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This work addresses the often-overlooked effect of light-induced
sorption behavior of CO, on powder TiO, surfaces, as potential first
step to photocatalytic CO,; activation. These investigations will lead
to a more detailed understanding of the light-induced chemistry
of CO, on TiO,, to eventually unravel the CO, photoreduction
mechanism.

Introduction

While anthropogenic carbon dioxide (CO,) provides a major
contribution to the climate crisis, at the same time it offers a
virtually endless feedstock of carbon. Through photocatalytic
reduction of CO,, solar energy can be stored in the form of
chemical bonds of valuable platform chemicals and fuels
leading to a simultaneous combating of climate change and
the energy crisis. In photocatalytic CO, reduction (and in
photocatalysis in general), a photocatalyst needs to serve a
double role: that of photoabsorber and that of substrate for
the reactants to adsorb and react. Many studies focus on the
photo-absorbing role of the photocatalyst neglecting the very
important sorption processes occurring at the surface of the
material. While those are usually very well understood in the
dark, in particular for single crystals,"* significant changes in
the electronic structure of the light-absorbing substrate might
occur under light irradiation. Sorption processes are often
considered to be rate-limiting steps in heterogeneous catalytic
reactions.” In most cases the photocatalytic conversion rates of
CO, to e.g., methane (CH,) are in the order of a few pumol g, *h™?,
mostly due to high thermodynamic stability of CO,. As the
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elementary steps in the reaction mechanism are still only partly
understood, directed improvements to the photocatalysts are
difficult. Titanium dioxide (TiO,), particularly in its commer-
cially available form P25 (a mixture of anatase and rutile in an
80:20 ratio, Evonik Industries) is the most studied metal oxide
in photocatalysis including CO, photoreduction. From its
polymorphs (anatase, rutile and brookite), anatase is consid-
ered to be the most active one in many photocatalytic
applications.* Many works have attempted to study the mecha-
nism of CO, reduction on TiO,-based materials with IR
spectroscopy,”® but due to the complicated reaction conditions
and band overlap, the assignments varied greatly. Thus, we
took a step back and simplified the system by looking only at
the adsorption. It is known from our previous studies’ that
stable carbonate species formed upon CO, adsorption in the
dark are likely not relevant but detrimental for product for-
mation in photocatalytic CO, reduction. Other species may be
more relevant reaction intermediates. In the current work, the
sorption behavior of CO,, in the dark and under light irradia-
tion, on TiO, (P25 and pure anatase) was studied by means of
diffuse reflectance FT-IR spectroscopy (DRIFTS). DRIFTS allows
the investigation of the formation of molecular species (e.g.,
carbonates) on the surface of TiO, under the influence of light,
simulating reaction conditions thus providing valuable insights
into the underlying CO, photoconversion mechanism.

Experimental

All FT-IR measurements were performed on a Nicolet iS50R
Advanced FT-IR spectrometer manufactured by Thermo Scientific.
It was equipped with a Polaris™ high stability, long lifetime mid-
IR source, a KBr beam guide, and a liquid nitrogen cooled MCT-B
detector allowing measurements in the range from 12000 to
400 cm™ " with a resolution of >0.1 cm™". DRIFTS measurements
were performed utilizing an in situ high temperature reaction
chamber equipped with a Praying Mantis™ mirror array
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(Harrick HVC-DRP-5, Fig. S1, ESIt). It featured a stainless-steel
sample holder and hemispherical stainless-steel dome with metal
circular rim and three windows of which two were made of
KBr and one of quartz. The quartz window was UV-transparent
allowing irradiation of the samples in the optical range. The
powdered sample was filled in the sample holder in the center
of the chamber, over a fine metallic mesh (100 um pore size). The
respective gas (CO, or Ar) was passed through the side channel
of the chamber and exiting through the channel beneath the
sample providing optimal gas-solid interaction. A flow rate of
30 ml min~" was chosen for all gases. The bottom part and
the sample holder of the measurement cell was temperature
controlled using water for cooling and the build-in heat cartridges
for heating, regulated by a Harrick ACT/low voltage heating
control element based on the Watlow EZ-ZONE© dual channel
controller. Photos of the setup are presented in Fig. S2 (ESIT).

All spectra were recorded in the spectral range from 4000 to
400 cm ™" with a resolution of 4 cm™" and averaging 200 scans,
resulting in one spectrum every 1.3 min. All changes in the
reaction system e.g., changing of temperature or gas composi-
tion, addition of light etc. were implemented after recording at
least one spectrum. With this a baseline spectrum was available
for post-processing of the recorded series of spectra and crea-
tion of subtraction (difference) spectra which offer a better
visibility of changes in the spectra. A LUMATEC Superlite S04
lamp (Fig. S3, ESIt) equipped with a flexible light conductor
was used to illuminate the samples with UV light (range:
320-400 nm, light intensity: 135 mW cm™?).

The experimental procedure consisted of three main parts:
(i) pre-treatment, (ii) CO, adsorption and (iii) post-treatment.
A schematic depiction of the experimental procedure can be
found in Fig. S4 (ESIT). After introduction of the sample, the
reaction chamber was purged with Ar for 2 h to remove all
residual air. Each sample was heated in a steady Ar flow up to
725 K with a heating rate of 10 K min~" and with a dwelling time
of 1 h. The sample and measurement cell were allowed to cool
down to room temperature (assisted by water cooling) prior to
conducting the CO, sorption measurements. In the second part
10% CO, was added to the gas stream for 30 min and purged
subsequently with pure Ar for 2 h to remove residual gas-phase
CO,. In the third part a thermal treatment similar to the pre-
treatment procedure was applied resulting in a temperature
programmed desorption experiment of the adsorbed CO,.
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Pure anatase (99.5%, 10-25 nm, CAS Nr: [1317-70-0], IoLi-
Tec) and commercially available TiO, (P25, 99.5%, 21 nm, CAS
Nr: [13463-67-7], Evonik) where used as sorption materials.

Results

Fig. 1(i)-(iv) depict difference spectra recorded during different
steps of the CO, adsorption experiment (adsorption, purging,
desorption) as described in the Experimental section. Difference
spectra were selected to illustrate the changes in the features
appearing during the measurements more clearly. Furthermore,
this removes the effect of slight changes in the baseline prior to
recording the spectra during adsorption. The corresponding
(non-difference) spectra can be found in the ESIt (Fig. S5 for
anatase and Fig. S6 for P25, ESIf). A Table with literature
references to the vibrational bands of the different CO,-derived
surface species can also be found in the ESIt (Table S1).

Fig. 1(i) presents the difference spectra recorded during the
CO, adsorption experiment on anatase in the dark. It must be
noted that despite the pretreatment, three prominent bands are
already present before CO, adsorption starts. They are located
at ~1621, 1342 and 1269 cm ™" (Fig. S5(i), ESIt). The band at
1621 cm ™' is commonly assigned to the scissoring vibration of
adsorbed molecular water.® The other two bands cannot be
clearly assigned: Any definite assignhment to a species containing
C=0, OCO and C-OH functional groups (carbonate, bicarbo-
nate, carboxylate, e.g., acetate, formate...) would require the
observation of at least one band in the range of ~1650 to
1500 cm ™ *,”'® potentially also accompanied by C-H bands,
which are not observed. It is also not possible to assume another
band hidden below the band of adsorbed water, because after
the measurement (Fig. S5(ii), ESIT) adsorbed water is gone, but
the bands at ~1345 and 1269 cm ' are still present. We
tentatively assign these bands to a CO(H) group, but without
definite assignment to a particular species. Throughout the CO,
desorption experiment the intensity of the feature at 1346 cm™*
decreases and its peak position shifts to 1324 cm ™. It is well
known that increased coverage of the surface may lead to
interactions between the adsorbates leading to blue shifts of
the corresponding feature in the IR spectrum.'™'? Here, the
decrease in intensity indicates a lower amount of this species
upon CO, adsorption, possibly because it interacts with or is
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Fig. 1 Difference DRIFT spectra recorded during the CO, adsorption experiment for anatase ((i) dark conditions, (ii) under illumination) and P25 ((iii) dark

conditions, (iv) under illumination).
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transformed by the adsorbates formed from CO,. Consequently,
the coverage-dependent effect is reversed leading to a red shift of
the feature back to lower wavenumbers.

Upon CO, adsorption (Fig. 1(i)) weak features are formed
at 1670 and 1424 cm™ " as well as 1221 cm™'. A broad band
at 1631 cm™ ', which is already present in the beginning of the
measurement, might simply result from changes in the amount
or structure of adsorbed water.® The newly arising bands at 1670,
1424 and 1221 cm ' can be assigned to bicarbonates.”'*"
According to ref. 4, this bicarbonate is monodentate. It cannot
be unambiguously excluded that minor amounts of bidentate
bicarbonates are also formed, because these species might
share the band at ~1220 cm ™', whereas the v,(OCO) band at
~1623 cm ™', as well as the v,(CO) band at ~1440 cm ™" (ref. 10)
might be hidden below other bands. Another weak band arises
at 1586 cm ™ . It might be assigned to the additional formation of
mono-° or bidentate'® carbonate species. A reliable assighment
to the band at 1586 cm™ " to the 1,{(OCO) vibration of any
carbonate requires the observation of the V(OCO) band as a
second feature. It may be suggested that additional bands
contribute to the shoulders of the broad signals around 1424
and ~1220 cm™". But no bands are clearly visible, making it
impossible to unambiguously decide on the presence of addi-
tional carbonates.

As soon as CO, is removed from the gas feed and slowly
purged out of the reaction chamber, monodentate bicarbonates
are being desorbed, causing the corresponding features to
decrease. They disappear almost entirely already at room
temperature, whereas the band at 1631 cm™', assigned to
adsorbed water, is still visible. During the thermal treatment
(Fig. S5, ESIT) features at 1345 and 1269 cm~ ' show a reverse
behavior compared to the CO, adsorption and desorption step.
At the end of the thermal treatment all adsorbed water seems to
have been removed, causing a disappearance of the band
around 1630 cm ™.

Fig. 1(ii) shows the DRIFT spectra of the CO, desorption,
after light-assisted CO, adsorption. Strong features at 1675,
1430, 1223 and 1218 cm ™ ' indicate the formation of mono- and
bidentate bicarbonates,”'®'® similar to the dark experiment.
But in the case of adsorption under irradiation, an additional
species, identified by prominent positive features at 1590 and
1378 cm ™, is also formed. These species have been identified
differently in previous works, ranging from monodentate
carbonates’ to bidentate carbonates® and carboxylates."
Rather similar bands were also observed upon CO, adsorption
on TiO, disks with preferential (001) orientation, but they were
assigned to two different species (1570 cm™': carboxylate,
1390 cm ™ ': bicarbonate).'® It should be noted here that the
term ‘“‘carboxylate”” requires a more detailed discussion. Details
are given in the ESLf In brief, the correct use of the term
carboxylate would refer to species such as formate or acetate,
i.e., containing a COO group. Previous works, however, named
a simple COO™ or COOH species as carboxylate, which can only
be formed at electron-donating defect sites (such as Ti**)."°
Some articles used the term without assigning any structure.
Here, we assume that such species might originate from a bent
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CO, species interacting with a proton, for example from a
surface hydroxyl group, so that a structure between a bent
CO, and a carboxylic acid function arises. For a lack of better
options, and in agreement with previous works, we keep the
name ‘“carboxylate”, but both structure and name should be
clarified in future works, for example with the assistance of
surface science or computational chemistry.

Since these particular carboxyl species or carboxylates are
usually only assigned when an additional band above 1650 cm™*
is observed,”'®" we exclude this assighment for the observed
bands formed on anatase, but we cannot clearly differentiate
between a mono- and a bidentate carbonate. A chelating bidentate
bicarbonate species can also be assumed to be present, as weak
shoulders at 1613 and 1505 cm ™' can be seen in the spectrum.’ In
addition, a strong negative feature appears around 1355 cm™ .
However, unlike the measurement of CO, adsorption in the dark
(Fig. 1(i)), this signal features two bands: one increasingly negative
feature at 1356 cm™ ' and a weaker positive one at 1351 cm™ .
Different literature sources assign different vibrational modes to
signals in this region. In general, a feature at around 1355 cm™*
has been previously assigned to 1(OCO) in monodentate
carbonates,'*"® or 15(CO) in carboxylates.'* As argued above, the
presence of a carboxylate is unlikely here, so we tentatively assign
this band to a mono- or bidentate carbonate, too. Moreover, it is
suggested that the negative signal originates from a spectator
species which is covered or converted during the adsorption
experiment.

When CO, is removed from the atmosphere, carbonates
seem to be desorbed, as the corresponding features disappear
in the spectrum. However, several bands remain visible, such as
signals at 1625, 1444 and which indicate the presence of stable
bridging bidentate bicarbonate species.”'® This species might
have been formed in presence of CO, already, however the
characteristic features contributed to the strong signals domi-
nated by monodentate species and were thus not clearly visible.
This species is not formed in the dark experiment. Only labile
species were formed in the dark, which were completely
removed during room temperature purging.

The experiments with the anatase sample have been
repeated with the mixed-phase material P25. Fig. 1(iii) shows
DRIFT spectra recorded during the CO, adsorption and
desorption steps on thermally pretreated P25 material in the
dark. Raw spectra of the measurement (Fig. S6(i), ESIt) indicate
the presence of some residual carbonate species after the pre-
treatment, and prior to CO, adsorption. This includes the uni-
dentified species with a band at 1267 cm ™", also present from the
beginning on the pure anatase, and a band at 1444 cm ™. As will
be discussed later, this band does not correspond to any other
band in the spectrum. The band around 1625 cm™ ' again
originated from adsorbed water.

When CO, was introduced into the reaction cell, bands
appeared at 1670, 1625, 1568, ~1400 and 1252 cm . Here,
the development of bands at 1670 and 1252 cm ™', clearly
without the presence of additional bands at ~1424 and
~1220 cm™ ', indicates the formation of the particular
carboxylate,'®*® or carboxyl species (bent CO, interacting with
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a proton, see ESIt), as has been observed in previous works
with P25.” The strong band that appears around 1568 cm ™" is
attributed to ,4(OCO) in monodentate carbonate.”® The corres-
ponding v(OCO) is assumed to be part of the broad band
around 1400 cm™'. The band at 1625 cm™!, this time not
observed in correspondence with any other band, likely relates
to changes in the adsorbed water.

DRIFT spectra of the subsequent purging indicate the
desorption or decomposition of the carboxyl species, associated
with the disappearance of the bands at 1670 and 1252 cm™ .
The species with bands at 1568 and 1400 cm ', likely a
monodentate carbonate species, proves to be more stable,
because it cannot be removed at room temperature. It can be
removed during thermal treatment (Fig. S6(iii), ESIT). In addition,
the increase of the band at 1269 cm™ ' might indicate relative
changes in the unidentified surface adsorbate, present from the
beginning. In addition, as can be seen in the raw spectra of the
thermal post-treatment (Fig. S6(iii), ESIT), the only two bands left
after sample treatment at 400 °C are located at 1444 cm ' and
1269 cm ™ *. This proves that the band at 1444 cm™ " is not related
to the band at 1625 cm™" or any other band.

The results of the CO, adsorption experiment conducted
under illumination with P25 are presented in Fig. 1(iv). The
surface of this sample was much cleaner after the thermal
pretreatment, as much less signals are apparent in the initial
spectra (Fig. S6(ii), ESIT). The band at 1444 cm ™" was not visible
here. The cleaner surface might be the reason for the overall
higher intensity of the bands of the difference spectra, when
compared to the spectra in Fig. 1(iii).

Features at 1670 and 1248 cm™ ' are again assigned to a
carboxylate species. As these bands disappear during purging
of the reaction cell with Ar, this undermines the assumption of
weakly bound species. Monodentate carbonates are detected
more clearly than in the dark experiment, with a feature at
1575 cm ! as well as the corresponding feature at 1378 cm ™.
Additional features at 1432 and 1219 cm ' indicate the for-
mation of bicarbonates, but a clear assignment to mono- or
bidentate species is again not possible, as the distinguishing bands
at either 1670 cm™ ' (monodentate) or 1625 cm ™" (bidentate) are
hidden below other bands.

So far, all species have been observed previously in the other
measurements. But when irradiating P25 during CO, adsorp-
tion, additional bands occur at 1584, ~1400 and 1360 cm .
These bands correspond rather well to the v,5(OCO), 5(CH) and
v4(OCO) of adsorbed formate species on rutile.'” The band
at 1555 cm™' might indicate the formation of another formate
species, because bands at 1558 and 1359 cm ™" have been assigned
to formate species on P25." It has been suggested previously that
the bands slightly shift due to changes in the anatase-to-rutile
ratio, or the degree or reduction of the surface."® It is important to
note, however, that the unambiguous identification of formate
species crucially relies on the simultaneous identification of the
C-H stretch, which is expected between 2800 and 3000 cm ™" (see
inset of Fig. 1(iv)). Three weak features are apparent at around
2966, 2869 and 2844 cm ! which are characteristic for CH
stretching vibrations in adsorbed formates."*'”™® Therefore,
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formation of adsorbed formate species is strongly suggested.
Tables S1 and S2 (ESIt) provide a summary of the vibrational
modes and identified species formed during the adsorption of CO,
on anatase and P25 in the dark or under illumination.

The results obtained in this study indicate that the types of
(bi)carbonate species formed on the surface of TiO, differ,
depending on whether the sample was irradiated during CO,
adsorption. In both cases, the variety of species was larger
under irradiation. DRIFTS is not a quantitative technique, but
the different band heights relative to each other suggest also
differing amounts of species. For the pure anatase, a mono- or
bidentate carbonate species (1590 and 1378 cm™ ') has been
clearly observed during CO, adsorption under irradiation,
whereas only a very small band at 1590 cm ™" was seen in the
dark experiment. This hints at a relatively larger surface cover-
age when CO, is adsorbed with irradiation. In this case,
chelating bidentate bicarbonate species (1613 and 1505 cm ™)
were also present, that were not seen in the dark experiment. In
addition, during desorption, stable bridging bidentate bicarbo-
nate species (1625 and 1444 cm™ ') were only found after CO,
adsorption under irradiation, not after the dark experiment.

Using P25 as photocatalyst, regardless or irradiation, species
(1670 and 1251 cm™ ') are formed that have previously been
named as carboxylate, but may rather resemble a carboxylic acid
function. These species were not seen in the experiment with
anatase. A potential important role of such carboxylate species in
photocatalytic CO, reduction has been suggested previously.”'®
When the formation of the carboxylate is suppressed in sodium-
modified P25, the activity in CO, reduction dropped.”

Formate species (2966, 2869, 2844, 1584, 1555, ~1400 and
1360 cm ') were formed only on P25, and only during irradia-
tion, which may be seen as proof of the first step of successful
CO, reduction. Caution is advised here: It may be stoichio-
metric reaction, involving co-adsorbates such as those present
after the pretreatment, or hydroxyl groups. Future operando
DRIFTS studies must be performed to clarify this question.
Bicarbonate species (1432 and 1219 cm™'; bands above
1600 cm™ " hidden) on P25 were also clearly identified only
after irradiation, indicating that light enabled their formation,
or favored the formation of larger amounts.

The reasons behind these observations must be further
clarified in future, but it indicates that irradiation already
majorly influences the very first elementary steps, which are
the adsorption equilibria of reactants.

Conclusions

The influence of UV illumination on CO, adsorption on anatase
and P25 was investigated qualitatively by means of DRIFTS.
While on anatase illumination was found to cause more intense
bands of more stable carbonate and bicarbonate surface spe-
cies, respectively, on P25 additional bicarbonate and formate
species were formed. The observations might be a first step
towards explaining pathways and bottlenecks in the activation
and reaction of CO,.
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