiments, the authors used a
homemade in situ cell in which the photocatalysts were deposited on thin (~ 0.4 mm)
O-shaped Si slabs (8.5-cm diameter). The irradiation was performed with a UV light
emitting diode (1=365 nm; 10 mW cm™2). The authors established that exposure of
TiO, to UV light in moist air led to the formation of surface peroxide species which
were identified on the basis of the IR bands at ca. 852, 912, and 973 cm™'. These
species are stable in the dark. However, upon UV irradiation, the intensity of the
typical IR bands of both ethanol and the surface peroxide species was continuously
decreasing over the reaction time. In parallel, several new IR bands characteristic of
partial oxidation products (bands at ca. 1130, 1020, 963 cm_l) were observed. Inter-
estingly, when ethanol and other organic intermediates were oxidized, the surface
peroxide species were formed again and accumulated on the TiO, surface.

Hirakawa et al. [27] reported that the selectivity of photocatalytic reduction
of NO;™ is strongly affected by the surface properties of commercial TiO, (JRC-
TIO-6). The experiments were carried out using an FT/IR-610 system (Jasco Corp.)
equipped with an in situ diffuse reflectance cell (Heat Chamber cold+HC-500, ST
Japan, Inc.). Before the experiments, 50 mg of the catalyst was treated with 1.0 M
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HNO; under continuous stirring for 6 h. The catalyst was then separated by centrifu-
gation and dried at 333 K for 6 h. The catalyst containing NO;~ species adsorbed
on its surface was then placed inside the in situ cell and evacuated at 303 K for
3 h. The photocatalytic reaction was initiated by irradiation with a Xe lamp (300 W;
A>350 nm) at 303 K. The results show that the formation of ammonia, as the most
desirable product, was observed only in the presence of TiO, catalysts with a high
concentration of surface defects and a low number of Lewis acid sites, as revealed
by in situ DRIFTS analysis. As shown in Fig. 3Aa, exposure of the highly deficient
JRC-TIO-6 (8) catalyst to visible light resulted in a significant decrease in the inten-
sity of the IR bands typical of bidentate NO;~ species adsorbed on TiO, defects
(IR band at 1610 cm™), parallel to an increase in the IR band intensity assigned
to the v(H-N-H) deformation in NH,* molecules (band at 1445 cm™'). The latter
indicated that NH; was successfully formed by photocatalytic reduction of NO;™. In
the case of the catalyst with a low concentration of defect sites and a high number of
Lewis acid sites [JRC-TIO-1 (1)], a significant conversion of NO;~ was also notice-
able, but it was not associated with the increase in intensity of the IR band typical of
NH,* (Fig. 3Ac), suggesting that Lewis acid sites promoted the formation of other
products of nitrate reduction. Different selectivity of the abovementioned catalysts
was explained by different strength of NO;~ adsorption at the Lewis acid sites (Ti*"
ions) and the defect sites (Ti*" atoms adjacent to oxygen vacancies). As depicted in
Fig. 3A, NO;~ species adsorbed on the surface defects were characterized by lower

(A) (B)

1445 cm™! B =
gt +HO  >7ineOsmar Ho
¢ ) a Surface defect
a. JRC-TIO-6 (8) + NOy + hv %>350 @ g v " Surtace defect .
|
[ i oo
! ST STiee Q>
strong adsorption
[~ £
H,0 N b SEf
Y hv /0/ \Q hv
: scalige O N
b. JRC-TIO-6 (8) + NH," \ 2H* ST T H,0

\N () QHo o-ged

~i_lo—Tic NOy
2H* hv i © e
¢. JRC-TIO-1 (1) + NO3 + hv N é Lewis acid site &
o3 1 / = = —
g

N* _R
S

o} i)
A AO\TiMc\)

—Ti JO—Tic— liberation Ny
~0 \ c *Tl\(‘)O‘Tl\’
weak adsorption
3H,0 b
- T o hv 2H*
00 1550 1500 145 14i il
1700 1650 16! e 0 00 6H* \C'?\-n4¢ol H,0
4T|\AO_TI<‘

Fig.3 A Time-dependent change in the DRIFTS spectra of NO;™ adsorbed on (a) JRC-TIO-6 (8) and (c)
JRC-TIO-1 TiO, (1). The sample after adsorption of NO;~ was measured at 303 K under photoirradiation
(4>350 nm). (b) S spectrum of NH,* (21 pmol) adsorbed on JRC-TIO-6 (8). B Proposed mechanisms
for photocatalytic reduction of NO;™ on (a) surface defect and (b) Lewis acid site of TiO,. (Copyright
with permission from Ref. [27])
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wavenumbers than those adsorbed at Lewis acid sites (1610 vs. 1635 cm™!, respec-
tively). This shift is attributed to a strong electron donation from the surface defects
to the N=0O antibonding orbital of NO,;~ species, which enabled much stronger
adsorption of nitrates and other intermediate products on the defect-rich sample, and
this, in turn, promoted formation of NHj; instead of N, (Fig. 3B).

2.1.3 Insitu IR for Investigating Photocatalysis in a Liquid Phase

To the best of our knowledge, the first in situ FTIR photocatalytic study in a liquid
phase was related to evaluation of the photocatalytic activity of P25 TiO, in mineral-
ization of malonic acid [28]. The authors used ATR-IR spectroscopy combined with
modulation excitation spectroscopy and isotope labeling to enhance the sensitivity
of the product detection. For this purpose, a dedicated flow-through cell was realized
and mounted on an attachment for ATR measurements (Wilks Scientific) within the
sample compartment of a Bruker Equinox-55 FTIR spectrometer equipped with a
narrow-band MTC detector (Fig. 4A). Thanks to this tool and to the used approach,
important mechanistic aspects were revealed. In particular, it appeared that at least
two different pathways (concerning contribution of different oxygen sources, namely
dissolved oxygen and oxygen from water) lead from the adsorbed malonates to the
oxalate after the first photo-Kolbe reaction. Furthermore, dissolved oxygen would
influence the rates of the different reaction steps, playing the role of an acceptor of
photo-excited electrons, and accelerating the photocatalytic reactions by increasing
the efficiency of photo-excited charge carrier separation.
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Fig.4 A Schematic setup for in situ ATR-IR spectroscopy of photocatalytic reactions in a small volume
flow-through cell. B Scheme of the ATR-FTIR cell, including the light source (1), the quartz window
on the top plate (2), and the internal reflection element (3) and representation of the IR path and pen-
etration into the TiO, coating. In practice, 11 bounces were allowed by the crystal dimensions rather
than the three bounces shown; B infrared spectra after 10 min of cyclohexane photo-oxidation with 5%
130,/He on a TiO, catalyst which has been subjected to oxygen isotopic exchange (OIE) for (a) O min,
(b) 15 min, (c¢) 30 min, and (d) 60 min. The black dashed spectrum corresponds to the cyclohexanone
(CyhO) adsorption. (Copyright with the authors permission [29, 30])
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Another very interesting study reported cyclohexanone photo-oxidation over a
TiO, film using in situ ATR-FTIR spectroscopy [29]. All photocatalytic reactions
were performed with the use of an ATR cell made of quartz with an inner volume of
4 mL (Fig. 4B). The photocatalytic reaction was initiated upon exposure to a 75-W
xenon lamp. In order to eliminate radiation below 275 nm, the cell was covered by
a Pyrex glass. For in situ ATR studies, water solution of TiO, nanoparticles was
loaded on the ZnSe crystal of the ATR accessory and then evaporated under vacuum
to form a TiO, film (Fig. 4B). Before the measurements, the TiO, powder was dried
at 120 °C for 1 h and pre-illuminated under °0,/He or '30,/He atmosphere. In order
to investigate the mechanism of photocatalytic oxidation of cyclohexane, the authors
used oxygen isotopic exchange (OIE) to prepare variable amounts of Ti—'®OH spe-
cies on the surface of TiO,. They found that the dissolved oxygen is not directly
involved in the photocatalytic oxidation of cyclohexane and that the main sources
of the oxygen in the product of oxidation reaction are TiO,-associated active sites.
Based on the IR results, the cyclohexanone with a C='30 carbonyl group (IR bands
at 1657 and 1642 cm™') was formed only when oxygen isotopic exchange was per-
formed before the photocatalytic process (Fig. 4C).

Belhadj et al. [31] used in situ ATR-IR spectroscopy to investigate the influence
of UV irradiation on H,O adsorption on the TiO, surface. The in situ ATR experi-
ments were performed with the use of a FTIR spectrometer (IFS 66 BRUKER)
equipped with an internal reflection element of 45° ZnSe crystal and a deuterated
triglycine sulfate (DTGS) detector. The TiO, film was deposited on the surface of
the ZnSe crystal by a simple evaporation method. Firstly, the aqueous suspension
of TiO, (5.75 g/L) was sonicated for 15 min and placed on the surface of the crys-
tal. Next, water was slowly evaporated at room temperature (RT). The exposure of
the TiO, film to UV light was obtained with the use of an LED lamp (41=365 nm).
Similarly to Subbotina and Barsukov [26], they found that surface hydroperoxy spe-
cies (Ti—-OOH), characterized by a vibrational band at 3483 cm™!, can be formed on
TiO, only in the presence of molecular oxygen and UV light. The authors also found
that exposure of TiO, to UV radiation in the presence of oxygen results in the for-
mation of a greater number of surface hydroxyl groups, which in turn enhances the
hydrophilicity of the metal oxide.

A new in situ homemade glass reactor equipped with CaF, windows has been
developed by El-roz et al. (Fig. 5A) for monitoring homogeneous and heterogeneous
photocatalytic reactions in liquid phase [32]. The new in situ FTIR reactor is dedi-
cated for a real-time analysis of the gas products in transmission mode, but it can-
not provide information on the evolution of the catalyst surface during the reaction.
However, it can offer important information on the reaction selectivity and photo-
catalyst performance. Thanks to the different accessories, the system can operate
as a batch or a continuous-flow reactor. The total internal volume of the reactor is
160 mL and can be filled with 10 to 50 mL of solution. The UV-visible irradiation
is provided by a Xe—Hg lamp connected to a UV light guide mounted at the top
of the IR cell with the possible control of temperature from 25 to 80 °C thanks to
an unfixed resistance and a thermocouple. This reactor solves the problems of (1)
irradiation homogeneity, (2) solvent condensation, (3) deformation of the O ring in
the presence of an organic solvent, and (4) the reactor seal’s ability to control leaks,
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Fig.5 A The new in situ FTIR reactor used for monitoring the gas headspace of a photocatalytic reac-
tion in the liquid phase and B evolution of the photocatalytic degradation of MB on TiO,-P25 versus the
irradiation time as determined using UV—-visible absorbance of the MB. Inset: the corresponding samples
and their UV-visible absorbance spectra. C Evolution of CO, in the gas headspace. Inset: the FTIR spec-
tra of the headspace in the vibration region of CO, at different irradiation times. Reaction conditions:
Mrin, =50 mg; V=50 mL; [MB]=0.2 mM; lamp, Xg—Xe (200 W); A=365 nm; irradiance, 15 mW/
cm?. (Copyright with the authors permission [32])

which is very important for air-sensitive reaction. The in situ reactor was used to
study different kinds of photocatalytic reactions in liquid phase such as formic acid
decomposition [32], the photocatalytic CO, reduction [33, 34], and the photodegra-
dation of methylene blue (MB) [32]. The latter was performed on TiO, P25 under
monochromatic irradiation at 365 nm. Using the new reactor, the authors demon-
strated that the total discoloration of MB observed after only 40 min of reaction,
as shown by UV-Vis measurements (Fig. 5B), is not linked with the total degra-
dation/oxidation of the compound. The evolution of the IR spectra of the reaction
head space demonstrates an increase in the CO, until reaching a plateau only after
125 min (Fig. 5C), which means 60 min after the total discoloration. Thus, the new
reactor allows distinguishing between the discoloration and the total oxidation of the
MB, which is widely used as a model to study the photocatalytic degradation perfor-
mance of dyes.

2.2 Insitu Raman Spectroscopy

Raman spectroscopy is an experimental technique that allows identification of
chemical compounds by utilizing the Raman effect, in which incident light is inelas-
tically scattered from a sample and shifted in frequency by the energy of the excited
molecular vibrations [35]. Depending on the energy of the excitation laser and
nature of the material, the incident light may penetrate the samples at a depth rang-
ing from millimeters to nanometers [35]. Thus, this experimental technique may be
used not only for the evolution of bulk and surface properties of the photocatalysts
(e.g., precise analysis of structure and changes in composition of materials during
reactions [36]), but also for tracking transformation of reagents on the catalysts’ sur-
face ([37]). In terms of application of Raman spectroscopy in heterogeneous cataly-
sis, one of the most important limitations of this technique is its low signal intensity
resulting from low frequency of the Raman scattering effect [38]. This drawback
has been overcome by utilizing resonance effects in Raman spectroscopy which
resulted in development of new experimental techniques, such as surface-enhanced
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Raman spectroscopy (SERS), shell-isolated nanoparticle-enhanced Raman spec-
troscopy (SHINERS), or tip-enhanced Raman spectroscopy (TERS); however, the
applicability of those approaches imposes limitations on characterization of systems
and reactions, particularly if operando conditions are sought. Recent advances in
application of resonance Raman spectroscopy for characterization of nanomaterials
and monitoring of catalytic reactions are described in references [35, 39]. As con-
cerns photocatalytic processes, a majority of literature reports in this field are related
to application of in situ SERS technique because of its high local sensitivity and
spatial resolution that enable precise analysis of surface-adsorbed species. To date,
in situ SERS studies have been used mainly for monitoring of numerous plasmon-
driven surface reactions, e.g., demethylation of methylene blue [40], degradation of
Rhodamine 6 G [41], dehalogenation of 4-iodothiophenol [42], transformation of
benzylamine to N-benzylidenebenzylamine [37], and hydrogenation of CO, [43],
reduction of 4-nitrothiophenol [44], as well as dimerization of para-nitrothiophenol
to p,p’-dimercaptoazobenzene [45]. The in situ SERS studies included not only iden-
tification of reaction intermediates and products (e.g., [42, 46]), but also detailed
analysis of changes in surface properties of catalysts [43].

2.2.1 Insitu Raman Spectroscopy in the Photocatalysts Characterization

Recently, in situ SERS studies were applied to investigate the efficiency of hot elec-
tron transmission through various materials [47]. For this purpose, gold nanoparti-
cles (Au NPs) were covered with a thin shell of SiO,, TiO,, or Pd as a model insu-
lator, semiconductor, and metal, respectively. The as-prepared catalysts were then
deposited on Au(111) single crystal covered with a monolayer of para-aminothio-
phenol (pATP) (Fig. 6A—C). The efficiency of hot electron transfer from Au NPs
via shells composed of different materials was observed by measuring the efficiency
of photocatalytic transformation of pATP to p,p’-dimercaptoazobenzene (DMAB).
The photocatalytic reactions were performed at 20 °C and initiated by irradiation
with a laser (A=633 nm). On the basis of SERS spectra shown in Fig. 6D, the
authors found that hot electrons formed on the surface of unmodified Au NPs can
successfully initiate photo-conversion of pATP (Raman peaks at 1000, 1080, and
1178 cm™!) to DMAB (Raman peaks at ca. 1140, 1392, and 1445 cm™). High effi-
ciency of pATP photo-conversion was also observed for Au NPs covered with a thin
shell of TiO,. As depicted in Fig. SE, the intensity of the Raman signals typical of
DMAB relative to that characteristic of pATP, calculated from in situ SERS spectra
recorded during the reaction with the use of the unmodified Au NPs and Au NPs
covered with TiO,, were comparable. Interestingly, significant decrease in the effi-
ciency of photocatalytic transformation of pATP to DMAB was observed for Au
NPs covered with a thin layer of SiO, or Pd (Fig. 6E). In view of these observations,
the authors established that the hot electrons can be transferred more efficiently
within the TiO, shell than through the shells composed of Pd or SiO,. Additional
in situ SERS studies with the use of Au NPs covered with various thicknesses of Pd
or TiO, shells allowed estimation of the distance at which the hot electrons can dif-
fuse efficiently through the model semiconductor and the model metal. As depicted
in Fig. 6F, the diffusion length of the hot electrons within the palladium shell was

@ Springer



Topics in Current Chemistry (2022) 380:37 Page 17 of 56 37

—
m
N
DMAB/pATP
o o o o
S8 28

o

o
°

©r <O _od
LT

P
-

DMAB/pATP ~

(D)

Au

/\HW
)

————————————————— ~—
1000 1100 1400 01 2 3 4 5 6
Raman shift /cm™ Distance /nm

o o © =
N o & &
- -

. G

)

-o- Au@Pd

e

o
o

Fig.6 A, B Schematic illustration of in situ SERS study on the interfacial transmission of hot electrons
using the photocatalytic conversion of pATP to DMAB as a probe reaction. C schematic and scanning
tunneling microscopy (STM) image of the Au(111) single-crystal surface. The STM image was obtained
using a Pt-Ir tip with a dimension of 150x 300 nm? The bottom panel shows the height profiles cor-
responding to the white dashed line in the STM image. D SERS spectra of the conversion of pATP
adsorbed on Au (111) catalyzed by different core—shell nanoparticles. Excitation laser, 633 nm; laser
power, 0.1 mW; and exposure time, 10 s. E Raman intensity of DMAB relative to pATP for different
nanostructures shown in D. F Raman intensity of DMAB relative to pATP as a function of the shell
thickness for Au@TiO, and Au@Pd interfaces. (Copyright with the authors permission [47])

much shorter than that observed for the shell composed of titanium dioxide, such a
sub-nm special resolution for hot electron diffusion in TiO, and Pd by changing the
thickness of the TiO, and Pd shells.

Another example is related to application of in situ tip-enhanced Raman spec-
troscopy (TERS) for investigation of the role of reactive arrangement (i.e., orien-
tation and surface coverage) of 4-nitrothiophenol (4-NTP) molecules on Au(111)
single crystal in photocatalytic coupling of 4-NTP to p,p’-dimercaptoazobenzene
(DMAB) [48]. The different reactive arrangements of 4-NTP species were obtained
by using two various experimental protocols: (1) drop-cast method which allowed
obtaining of self-assembled monolayer of 4-NTP characterized by low contribution
of well-ordered 4-NTP domains (ca. 7.8+ 1.0%) and (2) immersion protocol that
enabled construction of self-assembled monolayer of 4-NTP characterized by high
contribution of well-ordered 4-NTP domains (ca. 74.3+5.5%). All TERS meas-
urements were performed with a top-illumination TERS setup combining a scan-
ning tunneling microscope (STM) with a Raman spectrometer (Fig. 7A). A He—-Ne
laser (A=632.8 nm; Spectra-Physics, Newport, Germany) was used as the excita-
tion source. On the basis of high-resolution in situ 2D TERS imaging of the reac-
tion on the Au(111) crystal, the authors found that DMAB product was identified
on almost the whole surface of the drop-cast sample, but some negligible regions
containing unreacted 4-NTP substrate were also noticeable (Fig. 7Ba). This obser-
vation was further confirmed by results obtained from analysis of six TERS spec-
tra from selected locations where DMAB (P1-P3) and unreacted substrate (P4—-P6)
were identified. As shown in Fig. 7Bb, Raman signals typical of DMAB (peaks at
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Fig.7 A Schematic diagram of the STM-TERS setup used in this study to investigate reactive arrange-
ment in photocatalytic coupling of 4-NTP— DMAB on polycrystalline and single-crystal Au surfaces;
B high-resolution TERS images of I;4,/I;4g, ratio measured on samples prepared via a drop-cast and ¢
immersion protocols on single-crystal Au(111) surfaces. Step size = 3.3 nm. Spectrum integration time
= 1s. b, d TERS spectra measured at the locations P1-P12 marked in a, ¢. € Zoomed-in TERS image of
the region marked in a. Five pixels labeled as 1-5 are highlighted. f TERS spectra measured at the pixels
labeled in e. (Copyright with the authors permission [48])

ca. 1146, 1390, and 1442 cm_l) were found only in spectra from locations P1-P3. In
contrast to the drop-cast sample, very low efficiency of 4-NTP photo-conversion was
found for the sample obtained by the immersion protocol. In this case, the DMAB
product was formed only in several isolated locations (Fig. 7Bc, d). In view of these
observations, the authors established that the close-packed molecular arrangement
of 4-NTP substrate on the surface of the sample prepared by the immersion method
significantly diminished the efficiency of photocatalytic transformation of the sub-
strate to the product. This conclusion was further supported by results obtained from
analysis of a zoomed-in TERS image of the selected region of the drop-cast sample
(Fig. 7Be). This TERS image, characterized by spatial resolution of ca. 3 nm, indi-
cated that DMAB was formed at all marked positions except position 3, where steric
hindrance inhibited photocatalytic conversion of 4-NTP to DMAB (Fig. 7Bf).

2.2.2 Insitu Raman Spectroscopy for Investigating Photocatalysis in Liquid Phase

As far as recent in situ Raman studies are concerned, it is important to under-
line that RoBler et al. [49] developed a new homemade glass reactor that allows
in situ monitoring of photocatalytic processes with the use of Raman spectroscopy
(Fig. 8A). The reactor was made of glass and composed of a customized Schlenk
tube surrounded by 3D-printed illumination units (12 high-power LEDs, Nichia
NCSG219B-V1, peak wavelength 520 nm, FWHM 30 nm). The reaction was moni-
tored with the use of a short-focus immersion probe with a sapphire tip mounted in
the photo-reactor with GL screw fittings (Bohlender, Griinsfeld, Germany). In situ
Raman spectra were collected with the use of an RXN2 spectrometer (Kaiser Opti-
cal Systems, Lille, France) equipped with a laser source (785 nm). The new reactor
enabled recording of Raman spectra with a temporal resolution of about one minute,
i.e., much higher than that available for other offline sampling analyses. It shows
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Fig.8 A Representation of the developed setup for studying photocatalytic reaction kinetics. The setup
allows simultaneous LED irradiation and in situ monitoring by various analytical technologies (e.g.,
Raman spectroscopy); B evaluation of the concentration—time course for 4-MTP (blue) and 4-MPD (red)
by a chemometric indirect hard model (IHM) that resolves the response to the applied reaction condi-
tions. (Copyright with the authors permission [49])

great advantage of the new in situ reactor for monitoring of fast photocatalytic pro-
cesses which reach equilibrium state in several minutes. As an example, the authors
described studies on photo-oxidation of 4-methoxythiophenol (4-MTP) to bis(4-
methoxyphenyl)disulfide (4-MPD) catalyzed by eosin Y (EY). The authors found
that the oxidation reaction may proceed under dark conditions, but its efficiency is
greatly accelerated upon exposure to green LED light. As depicted in Fig. 8B, the
concentration of 4-MTD (estimated from in situ Raman spectra by a chemometric
indirect hard model) increased immediately upon LED irradiation at the expense of
4-MTP. Detailed kinetics studies allowed estimation of the reaction rate constants. It
was established that the photocatalytic reaction was ca. 16 times faster than the reac-
tion under dark conditions (reaction rate constants of 0.013 min~' vs. 0.21 min~!,
respectively). This study was significantly affected by excitation light-induced fluo-
rescence problems, and care had to be taken to minimize such interference.

2.3 In situ Electron Paramagnetic Resonance (EPR) Spectroscopy

EPR spectroscopy has been widely used in photocatalysis for monitoring charge
carrier trapping, recombination, and transfer as well as for identification of radicals
and reactive oxygen species (ROS) [50]. The low frequency of the electromagnetic
radiation used for the spin resonance of electrons assures no interference from the
frequency of the light, which allows measuring the EPR spectra, in an in situ man-
ner, under irradiation and in dark conditions. Since the lifetime of radicals is usually
very short, the detection of such species is often performed in the presence of spin
traps that selectively react with a given radical to form a more stable adduct [51].
For example, Zhang et al. [52] used in situ EPR spectroscopy to confirm the forma-
tion of hydrogen atoms as an intermediate product during the photocatalytic H, pro-
duction from water over the ternary Pt; @ CNQDs/CNS catalyst (Pt; = single plati-
num atom, CNS = carbon nitride nanosheets, CNQDs = carbon nitride quantum
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dots) by using 5,5-dimethyl-1-pyrroline-N-oxide (DMPO) as spin trap. EPR spectra
were recorded using the X band on a Bruker E5S00 spectrometer. The photocatalytic
reaction was performed in a top-down illumination reactor using a Xe lamp with a
UV cut filter (400 nm <4 <780 nm). Before the measurements, 15 mg of the pho-
tocatalyst was added to 150 mL aqueous solution of triethanolamine (10%) as an
electron donor and purged with nitrogen gas to remove the dissolved air. As depicted
in Fig. 9A, the spin adduct was observed immediately after 20 s of visible light irra-
diation (nine signal peaks), indicating that H atoms formed as an intermediate dur-
ing the reaction. By comparing the intensity of the EPR signal, the signal observed
in the presence of Pt-containing photocatalysts was much lower than that observed
for Pt-free samples, suggesting that the reduction of protons takes place in carbon
nitride quantum dots (CNQDs) in the Pt; @ CNQDs/CNS system, while the recom-
bination of H atoms into H, takes place on single platinum atoms (Pt;). In situ EPR
technique with DMPO as spin trap was also used by Park et al. [53] to detect the
methyl radical (CH;') as one of the main intermediate products formed during the
photocatalytic conversion of CO, and water into C,; to C; hydrocarbons over CdS/
(Cu/titanate nanotubes). More examples on the application of in situ EPR with the
use of a spin trap in photocatalysis can be found elsewhere [54, 55].

As far as application of in situ EPR spectroscopy in photocatalysis is concerned,
it is important to underline that this technique also allows for direct observation and
monitoring of the paramagnetic active species during photocatalytic processes. For
example, Zhang et al. [56] used in situ EPR spectroscopy to confirm the formation
of Cu* as active species in CuSA-TiO, (SA =single atom) during the photocatalytic
hydrogen evolution reaction. EPR spectra were recorded at room temperature on
a Bruker EMXnano spectrometer. The photocatalytic reaction was performed in a
multichannel photothermal reactor (PCX-50C, Perfect Light Ltd.) using a Xe lamp
as a simulated solar light source. Before the measurements, 20 mg of the photocata-
lyst was added to 120 mL of H,0O/methanol mixture (vol. ratio=1:2) and evacuated
under vacuum to remove the dissolved air. The authors revealed that the EPR signal
typical of Cu*" ions significantly decreased during the reaction and was restored
after exposure to air (Fig. 9B), suggesting the reduction of the Cu** to EPR-silent
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ons 7~Before irradiation i
JRC-TIO-6 (8) 1
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Fig.9 A Deconvolution of experimental EPR signals of DMPO spin adducts generated under irradia-
tion of a 300-W Xe lamp (4 >400 nm) for the CNS, Pt; @CNS, CNQDs/CNS, and Pt; @CNQDs/CNS. B
In situ electron paramagnetic resonance spectra of CuSA-TiO, with various states. C ESR spectra meas-
ured at 77 K for JRC-TIO-6 (8) (black trace) and the sample after adsorption of NO;™ (red trace). (Copy-
right with the authors permission [28, 51, 53]
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Cu™ species by photogenerated electrons formed in TiO,, resulting in very efficient
production of hydrogen over CuSA-TiO, catalyst.

EPR spectroscopy has also been recognized as a very powerful tool to investi-
gate the role of defects in photocatalysis [51]. For example, Hirakawa et al. [27]
used in situ EPR spectroscopy to confirm the electron transfer from oxygen vacan-
cies in TiO, [JRC-TIO-6 (8)] to the adsorbed NO;~ species during the selective
NO;™-to-NHj; reduction under UV light (41 >300 nm) in the presence of formic acid
(HCOOH) as an electron donor. EPR spectra were recorded on a Bruker EMX-10/12
spectrometer. Before the measurement, 50 mg of the parent catalyst or the catalyst
containing NO;™ species adsorbed on its surface was placed in a quartz tube and
evacuated for 4 h. EPR measurements were performed at 77 K. After exposure of
TiO, photocatalyst to nitrates, the EPR signal typical of unpaired electrons of oxy-
gen vacancies was significantly reduced (Fig. 9C), confirming that surface defects
are associated with NO,™ through electron transfer from Ti** to NO,~, and behaves
as a reduction site for NO;~. The important role of defect sites during the photo-
catalytic NH; production via N, fixation using water was also reported by Shiraishi
et al. [57]. The authors show that the signal assigned to the unpaired electrons of the
Bi (II) sites in bismuth oxychloride (BiOCl) decreases upon N, injection, confirm-
ing the electron transfer from Bi (II) to N, and the formation of Bi (III) species.
Although EPR is extremely sensitive, the measurements are often performed in the
presence of a spin trap and/or at low temperature (below 77 K) in order to improve
detection of the highly reactive species with unpaired electrons. This is particularly
important to monitor charge carriers in photocatalysts where room-temperature
measurements are commonly impossible due to fast recombination. Due to these
specific drawbacks, the application of EPR in photocatalysis is still scarce under
operando photocatalytic conditions.

2.4 Insitu XAS

X-ray absorption spectroscopy represents a powerful technique to investigate struc-
tural and electronic configuration of metal sites in nanostructured and bulk catalysts
[58, 59]. The XAS spectrum is traditionally divided into two parts: X-ray absorp-
tion near edge structure (XANES) and extended X-ray absorption fine structure
(EXAFS). The XANES region allows probing of variation in the oxidation state,
density of unoccupied stats, and chemical bond hybridization, while EXAFS is
more sensitive to bond lengths and the coordination environment. Compared to the
other techniques (IR, Raman), XAS presents advantages in both surface and bulk
sensitivities. XAS is most frequently used in transmission mode where the adsorp-
tion coefficient u(E) is registered as a difference in the X-ray flux before and after it
passes through the sample in a certain energy range around the absorbing threshold;
however, it is highly dependent on the homogeneity and thickness of the sample.
Thus, for photocatalytic application, XAS acquisition is more frequently performed
via X-ray fluorescence which allows signal registration in high-resolution mode
[i.e., high-energy-resolution fluorescence detection-X-ray absorption spectroscopy
(HERFD-XAS)] [60]. In photocatalytic applications, operando XAS (more details
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in the operando section) is mostly employed to shed light on the active site’s oxida-
tion state upon reaction conditions, while in some cases, it allows retrieval of valu-
able information about their structural evolution. XAS has been extensively used in
recent years for in situ studies of photocatalysis in order to unravel the possible mod-
ification of photocatalyst after reaction [61, 62]. In this part, we consider the recent
work dedicated to CO, photoreduction over pretreated Cu/TiO, catalyst (under air or
H,) [21]. Cu K-edge XANES and EXAFS in fluorescence mode were employed to
determine the oxidation state and structural differences and elucidate the changes of
Cu speciation in Cu/Ti(air) and Cu/Ti(H,) samples. A quartz tube reactor cell firstly
reported by Zhao et al. [63] for catalytic study was adopted for XAS and employed
in this work. The sample was coated on a glass slide as a thin film, loaded on a
stainless-steel holder, and then placed inside a quartz tube (Fig. 10A). The UV light
and X-ray fluorescence propagation was ensured by making a circular hole and tap-
ing it with Teflon film. At the two ends of the quartz tube, the valves were sealed
with a Kapton film. IR and mercury vapor UV lamps were used as a sample heater
and a light source, respectively. The experiment was carried out at beamline 10D
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Fig. 10 A Experimental setup based on a quartz tube reactor allowing in situ XAS measurements,
employed for similar catalyst in pellet form under CO, photoreduction conditions. B Rate of CO pro-
duction from CO, photoreduction with H,O vapor over TiO,, Cu/Ti(air), and Cu/Ti(H,) under UV-Vis
irradiation. (C) In situ XANES spectra for Cu/Ti(air) and Cu/Ti(H,) in dark at 50 °C and under different
conditions of UV irradiations. (Copyright with the authors permission [21])
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at the Advanced Photon Source (APS) at Argonne National Laboratory. It was
found that the post-treated sample at 200 °C under H, (Cu/Ti(H,)) exhibits more
than 50% higher activity for CO, photoreduction than the air-calcined one (Cu/
Ti(air)) (Fig. 10B). This is explained by the higher population of Cu* species as the
active sites in Cu/Ti(H,). In dark (Fig. 10C), the Cu/Ti(air) surface is dominated by
Cu?* with an insignificant number of Cu™, while the pre-reduced Cu/Ti(H,) sam-
ple is characterized by significantly more intensive Cu* ions with a Cu*/Cu?* ratio
of about 60:40. Under UV irradiation at 150 °C (Fig. 10C), no significant differ-
ence was observed in the copper speciation of Cu/Ti(air), while further decrease of
the Cu* component was detected in Cu/Ti(H,) with an equimolar ratio of Cu*/Cu**
after 120 min of reaction. The authors demonstrated that the origin of Cu/Ti(H,)
deactivation is related to substantial oxidation of Cu* to Cu** that occurs during
the reaction. In the same study, in situ DRIFTS was also used to investigate the CO,
photoreduction over pretreated Cu/TiO, catalyst, and similar results were obtained
(see the in situ FTIR section).

3 Operando Techniques in Photocatalysis

To avoid a lengthy discussion, we present herein the most commonly used oper-
ando techniques in photocatalysis such as infrared spectroscopy (DRIFTS, ATR-IR,
SSITKA) [4, 64-70], Raman [71], and X-ray absorption spectroscopy (EXAFS and
XANES) [72-74], including some examples provided to better understand the reac-
tion mechanisms.

3.1 Operando FTIR Spectroscopy in Photocatalysis

Operando FTIR is a powerful technique to track the variations in the gas phase or
on a catalyst’s surface at seconds timescale with high sensitivity and relatively rapid
response. In photocatalysis, a homogeneous irradiation of the photocatalysts is very
difficult. Consequently, the possible contribution of chemical reaction in the dark
regions of the catalyst may complicate interpretation of the results. To overcome this
problem, many reactors have been developed or modified for FTIR operando studies
in photocatalysis [67—69, 75]. The FTIR reactor must respond to a number of crite-
ria, such as (1) homogeneous illumination of the photocatalyst, (2) minimum leach-
ing of photocatalysts in case of reaction in liquid phase, (3) reduced dead volume
(i.e., the residual space between the photoreactor windows and the sample), and (4)
accurate control of the reaction parameters (e.g., contact time, temperature, irradia-
tion intensity, reaction composition). Here, the use of the operando FTIR technique,
essentially in transmission mode which allows one to simultaneously and quantita-
tively analyze the gas phase and the catalyst surface under the reaction conditions,
will be illustrated by the most recent and conclusive case studies. Each case study
will present a brief description of the proper homemade/commercial reaction cells
followed by the identification of the active sites and/or the reaction intermediates to
unravel the reaction mechanism.
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3.1.1 Operando FTIR for Investigating Photocatalytic Reactions in Gas Phase

Despite the limitation of operando DRIFTS, this technique has been extensively
used to study the photocatalytic reaction in gas phase [64, 65, 75-77]. For the sake
of brevity, only the first we know of and a recent example are presented here. Wu’s
work in 2006 [75] reported the operando study of the photocatalytic reaction of NO
on TiO, and TiO,-supported Cu, V, and Cr oxide catalysts in a Harrick HVC-DRP-1
cell. The DRIFT spectra show that NO adsorbs titrating surface hydroxyl, peroxo, or
M=O0 species along with the formation of nitrosyls on oxide sites. DRIFTS shows
that bidentate nitrites oxidize to monodentate or bidentate nitrates upon photoexci-
tation, which appears associated with the generation of superoxo species. A recent
operando DRIFTS analysis addresses the photo-assisted hydrogenation of CO, over
Au/TiO, under visible light at different temperatures from 150 to 500 °C [76]. In the
experimental setup, 10 mg of the sieved catalyst (63—125 pm) was packed into the
commercial Praying Mantis reactor. The reaction mixture of CO, (1 cc/min) and H,
(4 cc/min) in argon (25 cc/min) and the gas products were monitored with a mass
spectrometer. The irradiation was provided by external green (520 nm, 250.1 mW/
cm?) and blue (445 nm, 320 mW/cm?) LED lights via an optical guide placed at the
front quartz window of the reactor. Steady-state isotopic transient kinetic analysis
(SSITKA) and kinetic isotope effect (KIE) were also performed to obtain the tran-
sient condition by switching to labeled molecules (e.g., ?CO, and D,) at the steady
state of the reaction. The results show that the highest CO, conversion into CO over
Au/TiO, is obtained at 500 °C under green light (Fig. 11A). The main reaction path-
way is the direct dissociation of CO, at the oxygen vacancy (VO) of Au/TiO, via a
redox mechanism. When switching from '2CO, to '*CO, both in dark and under vis-
ible light, the IR peaks of surface bicarbonates (HCO5*, 1440 cm™!) and carbonates
(CO5*, 1560 cm™h gradually decrease, while that of formates (HCOO*, 2955 cm™h
remains unchanged. A shift to lower wave number of CO5;* and HCO5* IR peaks,
without any changes in the HCOO* band, was also observed after exchange with
13CO0, in the absence of H,. Furthermore, no correlation was found between the sur-
face residual time of CO5;* and HCO;* surface species and that of produced CO.
The former species were also not sensitive to the intensity of the incident light.
This confirms that all of HCOO*, CO5*, and HCO5* surface species are spectators.
The labelled CO, experiments conducted on a clean (without carbon species) and
reduced Au/TiO, , sample (with oxygen vacancies) in the absence of H, at 200 °C
showed the shift to lower wavelength of two peaks at 2176 and 2077 cm™! assigned
to '“CO adsorbed on Ti** and Au®" sites of Aw/TiO,_, (Fig. 11C). Furthermore, the
H/D kinetic isotope effects (KIE) measured in dark and under visible irradiation in
the range of 200—400 °C were smaller than one in all cases (Fig. 11B). This is unam-
biguous evidence of dissociative adsorption of CO, on the Au/TiO,_, which rules
out involvement of the bond formation/cleavage with H/D as elementary steps.
Knowing that transmission IR is the technique of choice to simultaneously
analyze the surface and gas phases during operando studies, some examples are
discussed in details in this part. In 2009, the photo-oxidation of acetone over
Ti0O,-ZrO, thin films was studied using the operando FTIR technique [68] using a
modified version of the IR transmission in situ cell designed by M.A. Anderson’s
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Fig. 11 A The CO production rates over Au/TiO, photocatalyst during photo-assisted CO, hydrogenation
at temperature ranging from 150 to 500 °C under dark, green light, and blue light irradiation. The inset
is the magnification of columns at 150 and 200 °C. B H,/D, kinetic isotope effects of reverse water-gas
shift (RWGS) reaction under dark or green light irradiation at different temperatures. C Time-resolved
DRIFT spectra of CO, interaction with reduced Au/TiO,, in flowing Ar with the absence of H,: a
'2C02, b 13CO2 at 200 °C. (Copyright with the authors permission [76])

group in 2004 [78]. In the new version, the contact time between the gas and
the photocatalysts was maximized by flowing the gas on the two sides of cata-
lyst (Fig. 12A). The cell was equipped with quartz and BaF, windows transpar-
ent to UV—Vis and IR irradiations, respectively. In the experimental setup, the Si
wafer coated with the photocatalytic thin films was placed in the reactor and then
equilibrated with acetone vapor (0.5 pL of liquid) for 40 min prior to the reaction
with a total flow rate of 75 cm>/min. Then, the films were irradiated in air with
four UV lamps externally placed in an aluminum frame. The total volume of the
system was about 0.55 L. The FTIR spectrum were simultaneously recorded for
the catalyst surface (200 scans, 4 cm™! of resolution) and the gas phase (64 scans,
1 cm™! of resolution), noting that interferences with the surface bands were not
significant.

The obtained results indicate that the TiO,(90%)-ZrO,(10%) mixture exhibits
the highest conversion rate for acetone photodegradation under UV light as com-
pared to Tig ¢Zr0, 0, mixed oxide and TiO,. The CO,, H,0, and minor amount
of CO are the only products detected in the gas phase over the three samples.
It was concluded from surface analysis that the presence of Zr centers seems to
promote the formation of formate beside formaldehyde as intermediates, while
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Fig. 12 A Picture and cross-sectional view of the transmission cell used to test the photocatalytic activ- p
ity of the thin films showing the path followed by the gas stream inside this device and the materials
used for manufacturing the different components. B a FTIR spectra in the 2000-1150-cm™" range of
the ZrO,(10%)-TiO,(90%) sample contacted with acetone vapor (0.5 pL of liquid) and subsequently UV-
irradiated for increasing periods of time as indicated in the graphs. Spectra of the photocatalytic coating
before acetone adsorption have been subtracted in order to highlight the bands corresponding to surface
species and variation of the normalized intensities of adsorbed species; b evolution of acetone (squares),
formate (up-triangles), aldehydes (down-triangles), CO, production (circles), and photogenerated elec-
trons (diamonds) detected during UV irradiation of the ZO,(10%)-TiO,(90%) sample. The latter are rep-
resented by plotting the increment in background intensity at ca. 1020 cm™' as a function of irradiation
time. Vertical lines mark the different stages of the photocatalytic processes. C Evolution of adsorbed a
toluene and b methylcyclohexane (MCH), CO,, and intermediates during UV irradiation over the TiO-
ZrO, mechanical mixture. (Copyright with permission from Refs. [68, 78])

formaldehyde is the only surface species detected on the TiO, film. The reac-
tion pathway over TiO,(90%)-ZrO,(10%) mixture contains three main steps
(Fig. 12B): (1) the rapid acetone adsorption equilibrium in dark, (2) the transfor-
mation of the adsorbed acetone to formaldehyde and formate as intermediate sur-
face species upon UV irradiation, and the (3) oxidation of formaldehyde which
is quicker than that of formate into CO,. This is confirmed by the evolution of
the surface species and their integrated intensity during the photocatalytic reac-
tion (Fig. 12Ba-b), which shows the progressive decrease of IR acetone bands
(1703, 1371, 1241 cm_l) after turning on the lamp. Then, formate and formal-
dehyde species appeared at 1569 (broad) and 1744 cm™', respectively. However,
after 120 min of irradiation, formate species were completely removed, and a new
band appeared at 1447 cm™! due to the formation of bicarbonates on catalyst sur-
face. Two years later, the same IR transmission in situ cell was used to understand
the effect of the chemical structure of the pollutants methylcyclohexane (MCH)
and toluene on the photocatalytic activity of TiO,-ZrO, thin films [64]. It was
shown that the aromatic character of toluene plays a key role in the catalyst deac-
tivation, while this process was inhibited during the photo-oxidation of cyclohex-
ane. The deactivation process was correlated to the formation of benzoate com-
plexes strongly adsorbed on the catalyst’s surface, which block the access to the
active sites and the regeneration of hydroxyl groups (deduced from the intensity
of the OH band at 3690 cm~!) (Fig. 12Ca). By contrast, no deactivation was
observed during the photo-oxidation of MCH due to the weak interaction of the
reaction intermediates (i.e., cyclohexanone) with the catalyst surface and the full
regeneration of OH groups (Fig. 12Cb). It should be noted that the configuration
used in both studies, in which the Si wafers were coated with the photocatalytic
thin films, ensures full illumination of the sample with, however, a reduced signal
intensity due to the low mass of the photocatalyst and low-efficiency flow distri-
bution due to the preferential paths.

Since 2012 and successively, a new operando IR reactor [79] has been reported
by El-Roz et al. to study photocatalysis reaction for air purification (e.g., photo-
oxidation of methanol, CO, photoreduction, photo-assisted selective catalytic
reduction of NO,) [4, 33, 80-83]. In the photocatalytic experiments (Scheme 3),
the light irradiation was delivered by a UV—Vis lamp connected to an optical fiber
light guide placed at the entrance of the cell to ensure a homogeneous irradiation
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of the pellet (self-supported pellets of ~20 mg and 2 cm?). This reactor presents
several advantages: (1) the thin pellet-shaped sample which limits the mass loss
and ensures a homogeneous illumination of catalyst; (2) the control of irradiation
parameters (intensity, mono- or polychromatic, UV or visible light, etc.) without
replacement of the photoreactor; (3) the reduced dead volume ~ 0.4 mL; (4) the
online analysis techniques (IR, GC, MS, etc.) providing high-precision data, and
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(5) the accurate control of the reaction temperature (25-600 °C), the gas com-
position/concentrations (from few ppm to a few percent), and the gas flow (1-50
cm’/min). In what follows, some examples on operando FTIR photocatalytic
studies conducted by El-Roz group’s using the FTIR reactor cell described above
are presented.

The photocatalytic oxidation of methanol over TiO,-based catalysts has been
extensively studied by El-Roz et al. as a model reaction. FTIR operando spectros-
copy coupled with SSITKA was used to clarify the role of formate species during
methanol photo-oxidation over hierarchical TiO, (TiO,-L) [4]. In the experimental
setup, the self-supported wafers (20 mg) were exposed to the reaction mixture of
400-1200 ppm MeOH and 20% O, in argon with 25-cm*/min total flow. The UV
irradiation was provided by a Xe-Hg lamp (200 W, I,=2 mW/cm?). The photo-
catalytic reaction was simultaneously monitored by IR spectroscopy coupled with
mass spectrometry (MS). It was concluded that only a minor part of formate spe-
cies are involved in the reaction and that most of them are spectators, while meth-
oxy groups are the first intermediates during methanol photo-oxidation. This was
confirmed by SSITKA experiments in which the isotopic exchange rate of surface
methoxy groups (methoxy '2C 1150 cm™!; methoxy *C 1090 cm™') was simi-
lar to that of the final gas products, while formate species (formate '*C 1574 and
1366 cm™!; formate '>C 1515 and 1340 cm‘l) reacted too slowly, compared to the
CO, (2400-2200 cm™') and methyl formate (1800-1600 cm™') production rate
(Fig. 13A, B). Interestingly, the operando experiments allow us to highlight the pos-
sible sites for the formation of weakly or not active formate species. By plotting the
IR band of surface formate species vs. that of the TIOH group at 3720 cm™", a linear
relationship was obtained which highlights the role of hydroxyls on the formation/
stabilization of low-activity formate species under UV irradiation (Fig. 13C).
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Fig. 13 A IR spectra of TiO,—P25 and B the reaction gas phase during a SSITKA experiment for which
an initial flow of 1200 ppm of 'ZCH3OH, 20% of oxygen diluted in Ar (total flow=25 cm® min™") was
switched to a similar but labeled (13CH3OH) flow (the spectrum recorded at t=0 was used as back-
ground). C Evolution of the IR spectra of TiO,-L during methanol photo-oxidation. Inset: correlation
between the IR band areas at 1602 cm™! and 3690 cm™'. D Mechanism of the formation of carbon diox-
ide and methylformate during CH3180H photo-oxidation. '°0 (in black) corresponds to the oxygen com-
ing from the TiO, surface (bridged oxygen) and/or molecular oxygen chemisorbed on TiO, (oxygen
adatom), while '®0 (in red) is coming from CH3180H. (Copyright with permission from Refs. [4, 82])

FTIR operando spectroscopy has been also used to study the methanol con-
centration effect on the activity/selectivity of hierarchical TiO, (TiO,-L) during
methanol photo-oxidation [82]. It was concluded that the methanol concentration
influences greatly the selectivity of TiO, during the MeOH photo-oxidation under
UV light. At 500 ppm of MeOH, a total conversion and selectivity of MeOH into
CO, and H,0 were obtained, while they decreased (75% MeOH conversion and
60% CO, selectivity) by increasing the MeOH concentration at 1200 ppm due to
the formation of a secondary product, i.e. methylformate (MF), in the gas phase.
The formation of MF is favored by a high coverage of surface methoxy groups
and their further cross-coupling reaction with the neighboring formyl/formate
species. All of these results were discussed in details using CD;OH, CH,;'%0H,
and CH;OH/!'>CH;OH SSITKA experiments. During the CH;'8OH experi-
ments, the formation of 3% labelled CO, (C'*0'0) via '80-formyl intermedi-
ates bridged over '%0 surface sites was observed (Fig. 13D). It was suggested
that the '%0 surface sites originate from the scrambling of formate species on the
TiO,. C'%0,, and CH,'8OCH'®0O were the unexpected major products. The dif-
ference between the expected statistical value of the intermediate and of the final
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products in respect to the experimental values confirms the formate scrambling
hypothesis. In the same operando study [82], the authors shed light on the shad-
ing effect. i.e., inhomogeneous irradiation with the catalyst’s depth, on the MeOH
photo-oxidation under UV light over three different pellets: (1) a self-supporting
pellet of 20 mg (diameter 16 mm, thickness 50-70 um), (2) a supported pellet of
5 mg on a stainless-steel grid (diameter 6 mm, thickness 50-70 pm), and (3) sup-
ported TiO, (~3 mg) on a KBr window (diameter 16 mm, < 10 um thickness). A
significant activity difference was observed between the three cases, confirming
the shading effect, which was at minimum for TiO, powder supported on KBr.
More recently, Wolski et al. [84]. reported that the nature of the light source (UV
vs. visible light) greatly influences the selectivity of MeOH photo-oxidation over
the bimetallic Au—Cu—Nb,Oj catalyst. Under visible light, both Cu and Au are
activated, which promotes the total oxidation of MeOH into CO,. By contrast, the
Cu, Au, and Nb,Oj5 are all excited under UV irradiation, leading to the formation
of partial oxidation products such as formaldehyde, methyl formate, and dimeth-
oxymethane. These differences in the reaction pathways were ascertained from
the FTIR surface analysis during the reaction: the surface formate species (band
at 1583 cm™!) and all intermediates are immediately transformed into CO, by
changing the light source from UV to visible irradiation, without the formation of
other intermediates.

3.1.2 Operando FTIR for Investigating Photocatalytic Reactions in Liquid Phase

Since operando FTIR in DRIFTS or transmission mode is not suitable for photo-
catalytic reaction in liquid phase, ATR-FTIR is the most used technique to moni-
tor the catalyst surface in contact with a liquid phase. Very recently, an oper-
ando ATR-FTIR device was used to study the photocatalytic water splitting over
Ga,0;-based photocatalysts [Rh ;Cr;.505/Ga,05(Zn)] [85]. The ZnSe was coated
with 1 mL of aqueous catalyst slurry (1.6 mg/mL) to form a catalyst film with 0.7
or 4.2 um of thickness. Then, 0.3 g of distilled water was introduced into the cell
under He with 15 cc/min total flow. The UV irradiation was provided by a laser
(A=263 nm, power =110 mW) fixed on the top of the catalyst film with an adjusted
spot to match the shape of the catalyst by using a set of optics. During the reaction,
the catalyst surface and the gas phase were monitored by ATR-IR and mass spec-
trometer, respectively. A direct hydroxyl radical formation from the oxygen atoms in
H,O without involving the lattice O atoms of the photocatalysts was proved. Under
UV irradiation, the IR spectrum of the photocatalyst film in contact with water
shows three bands at 872, 1382, and 978 cm™! (Fig. 13Aa). The two first bands
were assigned to the stretching and bending modes of the physically adsorbed H,0O,,
while the third one was attributed to the negatively charged hydroperoxide group,
i.e., Ga—OOH" surrounded by water molecules. These assignments were confirmed
by the band shifts observed after isotopic exchange (D,0 and H,'®0) (Fig. 14Aa-b).
It was noted that the frequencies of the stretching and bending modes of O—H in the
physically adsorbed H,0, are, respectively, not sensitive to H-D and '*0 isotopic
exchange (Fig. 14Ac). In addition, only 8080 was detected by mass spectroscopy
in the H,'®0 isotopic exchange. This confirms that the oxygen atoms in H,O are the
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D,0 or H,0 and b H,'30 or H,0 irradiated by a 263-nm laser with the spectrum taken before the laser
irradiation as the background; ¢ time courses of MS current for 190130 (m/z=34) and '*0"80 (m/z=36)
involved in the photocatalytic splitting of the HZISO photocatalyst. Three reaction cycles with the irradia-
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photodecomposition of Orange II over Au-Fe/TiO,. (Copyright with the authors permission [85, 86])

sole source of water splitting and that the lattice O atoms in the photocatalysts do
not participate to the reaction.

Operando ATR-IR combined with modulation excitation spectroscopy (MES)
was also reported and used to study the performance of Au-Fe/TiO, nanocompos-
ite during the photodegradation of azo dye (Orange II) under UV and at RT [86].
Catalyst layers were prepared by the deposition/evaporation method on Ge IRE. The
Orange II solutions were connected to two ATR-IR reactor cells with and without a
catalyst layer in order to simultaneously monitor the catalyst’s surface and the liquid
phase during the reaction (Fig. 14B). Both surface and liquid spectra were recorded
by altering the feeding of two different solutions (Orange II1+H,0+0,+UV <H,
O +0,+UV) over Au-Fe/TiO, with different Au/Fe ratios (0, 1:2, 1:1, and 1:0.5). It
was concluded that the increase of Fe loading in Au/TiO, leads to slower the adsorp-
tion of Orange II and weakens the dye—catalyst interaction, resulting in a fast photo-
decomposition. By contrast, the stronger adsorption of Orange II on Au/TiO,seems
to suppress its photodecomposition.

3.2 Operando Raman Spectroscopy
The operando Raman technique is a useful technique to monitor the structural trans-
formation of photocatalysts and to identify the reaction intermediates under real

reaction conditions. However, the application of operando Raman spectroscopy in
photocatalytic reaction is still limited because photocatalysis excitation light may
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Fig. 15 A Reaction system for the liquid-phase epoxidation and B representative Raman spectra during p
the photocatalytic cyclohexene epoxidation with t-BuOOH over V,5sTi,/MCM-41 catalyst at 60 °C for
75 min: a full spectra; b partial spectra in range of 775-930 cm™.. C a SERS spectra of PATP on TiO,
IO under the irradiation of a 532-nm laser for 15 min with a time interval of 5 min; b evolution of UIN=N
peak recorded with a time interval of 30 s; ¢ the logarithm of (//1))1437 processed using the normal-
ized vibration peak intensity of TiO, at 146 cm™! as an internal control; d reaction rate constants for
the cleavage of C-S, N=N, and C-C bonds under long-time irradiation of a 532-nm laser with a power
of 5.0 mW and the corresponding wavenumber deviation collected at different times (inset). (Copyright
with permission from Ref. [87, 88])

overwhelm Raman photons. For this reason, operando Raman spectroscopy is usu-
ally used complementary to IR. To the best of our knowledge, the operando Raman
spectroscopy is mainly used to monitor photocatalytic reactions in liquid phase. In
this section, some case studies are presented where operando Raman spectroscopy
is used to monitor processes during photocatalytic reactions.

3.2.1 Operando Raman Spectroscopy for Investigating Photocatalysis in Liquid
Phase

For example, Bafares et al. [§7] studied the photocatalytic epoxidation of cyclohex-
ane in the presence of tert-butyl hydroperoxide (t-BuOOH) over V,Ti,/MCM-41
catalyst under UV light using the real-time NIR-Raman spectroscopy. In the experi-
mental setup (Fig. 15A), the reaction in liquid phase was monitored with a Photon-
ics immersion probe fitted to a PerkinElmer Raman Station 400F system. An NIR
filter (cutoff above 750 nm) was used to cancel any residual radiation that might
interfere with Raman signals. The Raman spectra were acquired every 10 min with
six accumulations of 10 s.

It was shown that the cyclohexene was directly photo-epoxidized over V ,5Ti,/
MCM-41 into 1,2-epoxycyclohexane (Raman peak at 784 cm™!) with 100% selec-
tivity (Fig. 15Ba). The presence of an isosbestic point at 800 cm™' between the
decreased Raman band of cyclohexene (824 cm™!) and the increased one of epox-
ide (784 cm™!) indicates the absence of any stable intermediates during the reac-
tion (Fig. 15Bb). In another example, surface-enhanced Raman scattering (SERS)
was used to monitor the photo-oxidation of p-aminothiophenol (PATP) on TiO,
under 532-nm laser irradiation [88]. In the experimental part, the TiO, was used
as the SERS substrate and the photocatalyst on which the PATP was chemisorbed.
The SERS spectra were then collected with an accumulation time of 30 s. The TiO,
Raman band at 146 cm™! was used as an internal intensity standard due to its stabil-
ity during the long-time irradiation. The results show that the photodegradation of
pATP was initiated by the formation of azo compounds (Fig. 15Ca). Interestingly,
the SERS allowed determining the decomposition rate of N=N (1437 cm™!), C-S
(1089 cm™), and C—C (1593 cm™!), which follow a first-order kinetic process with a
reaction rate in the range of 2.1-2.7 X 1073 57! (Fig. 15Cb—d)).

Operando Raman spectroscopy has been recently used to study the photocatalytic
hydrogen evolution reaction (HER) over MoS,,Se, | , nanosheets under realistic reac-
tion conditions [89]. In the experimental setup (Fig. 16A), the AM 1.5G illumination
(100 mW cm™2) was used as a light source. The laser wavelength was 532 nm with
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5 mW of light intensity, and the exposure time was 5 s. It has been demonstrated that
hydrogen atoms are initially adsorbed on the S and Se active sites to form S—H and
Se-H intermediate species followed by its subsequent redox reaction (Fig. 16B). An
exponential function relationship was established between the Raman intensity of these
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Fig. 16 A Schematic of the photoelectrochemical system with linear sweep voltammetry (LSV)-Raman
analysis. The measured material is MoS,,Se,;_y. The reference electrode, counter electrode, and work-
ing electrode are termed as RE, CE, and WE, respectively. Evolution of B LSV vs. the voltage (0.05,
0.00,-0.05,-0.10, and—0.15 V) and the Raman spectra of the samples a, b MoS,, ¢, d MoSe,, and e, f
MoS;4Se; ;. C a SERS spectra of MI on the Au—Ag/Ag,S HINRs at different temperatures. b Depend-
ence of fitted temperature on the Raman shifts of MI for the Au—-Ag/Ag,S HINRs. ¢ Hot spot tem-
peratures of the Ag—Au—Ag and Au-Ag/Ag,S HIJNRs illuminated for different times; d photocatalytic
activity of the Ag—-Au—Ag and Au-Ag/Ag,S HINRs illuminated for different times. (Copyright with per-
mission from Refs. [89, 90])

intermediate species and the number of reactive electrons, which can be used as a
guideline to evaluate the hydrogen production performance of the photocatalyst. More
recently, Wang et al. [90] designed a simple method to measure the photocatalyst’s sur-
face temperature by operando Raman spectroscopy using 4-methoxyphenyl isocyanide
(MI) as a probe molecule. The UN=C frequencies of MI adsorbed on the catalyst sur-
face are linearly dependent on temperature (Fig. 16Ca-b). This method was used to
unravel the photocatalytic mechanism induced by hot carriers and photothermal effect
during the HER over Ag—Au-Ag and Au-Ag/Ag,S heterojunction nanorods (HINRs).
Although the hot spot temperatures of the Ag—Au—Ag HINRs are higher than those for
the Au—Ag/Ag,S HINRs, the latter exhibits higher photocatalytic activity due to the
higher contribution of the hot carrier effect (Fig. 16Cc—d).

3.3 Operando XAS

In this section, we will report some recent case studies where operando XAS has
been applied on different photocatalytic reactions, such as methanol photo-reforming
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and photocatalytic HER. In the context of cell design, all the aforementioned criteria
for an FTIR cell are valid also for operando XAS reactors. Among listed criteria—
matching between the light illuminated, reaction mixture exposure, and the spectro-
scopically probed sample volumes—is of particular importance when XAS is used
as a probe technique, being sensitive both to the bulk and surface species. The light
propagation issue was thoroughly investigated for the most widespread Ti-based
photocatalyst in the recent work by Caudillo-Flores et al. [71].

3.3.1 Operando XAS for Investigating Photocatalysis in Gas-Phase

In the recent work by Munoz-Batista [72], spatially resolved XAS study of Cu-Ni
TiO, catalytic bed upon methanol reforming using a micro-beam mode (BM23
beamline, European Synchrotron Radiation Facility [ESRF]) was reported. The cell
made of Inconel alloy with high resistance to reducing and oxidizing atmospheres
for a wide range of temperatures (25-600 °C) is a modified version of that devel-
oped by Agostini et al. [91]. The cell can be separated into two parts: the main body
and dome. The heater, thermocouple, sample holder, and gas system are located in
the body part, while the dome hosts IR and X-ray windows. The additional window
implemented in the cell dome for X-ray fluorescence registration is the main dif-
ference in the new version. This upgrade makes the cell suitable for catalysts rep-
resented by dilute materials on top of heavy matrix or those with very low metal
loading. The powder sample is fixed between two carbon/glass windows, transparent
for X-rays with a modified path in range from 1 to 5 mm. The metal grid below the
powder (see Fig. 17A) can maximize the interaction between gas flow and catalyst.
The lid of the dome equipped with a circular window of KBr and CaF, is transparent
to IR and UV irradiations. The latter was placed on top of the cell, and the catalytic
bed was monitored vertically at the different sample regions upon illumination. A
water—methanol liquid mixture was injected into a He carrier gas and delivered to
the cell. In situ micro-beam XAS detection was performed in a fluorescence mode.
It was found that in the outermost layer, the copper is present in a fully reduced
state in dark and in the presence of methanol. The authors demonstrated that both
monometallic Cu and bimetallic CuNi catalysts under illumination conditions
undergo an oxidation process, fully reversible in the presence of reaction mixture.
Contrary to the copper, XANES collected above the Ni K-edge demonstrated that
Ni maintains a dominant Ni** both in surface and bulk positions, and only negligi-
ble changes were observed under illumination. By comparing the XANES measure-
ments in the different depths of the catalytic bed for mono-Cu (left) and bimetal-
lic CuNi (right) catalysts (Fig. 17B), the difference in Cu oxidation state between
the two catalysts can be observed only for surface layer upon UV irradiation. The
amount of each component was quantified from Cu K-XANES through linear com-
bination fit. Thus, the authors demonstrated that 38 and 11 mol. % of copper appears
in oxidized Cu®* state in Cu and Cu—Ni samples, respectively, while the rest of cop-
per remains as Cu’. The observed difference between Cu and Cu—Ni catalysts would
be significantly less obvious if the XAS experiment was performed using “standard”
setups (lack of matching between X-ray and illumination photon volumes) which
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Fig. 17 A Photographic view of the experimental setup (left); schematic view of the measurement cell
(right). Inset: sample holder. B Contour plot of Cu K-edge XANES spectra obtained under illumination
for the Cu (left) and CuNi (right) samples. For the surface position, the two previous states (fresh sample
and after gas saturation) are included. Concentration profiles (central part) and XANES spectra (bottom)
corresponding to pure chemical species obtained from PCA are included. Colors in the central panel are
assigned to pure species: Cu! black, Cu® orange. (Copyright with the authors permission [72])

will render a zerovalent metal XAS signal dominated by the exclusive effect of the
reactants.

In the recent work reported by Piccolo et al. [73], a custom-made reactor cell
was used for operando XAS experiment on photocatalytic hydrogen evolution over
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Fig. 18 A Operando XAS reactor setup: a scheme of the photocatalytic cell, b photograph of the cell,
and ¢ scheme illustrating the overall reaction setup. B Comparison of the various Pt (0.2 wt%)/TiO,-
based photocatalyst activities in the PHER from an ethanol/water/helium gas flow under UV irradia-
tion at RT (laboratory reactor). C (left) Pt L;-edge HERFD-XANES spectra of 0.2 wt% Pt/TiO, photo-
catalysts in the dark under atmospheric air (dark air) versus under UV-Vis irradiation in ethanol/water/
helium gas flow (light EtOH). Bulk PtO, and Pt reference spectra are represented with dotted lines.
(Right) Corresponding k*-weighted EXAFS FT moduli. Best fits are represented with dotted lines. The
radial distance is not phase-corrected. Rough positions of first-neighbor features are labeled with the
proper elements. (Copyright with the authors permission [73])

Pt/TiO, catalyst. The cell, made from engineering thermoplastic (polyoxometh-
ylene), was equipped with three Kapton windows for X-rays, thus allowing both
transmission and fluorescence modes, and a quartz window for UV-Vis illumina-
tion (Fig. 18A). XAS data were recorded in partial fluorescence mode using a crys-
tal spectrometer equipped with three spherically bent Ge (110) crystals in Rowland
geometry and aligned at the maximum of the Pt-L ; line (9 442 eV). The sample in
the form of self-supported pellet was located inside the cell, maintaining an angle
of 45° between the accident beam and pellet surface and 90° between the incident
beam and fluorescence cone. Illumination was delivered from the top part of the
cell via an optical fiber connected to a Xe lamp (300 W). A four-way valve allowed
flowing helium (100 mL/min) either directly to the cell or first passing through the
saturator containing a mixture of ethanol (10%) and distilled water. Operando XAS
experiments were performed in order to shed light on the observed difference in
photocatalytic hydrogen evolution reaction (PHER) efficiency of the samples con-
taining ultra-dispersed Pt species on TiO,: P90-C, PC-500C, and PC-500R (where
C and R stands for pre-calcined and pre-reduced, respectively). Among the tested

@ Springer



37 Page38o0f56 Topics in Current Chemistry (2022) 380:37

samples, the PC-500R exhibited the highest H, production rate (about 2 umol/
min), which is related to the presence of isolated Pt atoms coordinated solely by
O and Ti from the support, known as strong metal-support interaction (Fig. 18B).
By comparison with PtO, and Pt as references, it was shown that the formal oxida-
tion state of Pt in pre-calcined samples is close to+4, while it is near zero for the
pre-reduced sample (Fig. 18C). Under the photocatalytic conditions, the XANES of
the pre-reduced sample remains almost unchanged, whereas the other two samples
characterized by the white line (WL) peak decrease, and its shift to the lower energy
(Fig. 18C). These observations clearly reveal the reduction of Pt species. An addi-
tional examination was performed through quantitative EXAFS analysis. Thereby,
for the P90-C sample, EXAFS analysis revealed a switch from Pt-O to predomi-
nant Pt—Pt coordination, establishing Pt cluster formation under UV illumination.
The PC500-C sample, which was initially supposed to contain mostly single Pt sites,
demonstrated only slight clustering upon exposure to photocatalytic conditions. For
the reduced Pt/PC500-R sample, in addition to Pt—O, the presence of Pt—Ti bonds
were identified, which were not present for the other two samples.

3.3.2 Operando XAS for Investigating Photocatalysis in Liquid Phase

In the recent work by Spanu et al. [74], operando XAS was performed in fluores-
cence mode to study the PHER reaction over NiCu-TiO, catalyst under UV light
irradiation in water—methanol solution. The cell adopted for XAS measurements
was equipped with a Mylar window to ensure transparency both for X-rays and UV
light (Fig. 19A). Both the UV LED source and the passivated implanted planar sili-
con (PIPS) fluorescence detector were located on the same side from the incident
X-ray beam. The authors declared that the reported cell design maximizes X-ray
fluorescence signals by adopting the possibility to work with minimized thickness
of solution layer in front of the sample. The experiment was performed at the P65
beamline (DESY-Petra III). From the dark-conditions XANES analysis, it was con-
cluded that (1) NiCu nanoparticles undergo surface oxidation when exposed to air,
(2) partial dissolution of surface Cu oxides occurs in ethanol-water, and (3) less
dissolution of Ni oxides occurs due to the less exposed Ni phase left behind by TiO,
NTs and protected by Cu. Under illumination, Cu and Ni, entirely in metallic form
(~100%, Fig. 19Bc, d), are active and can promote H, evolution via a Schottky junc-
tion-type mechanism. The authors emphasize that their findings differ significantly
from those reported earlier by Mufioz-Batista et al. [72] on the similar catalytic sys-
tem but in gas phase conditions, where dissolution and redeposition of Cu and Ni is
not possible.

Photoelectric water oxidation using XAS has been recently reviewed by Deng
et al. [61]. Here, we will give one example on the effect of illumination and poten-
tial on the oxidation state of FeNi overlayers on hematite photoanodes during water
photo-oxidation [92]. Fe and Ni K-edges fluorescent XAS has been employed to
track possible changes in an FeNi overlayer under different conditions. The FeNi
hydroxide layer with 30-nm thickness (Fig. 20A) covered with 1 M of NaOH aque-
ous electrolyte was deposited in a special electrochemical cell previously employed
for operando XAS on a WO; photoanode [93]. A high-power white light-emitting
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Fig. 19 A Cell and sample environment from XAS operando liquid-phase experiment on photocatalytic
H, evolution over NiCu-TiO, catalyst. B XAS spectra of a Cu K-edge and b Ni K-edge XAS spectra of
5Ni5Cu-TiO, immersed in the cell in a water—ethanol solution under UV light illumination for differ-
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under dark conditions are reported as reference, which defines the sample condition prior to UV illumi-
nation; see black curves. ¢ Cu and d Ni phase compositions determined by operando XAS measurements
for 5Ni;Cu-TiO, immersed in a degassed ethanol-water solution under UV light irradiation. (Copyright
with the authors permission [74])

diode (ca. 100 mW/cm?) was used in the photocatalytic test. The experiment was
performed at the P64 beamline of the PETRA III synchrotron. It was shown that the
change of Fe K-edge XANES signal with potential was very small, but it became
more pronounced under illumination. In contrast, Ni sites were more strongly
affected by both potential and illumination (Fig. 20B). Combining the findings from
both “dark” and “light” experiments, it was revealed that both electrons and holes
can be transferred between the hematite layers and FeNi overlayer. On the basis of
linear combination fit of the XANES data set collected at both conditions (using
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Fig.20 A Schematic top-view illustration of the operando XAS experiment. B LSV voltammograms
measured under dark (dashed line) and light (solid line) conditions within the beamline before the XAS
measurements for hematite/FeNi (oxy)hydroxide. C Average oxidation state of Ni under dark (solid line
with black triangles) and light (solid line with red triangles) conditions for hematite/FeNi, overlaid on
the LSV voltammograms recorded during the XAS measurement under the same conditions. Dark and
light currents were normalized by dividing by their respective currents at 1.63 V. D, E Normalized
Ni K-edge XANES spectra for hematite/FeNi (oxy)hydroxide under D dark and E light conditions. All
of the potentials are versus RHE. Normalized Ni K-edge XANES spectra for NiO, f-NiOOH, and Ni
standards used for the fitting are also presented in panel e. (Copyright with the authors permission [92])
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NiO, B-NiOOH, and for y-NiOOH as a reference for+2,+3 and+3.6 oxidation
states, respectively), the authors quantified the averaged Ni charge state under differ-
ent voltages. Overall, the authors demonstrated that Ni sites need to be oxidized for
more efficient oxygen evolution reaction (OER). It was shown that the illuminated
conditions allow Ni oxidation at the lower potentials due to the generated additional
photovoltage. The quantitative analysis demonstrated the Ni oxidation state satu-
rated at ca. 2.6 +0.1 under illumination conditions.

4 Time-Resolved Techniques in Photocatalysis

Time-resolved techniques are frequently used to track a quick process in a given
reaction at a high time resolution (sub-millisecond to nanoseconds). These measure-
ments can provide valuable information in photocatalytic reaction to elucidate the
microscopic mechanisms of photogenerated charge generation, transfer/recombina-
tion of charge carriers, and surface reaction kinetics. Since numerous spatial and/or
temporal resolution techniques have emerged over the years and reviewed recently
in details [94—103], in this part, we will briefly discuss the time-resolved FTIR, the
transient absorption, and photoluminescence spectroscopies by giving one to two
examples for each technique used in photocatalysis.

4.1 Time-Resolved FTIR

The charge transfer can be studied from ms (rapid scan) to ns (step scan) by time-
resolved FTIR depending on duration of the event (Scheme 4A). In the rapid scan
(Scheme 4B), the interferometer mirror moves very fast, and each full forward—back-
ward interferometer scan allows extraction of up to four spectra. However, the num-
ber of spectra per second depends on spectral resolution since the duration of one
scan is related to both mirror distance and velocity. For example, VERTEX 80/80v,
from Brucker, can achieve around 110 spectra per second with 16 cm™! of resolu-
tion. Step-scan (Scheme 4C) technique is often used to monitor the temporal pro-
gress of very fast events (transients). The interferometer mirrors are set at a pre-
cise position where interferogram points are collected. Then, the moving the mirror
are translated to a next position and the experiment is restarted again. Therefore, a
highly reproducible experiment is required in the step-scan mode. The time resolu-
tion corresponds to the response of the detector and can reach a few nanoseconds.

In a recent study, an ultrafast time-resolved quantum cascade laser (QCL)-assisted
operando FTIR was used to monitor the photo-oxidation of MeOH over TiO, P25,
commercial anatase (TiO, CA), and homemade anatase (TiO, HA) at a resolution
time of few ps [5]. The new setup operates in rapid-scan mode with four quantum
cascade lasers emitting at different wavenumbers. Each sample was subject to sev-
eral photocatalytic tests with three successive UV on/off cycles under 0.1 vol.% of
methanol and 20 vol.% of oxygen with a 30-cc.min™! flow rate at 25 °C. At each
wavenumber, the QCL (pulse rate=10,000 Hz, time resolution =100 us) was tuned
to monitor the formation (lamp on) and conversion (lamp off) of formate species
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Scheme 4 A Scheme of the time-resolved FTIR setup in B rapid-scan and C step-scan modes

at 1360, 1380, 1564, or 1580 cm™'. A direct relationship between the decomposi-
tion of surface formate species and the MeOH conversion rate (total yield of methyl
formate + CO,) was established: the faster the reaction of surface formate species,
the higher the photo-oxidation activity. This was confirmed by the evolution of the
QCL beam absorbance at 1360 cm™~! over TiO, P25, TiO, CA, and TiO, HA dur-
ing the first UV on/off cycle and the corresponding apparent rate of formate forma-
tion (lamp on, Fig. 21Aa—c) and reaction (lamp off) (Fig. 21Ad—f). Once the UV
lamp is turned on, the accumulation of formate species on the catalyst surface was
observed at different rates depending on the photocatalyst until reaching the steady
state, while these species decreased when the lamp is turned off due to their further
conversion. The apparent rate of both formate formation and reaction are higher for
TiO, P25 than the other two samples, which is directly correlated to its superior
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Fig.21 A QCL beam absorbance at 1360 cm™! vs. time over TiO, P25 (a and d), TiO, CA (b and e),
and TiO, HA (c and f) during the first UV on/off cycle (UV on a—c, UV off d—f) under reaction flow at
25 °C and atmospheric pressure; flow conditions =30 mL/min; 0.1 and 20 vol.% of methanol and oxygen
in argon, respectively; Hg—Xe lamp (200 W); irradiance =200 mW/cm?; In (a—c); time=0 corresponds
to the moment when the shutter between the lamp and the UV light guide attached to the IR cell was
opened to irradiate the sample. During the preceding 200 ms, the sample was already under reaction
flow but still in the dark; In (d—f); time=0 corresponds to the moment when the shutter was closed again
still under reaction flow. The fall times to open and to close the shutter were around 6.5 ms and 3.2 ms,
respectively, with a minimum pulse width of 13 ms. B Time-resolved FTIR absorption spectra of CO
formed inside MCM-41 recorded upon laser-induced photolysis of DPCP: (a) step-scan FTIR spectra
(average of 21 experiments) and (b) rapid-scan FTIR spectra (average of 12 experiments). The rapid-
scan spectra were normalized so that (a) and (b) correspond to the same amount of DPCP depleted (and
CO produced) per laser pulse. Note that the absorbance scale of the millisecond spectra is enlarged. (c)
Single-exponential fit of the absorbance difference at 2125 cm™! yields a decay time of 277 + 56 ps. Cor-
rected for the 1420-ps RC high-pass filter of the detector yields 344 +70 ps. (d) Single-exponential fit of
the absorbance decay at 2105 and 2167 cm™' yields decay times of 155+ 15 ms and 113 +3 ms, respec-
tively. The inset shows the decay of the full CO profile (integrated from 2220 to 2060 cm™") in both the
rapid-scan data and the step-scan data (corrected for the RC high-pass filter of the detector). Ordinate
unit of inset = 10 cm™!. (Copyright with permission from Refs. [5, 107])

photocatalytic activity. The conversion of formate was found to be the rate-limiting
step. Other studies conducted by Frei et al. to monitor photocatalytic reactions using
the rapid-scan method can be consulted elsewhere [104—106].

In the nanoseconds regime, only few transient step-scan FTIR studies on pho-
tocatalytic systems have been published so far [95, 107]. For example, Frei et al.
studied the dynamics of CO in the channels of MCM-41 during the photodissocia-
tion of diphenyl cyclopropenone (DPCP) at RT by time-resolved FTIR using both
the step-scan and rapid-scan methods [107]. The time-resolved measurements
were conducted with a Bruker Model IFS88 spectrometer and initiated by 355-nm
pulses of a Quanta Ray model. In the step-scan experiments, the IR spectra were
recorded from O to 530 ps with a time resolution of 1 ps. In the rapid-scan experi-
ments, the mirror velocity was 160 kHZ with a spectral resolution of 8 cm™'. The
study revealed the biphasic kinetics of CO diffusion in MCM-41 during the DPCP
photolysis: the fast escape, in ps, of the physiosorbed/or weakly adsorbed CO mol-
ecules and the slow residence, in ms, of CO molecules trapped between silanol
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groups, diphenyl-acetylene co-product, and probably DPCP. From the time-resolved
FTIR data in the region of the CO band (2220-2060 cm™"), the initial band centered
at 2130 cm™! decays in the ps timescale and emerged into two peaks at 2167 and
2105 cm™! (Fig. 21Ba). The last two bands decay much more slowly after hundreds
of ms (Fig. 21Bb). The different decay times indicate the biphasic release of CO
from the mesopores as confirmed by the time evolution of the integrated CO absorp-
tion spectrum (2220-2060 cm™h Fig. 21Bc—d).

4.2 Time-Resolved Microwave Conductivity (TRMC)

TRMC is a useful technique for studying the primary processes in photocatalysis,
i.e., the charge carrier dynamics with nanosecond time resolution [108]. During
TRMC measurements, the semiconductor is illuminated by a nanosecond laser pulse
which induces a change in the microwave power reflected from the sample. The
microwave power can be then correlated to the photoinduced change in the sample
conductance from which information on the charge carrier generation, charge carrier
trapping, charge carrier recombination, and electron/hole transfer can be obtained.
Very recently, the TRMC technique was used to investigate the facet-dependent car-
rier dynamics of Cu,O governing the photocatalytic H, production from water under
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Fig.22 A TRMC signal of CB-Cu,O and RD-Cu,O over time at 7.0x 10'2 photon pulses™ cm™2, with
the inset showing the magnification of the signal of CB-Cu,0, and B maximum TRMC signal as a func-
tion of incident pulse intensity of CB-Cu,0O and RD-Cu,O. C Summary of average effective charge life-
time, diffusion length, and parameters involved in dark microwave conductivity measurement of CB-
Cu,0 and RD-Cu,0. (Copyright with permission from Ref. [109])
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visible light [109]. The results show that the photoactivity of rhombic dodecahedral
Cu,0 with dominant {110} facets (RD-Cu,0O) was 1.5-fold higher than that of cubic
Cu,0O with {100} surfaces (CB-Cu,0). This is was explained by the higher carrier
mobility of RD-Cu,O compared to CB-Cu,O at different laser pulse intensities, as
revealed from TRMC measurements (Fig. 22A, B). Both carrier lifetimes (7, and 7,)
and diffusion lengths (Fig. 21C), determined from the decay of the TRMC signals,
are smaller for CB-Cu,O than that of RD-Cu,0, suggesting that the charge carriers
recombine/trap faster in CB-Cu,O due to the presence of more structural defects
in this sample. The higher conductivity (¢) and higher carrier density (V,) of CB-
Cu,0, determined by dark microwave conductivity measurements (Fig. 22C), con-
firm the presence of more defects in CB-Cu,O than RD-Cu,0, which contribute to
electron trapping and result in low photocatalytic activity.

4.3 Photoluminescence (PL) Spectroscopy

PL spectroscopy is a light emission process from the electronic excited state of a
molecule or materials to its ground state after excitation by an external light source.
In photocatalysis, PL spectroscopy is widely used as one of the fundamental char-
acterization tools to study the excited-state properties from ns to ms at a molecu-
lar level with high sensitivity and nondestructive nature. Time-resolved PL spec-
troscopy was used to explore the excited-state properties of the novel bimetallic
supramolecular assembly of pyrene-modified photosensitizer and RuPy---ReCOPy
used for CO, photoreduction under visible light [34]. It was shown that the novel
assembly showed higher photocatalytic activity than the benchmark system
[Ru(bpy);CL,(Ru) with Re(bpy)(CO);Cl (ReCO)]. This is due to an efficient elec-
tron transfer from the Ru center to the pyrene moiety in RuPy and from the latter
to the rhenium center in ReCOPy. This is confirmed by the red-shifted PL (620 vs.
670 nm) and the higher excited-state lifetime (0.13 vs. 0.9 ps) of *RuPy compared to
3Py, allowing a stronger Ru-Py interaction and a better electron transfer to rhenium
(Fig. 23Aa-b. Furthermore, the *RuPy exhibits less sensitivity to the oxygen (inset
in Fig. 23Aa-b) and a faster electron transfer than *Py, concluded from the quench-
ing of the SMLCT with triethanolamine (TEOA).

4.4 Transient Absorption (TA) Spectroscopy

Transient absorption (TA) spectroscopy is used to evaluate the lifetimes of pho-
togenerated charge carriers in a range of ps to ns. If we come back to a previously
discussed example[34], the red-shifted PL of *RuPy compared to *Py was also
observed in the transient absorption of this complex, in addition to a new absorp-
tion transient at 520 nm with longer lifetime of 35 s, probably assigned to the
(*(RuPy---RuPy) exciplex (Fig. 23Ac—d). By using TA spectroscopy, it was shown
that the presence of defects (O,) in a WO; structure can generate more electron-trap-
ping states which inhibit the recombination of electron—hole pairs and increase the
photocatalytic oxygen evolution [110]. This effect can be enhanced in presence of Pt
as cocatalyst in a O,-WO; structure. In WO, (Fig. 23Ba), two decays were observed
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Fig.23 A a, b correspond to the nanosecond emission spectra (140 ns/spectrum) of the MLCT of Ru
and RuPy, respectively. Inset = normalized kinetic decay trace of *MLCT emission of Ru and RuPy
monitored at 620 nm and 670 nm, respectively, under air (i) and argon (ii) atmospheres. ¢, d Report
of the evolution vs. the time (140 ns/spectrum) of the absorption transition (AT) of Ru and RuPy. Inset
of Fig. d = normalized kinetic decay traces of the AT at 520 nm (i) and 570 nm (ii). 4., =532 nm;
[RuPy]=1.7 mM; [Ru]=3 mM; all spectra were recorded under Ar at 298 K. (B) The kinetics of decay
monitored at 480 nm of A WO;, B O,-WO5-600, and C O,-WO;-Pt. (Copyright with permission from

Refs. [34, 110])

at 15.3 and 541.7 ps, characteristics of the fast charge recombination and electron
trapping, respectively. In contrast, significantly longer lifetimes of the excited states
(r;=27.1 ps and 7,=749.1 ps) were obtained for O,-WO; due to the electron-trap-
ping states (Fig. 23Bb). The heterojunction between the noble Pt and O,-WOj; effec-
tively reduces the recombination of charge carries with ultrafast electron injection
from trap states to the metal (Fig. 23Bc).
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5 Summary, Limitations, and Outlook

In this review, we summarized the recent efforts of using in situ and operando
techniques, e.g., FTIR, Raman, EPR, XAS, and time-resolved spectroscopy, to
perform real-time observations of one of the most complicated and multifunc-
tional process, photocatalysis.

In situ IR spectroscopy can provide valuable and pertinent information on the
adsorption sites of photocatalyst, both directly or via the adsorption of probe mole-
cules (the reactants themselves are always the best probe molecules). Physical chem-
ical properties such as acidity, basicity, and redox properties of the photocatalysts
can be also described and quantified in strength and as site concentrations. In situ
FTIR can be also be utilized for real-time analysis of the gas products in photoca-
talysis, which allows determining the reaction selectivity and photocatalyst perfor-
mance, but cannot provide information on the evolution of catalyst surface during
the reaction. IR operando technique can complete simultaneous monitoring of sur-
face and gas/or liquid species as the best way to establish the reaction pathways. It
is possible to observe at what time different intermediates or by-products are formed
and to deduce which site (active site or spectator) is responsible for a given photo-
catalytic step. In such a way, it is possible, step by step as a jigsaw puzzle, to recon-
struct the whole reaction mechanism. However, studying very short-lived interme-
diates cannot be achieved with standard FTIR spectroscopy. Thus, very high time
resolution (u to ns) is mandatory and can be achieved by using special recording
techniques such as step-scan and rapid-scan interferometry. In this case, photocata-
lytic experiment needs to be well controlled in time but also highly reproducible.

Raman spectroscopy is used to monitor the structural transformation of photo-
catalysts and to identify the reaction intermediates under real reaction conditions.
However, the application of operando Raman spectroscopy in photocatalytic
reaction is still limited because of the overwhelming of photocatalysis excitation
light with Raman photons and the low signal intensity resulting from the low fre-
quency of the Raman scattering effect. The latter drawback has been overcome
by development of new experimental techniques [e.g., surface-enhanced Raman
spectroscopy (SERS), shell-isolated nanoparticle-enhanced Raman spectroscopy
(SHINERS), or tip-enhanced Raman spectroscopy (TERS)]; however, application
of those approaches imposes limitations on systems and reactions to characterize,
particularly if operando conditions in photocatalysis are sought.

EPR spectroscopy has been widely used in photocatalysis for monitoring the
charge carrier trapping, recombination and transfer, identification of reactive
radicals/oxygen species, and direct observation of the paramagnetic active spe-
cies in photocatalysis. However, the EPR measurements are often performed in
the presence of a spin trap and/or at low temperature (below 77 K) in order to
improve detection of the highly reactive species with unpaired electrons. Due to
these specific drawbacks, the application of EPR in photocatalysis is still scarce
under operando conditions.

X-ray absorption spectroscopy represents a powerful technique to investigate
structural and electronic configuration of metal sites in nanostructured and bulk
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catalysts. XANES allows us to probe variation in oxidation state, density of unoc-
cupied stats, and chemical bond hybridization, while EXAFS is more sensitive to
bond lengths and coordination environment. Compared to the other techniques
(IR, Raman), XAS presents the advantage in both surface and bulk sensitivities.
However, operando XAS experiments in photocatalysis are mainly conducted
at synchrotron facilities, which limits the available experimental setup and the
possibility of performing long-term experiments. Therefore, the development of
additional suitable laboratory-based XAS setups with the implementation of ade-
quate operando cells is necessary for performing long-term experiments in house
and extending the characterization timescales.

Time-resolved techniques, such as time-resolved FTIR, time-resolved microwave
conductivity (TRMC), transient absorption spectroscopy, and photoluminescence
spectroscopy, are frequently used to track the quick process in photocatalysis in sub-
millisecond to picoseconds timescales. These measurements can be used to study
the photogenerated charge generation, transfer/recombination of charge carriers, and
their lifetimes. Some works have already given important insights in this field, but
many of these methods need to be adapted to investigate the photocatalysts under
reaction conditions.

However, a more comprehensive picture of a working photocatalyst is still neces-
sary for the quest of the entire mechanistic process in order to extract design princi-
ples for more active and/or stable photocatalysts. Therefore, improved experimental
studies with combined techniques such as IR, Raman, XAS, and EPR can provide a
detailed picture of photocatalytic systems. Furthermore, other techniques not men-
tioned above such as nuclear magnetic resonance (NMR), UV-Vis, XPS, neutron
spectroscopy, and microscopies, operated in situ or using operando methodology,
can provide complementary information about photocatalytic systems. Thus, a range
of powerful methods must be used together in order to probe the photocatalytic pro-
cesses in a spatiotemporal manner with the time domain from femtoseconds to mil-
liseconds and the space domain from 0.1 nm to 10 mm.

6 Concluding Remarks

Understanding the structure—activity/selectivity relationship is of a significant
importance to design new materials with high performance in photocatalysis. In situ
spectroscopic techniques have been widely used to provide fundamental informa-
tion about the photocatalyst structure and surface species under controlled condi-
tions, i.e., under vacuum, in the presence of a probe molecule or a under reactive
atmosphere (O,, H,, etc.). For example, the in situ FTIR technique can be used as
a characterization tool for the (1) determination of oxidation/coordination state of
the active sites, (2) identification/quantification of Lewis and Brgnsted acidity, and
(3) calculation of the entropy and enthalpy of adsorption. However, this technique is
essentially limited to the characterization of surface species, thus it is important to
be used in complement with other techniques such as in situ Raman and XAS. On
one hand, in situ Raman spectroscopy is used to investigate the surface properties
of photocatalysts, i.e., to analyze the structure of photocatalysts and their changes
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under controlled conditions. On the other hand, in situ EPR provides information
on the radical and unpaired electron species formation, while XAS is related to the
structural/electronic configuration of metal sites of the photocatalysts. In situ meas-
urements can also be conducted under reaction conditions to identify the reaction
intermediates and reveal the reaction mechanism in photocatalysis. However, it is
an indirect method, since the reaction is performed under special conditions (par-
tial vacuum) and the surface and gas/liquid phase analysis are performed separately.
Thus, true understanding of the structure—activity/selectivity relationship requires
the monitoring of photocatalysts under realistic catalytic conditions which points to
the importance of operando spectroscopy (e.g., operando FTIR, operando Raman,
operando XAS, etc.). This methodology allows simultaneous monitoring of the cat-
alyst surface and the gas/liquid phase on the same sample under real reaction con-
ditions. Note that the design of the associated reaction cell and the reaction condi-
tions are critical here and can affect the overall performance of the photocatalytic
process. However, some intermediates remain elusive under steady-state conditions
of operando spectroscopy. Thus, the use of transient conditions (for example, via
isotopic substitution, i.e., using the SSITKA approach) is sometimes of particular
significance. Time resolution and discrimination of reaction intermediates can also
be done by modulation excitation spectroscopy, allowing discrimination of transient
states. Time-resolved (TR) techniques are also required to detect and determine the
reactivity and kinetic significance of reaction intermediates that would otherwise
escape detection at steady state. For example, TR FTIR techniques allow monitoring
the photocatalyst surface at the timescale of 10 ms and slower by using the rapid-
scan method. For FTIR monitoring in the time range from 10 ns to ps, the step scan
is the method of choice. Time-resolved microwave conductivity (TRMC) is a use-
ful technique to study charge carrier generation, trapping, and recombination, as
ultrafast processes that occur at very short times (femto—nano seconds) after irradia-
tion of photocatalysts. Moreover, PL and TA spectroscopy can be used to study the
excited-state properties from ns to ms at a molecular level and to follow the short
lifetimes of photogenerated charge carriers in range of ps to ns, respectively. How-
ever, catalysis occurs in time and space [111], thus operando imaging during reac-
tion is the next big step to understand catalysis in shaped catalysts, which will be
particularly challenging when it comes to photocatalytic processes.

Since the overall efficiency of photocatalysis is the multiplication of all the ele-
mental efficiencies, the latter should be measured together for a reaction. However,
in the presented case study, only one or two techniques were used to monitor the
photocatalytic reaction under reaction conditions which cannot allow identifica-
tion of all the elemental steps and increases the incoherent reproducibility caused
by separated measurements. Thus, the use of multiple techniques and/or a multi-
disciplinary approach in one photocatalytic reaction to conduct measurements and
modeling of all these steps is required to fully understand and improve the efficiency
of photocatalysis. For example, the combination of operando XAS and FTIR can
provide deep insight into the understanding of the dynamic structure of photocata-
lysts and the formation of surface intermediates under the reaction conditions. On
the other hand, the development of in situ/operando techniques to monitor photocat-
alytic reactions at pilot scale or even industrial scale under real industrial conditions
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is also envisaged, so that future researches will be more efficient and less time- and
money-consuming.
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