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Abstract

Heterogeneous photocatalytic CO, reduction with water has attracted great attentions.
Although the addition of Ag nanoparticles (NPs) as a cocatalyst on the semiconductor photocatalyst
has known to improve both the photocatalytic activity and the reaction selectivity for CO;
reduction, the addition of praseodymium as PrgO1; species on the surface of Ag loaded CaTiOs (CTO)
photocatalyst further improved the photocatalytic activity. The different calcination temperatures
for the sample preparation changed the state of Pr species, and it strongly influenced the
photocatalytic performance. The PrgO1;1 species was found to be loaded between the CTO surface
and Ag NPs on the Ag/Pr/CTO photocatalyst, proposing that it improves the electron migration
from the CTO photocatalyst to Ag NPs via the PrgO11 layer.

Keywords: Photocatalytic CO, reduction, CO formation, calcium titanate photocatalyst, different
calcination temperatures, Ag cocatalyst, PreO11



1. Introduction

The rising level of carbon dioxide (CO;) in the atmosphere has currently considered as the main
causes of the greenhouse effect. The conversion of CO; into valuable compounds, such as CO and
CH4 by artificial photosynthesis has become a new research focus. ¢ Industrially, carbon monoxide
(CO) is the basis of one-carbon chemistry, mainly used for the production of methanol, phosgene,
and organic synthesis.” Till date, a growing number of researchers have centered on photocatalytic
CO; reduction with H,0 as a donor of electron to produce CO, since this system successfully takes
the advantage of solar energy to convert CO; at mild conditions and the solar energy is converted
to the chemical potential of the storable products.®® In this photocatalytic reaction system, the
reduction of CO; (eq. 1) and proton (eq. 2) can take place competitively with the common oxidation
of H,0 (eq. 3). It is noted that the latter in the reduction reactions is more thermodynamically
preferential than the former because the redox potential of Ho/H*(-0.41 V vs NHE, pH=7) is more
positive than that of CO/CO; (-0.53 V vs NHE, pH=7),'° where the selective reduction of CO; into
CO is essentially tough in an aqueous solution.

CO, + 2H* +2e > CO + H,0 (1)
2H*+2e > H, (2)
H,0 + 2h* = 1/20, + 2H* (3)

In recent studies for the selective photocatalytic reduction of CO; by H,0, many photocatalysts
with the aid of silver cocatalyst have been reported such as Ag/BalasTisO1s,'' Ag/Ga,03,%?
Ag/SrNb,O¢"® and so on. However, there are still several challenges. For example, the
recombination of photogenerated electron-hole pairs tends to take place rapidly and the CO
production rate was very slow. Utilization of intermediate materials to transfer electrons between
the photocatalyst surface and the Ag cocatalyst is likely to be one of the possible approaches to
reduce the probability of recombination, which has been investigated in several systems such as
Ag-BiOI-rGO,™ Ag/Cu0/Zn0,* and Ag@AgVO3/BiOCI* in the field of photocatalytic degradation.
Hence, this concept might be also applicable for the photocatalytic CO; reduction.

Among all rare earth elements, the limited elements such as cerium, terbium and praseodymium
are allowed to be both tri- and tetravalent states.!’ This kind of elements possibly have a redox
property, which can be beneficial for the electron transfer. Among them, only praseodymium has
various oxide forms, such as PrO,, Pr,0s, and Prg011.*® At the ambient temperature and pressure,
the most stable oxide substance is PrgO11 consisting of both Pr(l1l) and Pr(1V).% It has been applied

2022 3nd humidity-independent gas sensors.?®> Recently, another property of

for photodegradation
praseodymium was also reported; Pr(lll) species added on Ag/Ga,0s photocatalyst can accumulate
CO; in aqueous media to enhance the photocatalytic CO, reduction rate, where Pr(lll) species
existed as Pr hydroxycarbonates such as Pry(OH)y3-x(COs)x and Pr carbonate hydrates
(Pr2(C0Os)3-8H,0).%* There are some cases that the state and the function of additives on the catalyst
surface are determined by the property of the material .l 2>-2¢

In the present study, CaTiOs; was used as a photocatalyst showing the high selectivity for both
reaction selectivity and product selectivity with the assistant of Ag NPs cocatalyst, i.e., selective
CO; reduction by H,0 in an aqueous media and selective CO formation as a product,?” and PrgO11
was employed to modify the CTO surface. As a result, we found that the modified CTO
photocatalyst exhibited high photocatalytic performance for CO; reduction to CO and it is proposed
that the Pr(lll,IV)sO11 layer located between the CTO surface and the Ag NPs cocatalyst enhances
the electron transfer as an intermediate species.



Experimental section
1.1. Preparation of samples

Calcium titanate (CaTiOs, CTO) sample was prepared by a flux method as our previous work?®
from CaCOs3 (Nacalai tesque, Inc. 99.5%) and rutile TiO, (High purity Chemical Co., Ltd, 99.9%) as
precursors, where the molar ratio of CaCO3 to TiO, was 1:1. After physical grinding these precursors
for 20 min with 5 mL of ethanol in an aluminum mortar, NaCl was added as a flux in a 1:1 ratio of
CaTiOs to NaCl, followed by heating at a rate of 200 K h™* up to 1473 K and keeping this temperature
for 10 h. The molten mixture was then cooled at a rate of 100 K h™* to 773 K, followed by being
naturally cooled to room temperature in the furnace. The obtained powder was thoroughly
washed with hot water (500 mL, 353 K) for 15 min 3 times to remove residual flux, filtrated with
suction, and dried at 323 K for 24 h, which provided the bare CTO sample.

Pr-modified CaTiOs; samples were prepared by an impregnation method. 1.0 g of the CTO sample
was introduced into an aqueous solution (100 mL) of desired amounts of Pr(NOs)s (Kishida
Chemical Co., Ltd, 99.5 %) with stirring in a beaker, heated at 353 K to evaporate water, dried at
373 K for 24 h, and finally calcined at 573, 773, 973 or 1223 K for 2 h in an electrical muffle furnace.
The samples were referred to as Pr(y,z)/CTO, where y is the amount of Pr (wt%) and z is the
calcination temperature (K).

The Ag cocatalyst was loaded by a photodeposition method. The prepared CTO or Pr(y,z)/CTO
samples (1.0 g) were dispersed into 1.5 L of ion-exchanged water containing a required amount of
AgNOs (Kishida Chemical Co., Ltd.) as a precursor with a bubbling flow of Ar for 2 h in dark
conditions to purge out the air was completely. Then the suspension was photoirradiated by a 400
W high-pressure mercury lamp located at the center of the vessel. The samples were referred to
as Ag(x)/CTO or Ag(x)/Pr(y,z)/CTO, where x is the amount of Ag (wt%).

For comparison, the bare CTO sample prepared by the flux method without loading any species
were further calcined at various temperatures at 573, 773, 973 or 1223 K for 2 h, which gave the
samples shown as CTO(z). The Ag cocatalyst was loaded by the photodeposition method, which
were referred to as Ag(x)/CTO(z).

1.2. Characterization

The crystal structure of each sample was determined by X-ray diffraction pattern (XRD) with a
Lab X XRD-6000 (Shimazu). Morphology of the samples was observed by scanning electron
microscopy (SEM) with a JSM-890 (JEOL). The elemental analysis of the samples was observed by
a field-emission scanning electron microscopy (SEM; SU-8220, Hitachi, Japan), augmented by
energy dispersive X-ray spectroscopy (EDS, 15.0 kV). Diffuse reflectance (DR) UV-vis spectrum was
measured with a V-570 (JASCO) and a BaSO, plate was used for the reference. For comparison of
UV-vis spectra, pure PrsO11 (Wako Chemical Co., Ltd, 99.9%) was diluted with BaSO4 (Nacalai tesque,
Inc. 99.5%) by a factor of 100 times by weight?® and measured as with the case of the samples.

Ag K-edge X-ray absorption fine structures (XAFS) were recorded at BLO1B1 of SPring-8 in a
transmission mode (Hyogo, Japan). The actual loading amount of Ag cocatalysts was measured by
X-ray fluorescence (XRF) with an EDX-8000 (Shimadzu). The Brunauer-Emmett-Teller (BET) specific
surface area was evaluated with a Monosorb (Quantachrome) at 77 K. Transmission electron
microscopy (TEM) and scanning transmission electron microscopy (STEM) with energy dispersive
X-ray analysis (EDX) were given with a JEOL JEM-2100F at 200 kV in the Joint Research Center of
Kindai University. X-ray photoelectron spectroscopy (XPS) measurements were conducted using an



ESCA 3400 instrument (Shimadzu Corp.).
1.3. Photocatalytic reaction test

The photocatalytic activity test for CO; reduction with H,0 was carried out using a bubbling-flow
system with an inner-irradiation reaction vessel by using a 400 W high-pressure mercury lamp.>°
The photocatalyst (0.3 g) was dispersed in ion-exchanged water (1.5 L) containing 1.0 M NaHCO3
(Nacalai tesque, Inc.), and then magnetically stirring in a bubbling flow of CO; at a flow rate of 30
mL min~! without irradiation for 2.0 h. After staring photoirradiation, the reaction temperature
measured was 290 K. The products in the outlet gas were sampled at each scheduled time and
analyzed by using an on-line gas chromatograph (Shimadzu, GC-8A, TCD, Shincarbon ST column,
argon carrier). The main products under photoirradiation were CO, H; and O,. Since the reduction
products are limited to CO and H,, the selectivity of CO (S.) is defined as shown in eq. 4. The ratio
of the consumed electrons and holes was calculated by eq. 5.

Seco(%)=Rcox100/(Reo+Ri) (4)
R (e7/h*)=(Rco*+Ru.)/2Ro, (5)
where R, R+, and Ro, are the formation rate of CO, H, and O,, respectively.

The resulting solution after the reaction was mixed with the same volume of pure decane
(Nacalai tesque, Inc.), and then was analyzed by GC-MS (Shimadzu, GCMS-QP2020). The analysis
was carried out without neutralization.

To check the reusability of the optimal photocatalyst, the one used for the reaction test was
collected by filtration and dried at 353 K overnight, and then applied again for the photocatalytic
CO; reduction in the same procedure as mentioned above.

In the O, evolution test, the bare CTO and Pr(1.0,773)/CTO samples were prepared and
examined in the reactor containing ion-exchanged water (1.5 L) with the presence of NalO3 (5 mM,
Nacalai tesque, Inc.) solution as a sacrificial oxidant.

2. Results and discussion
2.1. Characterization of the samples

The crystal structure of the bare CTO and Pr-modified CTO samples was investigated by XRD (Fig.
1A). The diffraction patterns of the bare CTO sample (Fig. 1Aa) coincided with that of the CaTiO3
with a perovskite structure (ICSD# 162909)3! and no other impurity phase was observed. In the Pr-
modified CTO samples calcined at 573 K, no change was observed from the bare CTO sample (Fig.
1A,c—e). In contrast, a broad diffraction line of PrgO;; (ICSD# 82107)3? appeared for the
Pr(1.0,z)/CaTiOs3 samples of the calcination temperature over 773 K (Fig. 1B,c—e) without changing
the structure of CaTiOs (Fig. 1A,c—e). It was reported that the Pr nitrate hydrates started to
decompose via multi-step processes and form praseodymium oxide, PrgO11, consisting of both Pr(lIl)
and Pr(IV), over 738 K.?3 The decomposition temperature coincided with the XRD results that the
Preé011 species was formed over 773 K. In literature, XRD patterns revealed that Pr species on Ga;03
photocatalyst surface formed Pr,0,COs and Pr(OH)s phases even though calcined at 1223 K,**
whose phases were not observed and instead PrsO11 phase was confirmed in the present case.
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Fig. 1. [A] XRD patterns of (a) the bare CTO sample, and various samples of Pr(1.0,z)/CTO, where
zKwas (b) 573, (c) 773, (d) 973, and (e) 1223 as well as the ICSD reference data for PrgO;1, CaTiO3
and SiO; (quartz), where SiO; was used for angle calibration. [B] The magnified regions showing
the diffraction line of PrgO11 (111). The angle was corrected according to a diffraction of SiO;
powder mixed with each sample.

The DR UV-vis spectra of these samples with different calcination temperatures are shown in Fig.
2A. The spectrum of the bare CTO sample showed a large absorbance in the range of shorter
wavelength less than 350 nm and a broad and weak absorption band centered around 500 nm,
which are assignable to the excitation from valence band to conduction band and defects of CaTiOs,
respectively.’”3* The Pr(1.0,573)/CTO (Fig.2Ab) sample showed no significant peak assignable to
the Pr species although the absorption band around 500 nm was slightly decreased, implying the
surface defects of CaTiO3 were decreased by loading Pr species and calcining at 573 K. On the other
hand, calcination at higher temperatures over 573 K (z > 573 K) provided a broad absorption band
at 360-600 nm (Fig. 2A,c—e), and the band intensity was enhanced with increasing calcination
temperature. Separately, we confirmed that the DR UV-vis spectrum of the pure Prs0;; diluted by
100 times in weight (Fig. S1) has an absorption band centered around 500 nm, which exhibits
almost similar absorption intensity to the Pr/CTO samples. This means that the formation of PrgO13,
which is confirmed by XRD, increased the absorption band around 360-600 nm in the UV-vis
spectra of the Pr(y,z)/CTO samples. In addition, the change of the band shape and intensity was
also observed when the sample was calcined at more than 573 K, suggesting that the state of PrgO11
was changed by increasing the calcination temperature and the calcination at 573 K was not
enough high to form the PrgO11 species. After loading Ag cocatalyst by the PD method, absorption
at 350-800 nm increased, it is due to the formation of Ag NPs in the Ag(3.5)/Pr(1.0, z> 773 K)/CTO
samples (Fig. 2Bf—g). It was also confirmed that the absorption property of Ag NPs was influenced



by the calcination temperature of the Pr/CTO samples.
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Fig. 2. DR UV-vis spectra of [A] (a) the bare CTO sample (dotted line) and the Pr(1.0,z)/CTO
samples (solid lines), where z K was (b) 573, (c) 773, (d) 973, and (e) 1223 and [B] the
Ag(3.5)/Pr(1.0,z)/CTO samples, where z K was (f) 573, (g) 773, (h) 973, and (i) 1223.

The XPS spectra was performed to examine the chemical composition about the surface of
representative samples (Fig. 3). Through the surface-measurement analysis (Fig. 3A), it is good
evidence for the existence of PrOy with tri/tetravalent states, which is indicative of the peaks at
929.5 and 948.4 eV assigned to Pr(lll) and other peaks at 934.9 and 954.3 eV for Pr(IV).?>3>36 From
the Table 1, the peak intensity of Pr3* increases along with increasing calcination temperature,
suggesting that more Pr** is reduced to Pr3*.3” The XPS record of Ca 2p region shows two peaks for
Ca 2p1/2 and Ca 2ps/2 at bonding energies of 350.7 and 347.2 eV, respectively (Fig. 3B).2® The high
calcination temperature made the CTO with position of Ca peaks to shift around 0.2 eV, which
attributed to the dopant of Pr. Although the XRD line position of the CTO sample was not shifted
clearly by increasing the calcination temperature (Fig. 1a); Pr doping would possible result from
the similar ionic radii of Pr3* (1.30 A, CN = 12) and Ca?* (1.34 A, CN = 12).2° The other trivalent
lanthanoids can substitute Ca?* of the A-site of CaTiOs perovskite based on the previous reports.3*
40-41 All samples contain similar two bands from Ti** peaks at 458.9 eV (2ps/2) and 464.9 eV (2p1/2)
(Fig. 3C),?® indicating that high calcination temperature did not affect the nature of Ti species.
Similarly, the spectra of Ag (Fig. 3D) on the surface have no huge difference with two peaks at 368.3
and 374.3 eV, corresponding to the Ag 3ds/; and Ag 3ds/,, respectively.*?
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Fig. 3. XPS spectra for [A] Pr 3d, [B] Ca 2p, [C] Ti 2p, and [D] Ag 3d of (a) the bare CTO sample,
(b) the Ag(3.5)/CTO sample, (c) the Ag(3.5)/Pr(1.0,773)/CTO sample, and (d) the
Ag(3.5)/Pr(1.0,1223)/CTO sample.

Table 1 The Atomic % of Pr(lll) and Pr(IV) estimated by XPS

The name of sample Atmoic %

Pr(l11) Pr(IV)
Ag(3.5)/Pr(1.0,773)/CTO  26.0 74.0
Ag(3.5)/Pr(1.0,1223)/CTO 30.1 69.9

Fig. 4 shows the SEM images of the bare CTO sample, and the Pr(1.0,z)/CTO samples. Although
the crystal morphology of the CTO sample was not changed significantly when Pr was loaded and
calcined at less than 773 K (Fig. 4a—c), increasing the calcination temperature (z < 773) in the
presence of the Pr species decreased the average particle size of CTO (Fig. S2a—c) and lowered the
BET specific surface area (Table S1). Calcination without Pr addition did not change the particle size
of CTO (Fig. S2e, f) and the specific surface area (Table S1). From SEM-EDS (Fig. S3A) and STEM-
elemental analysis (Fig. S4), it can be seen that Pr species in the sample calcined at 773K formed
surface layers or granular substances, which were randomly distributed on the surface of CTO.
Meanwhile, we confirmed the increased fragments of the particles possibly assignable to the Pr
species formed at 773 K in enlarged images (Fig. S5a, c). On the other hand, it is evident for dopant
of Pr (Fig. S3B) that the calcination at 1223 K made the Pr species uniformly covered the CTO



without the clear particles for Pr species. Therefore, the high-temperature calcination at 1223 K
drastically changed the morphology of the particles (Fig. 4d), while calcination of the bare CTO
sample at 1223 K did not change its morphology (Fig. S5f). These results strongly suggest that
loading Pr species changed the morphology and reduced the particle size only at the high
calcination temperature such as 1223 K (Fig. 4d and S5g). The Pr would be doped into the CTO
lattice at high temperature to change the original CTO particles to smaller particles. Thus, this
variation in morphology (Fig. S5g) would presumably result from the Pr doping based on an analogy
with the other lanthanides.*
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Fig. 4 SEM images of (a) the bare CTO sample, and the Pr(1.0,z)/CTO samples, where the z K
was (b) 573, (c) 773 and (d) 1223.

Fig. 5 shows Ag K-edge XANES and XRD of the representative Ag-loaded samples. XANES spectra
(Fig. 5A) show that the chemical states of Ag cocatalyst were metallic in all the Ag(3.5)/CTO and
Ag(3.5)/Pr(1.0,2)/CTO (z=773 and 1223) samples. The diffraction from Ag metal was observed in
the XRD patterns of all the Ag(3.5)/CTO and Ag(3.5)/Pr(1.0,2)/CTO (z=573, 773, 973, and 1223)
samples (Fig. 5B). These results mean that the addition of PrgO11 did not influence the oxidation
state of the deposited Ag NPs in these samples. The crystalline sizes of Ag NPs were calculated by
the Scherrer equation using the diffraction line at 26 = 38.2° (Table S2). The average Ag particle
size in the Ag(3.5)/CTO sample was 36.3 nm and that of the Ag(3.5)/Pr(1.0,z)/CTO samples was in
the range of 46-55 nm. This means that the size of Ag NPs was slightly influenced by the Pr¢Oi1
species that was loaded in advance on the CTO particles.
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Fig. 5. [A] Ag K-edge EXANS of (a) Ag foil, (b) the Ag(3.5)/CTO sample and the
Ag(3.5)/Pr(1.0,z)/CTO samples, where z K was (c) 773, and (d) 1223; [B] XRD spectra of (a) the
Ag(3.5)/CTO sample and the Ag(3.5)/Pr(1.0, z)/CTO samples, where z K was (b) 573, (c) 773, (d)
973, and (e) 1223.

Fig. 6 displays the STEM-EDX analysis of the Ag(3.5)/Pr(1.0,773)/CTO sample. In the STEM image,
a large CTO crystal and a semi-spherical Ag NP attached on the surface were observed (Fig. 6a),
where the elemental assignments were confirmed by EDX mapping (Fig. 6b, d—f). Pr species existed
not on the Ag NP but at the same place with the CTO particle. (Fig. 6¢). The line analysis clarified
that the presence of Ag NP on the surface (Fig. 6h) and the Pr species located between the CTO
surface and Ag NP as a surface layer (Fig. 6i). In addition, the line analysis of oxygen elements had
two peaks (Fig. 6g). The left peak position coincided with those for Ca and Ti (Fig. 6j—k), which
indicates that the band is derived from CTO. On the other hand, the right peak (Fig. 61) was more
apparent than the shoulder peaks for Ca and Ti, and the position of this right peak showed a good
agreement with the peak position for the Pr species (Fig. 6i). Considering that Pr¢O;1; was confirmed
on the XRD pattern of the Pr(1.0,773)/CTO sample (Fig. 1Bc), the observed right peak for oxygen
would be partly derived from the PrsO11 species. Therefore, it is reasonable to conclude that the
Pre¢011 species were located as a thin layer between the CTO surface and the Ag NPs. The surface
layers were also confirmed on the Pr(1.0,773)/CTO sample before loading Ag NPs (Fig. S4 and Fig.
1Bc). Thus, it is that the photodeposition produced the Ag NPs on the surface PrgO1;1 layers by the
photodeposition, in other words, the photoexcited electrons exiting at the surface PrgO1:1 layers
reduced Ag* cations in the aqueous solution, resulting the Ag NPs located on the surface PrgO11

layers covering the CTO particles.
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Fig. 6. STEM images, elemental mappings, and line analysis of the fresh
Ag(3.5)/Pr(1.0,773)/CTO sample.

2.2. Photocatalytic activity tests of CO, reduction

Photocatalytic activity tests of CO; reduction by H,O were carried out for various samples with
or without Pr species that was prepared under the different calcination temperatures (Fig. 7).
Compared with the non-modified CTO sample (Fig. 7a), the modification of Pr slightly decreased
both the production rates of all the gases and the selectivity to CO (Fig. 7b). Similar to our previous



results,?® loading of Ag NPs (3.5 wt%) into the CTO photocatalyst increased the formation of CO
and O; drastically (Fig. 7c). The enhancement of the activity by adding Ag NPs would result from
the cocatalyst property of the Ag NPs for CO formation, which provided the high CO selectivity such
as 97.7%. Meanwhile, the blank experiments proved that photoirradiation and photocatalyst are
both the indispensable conditions (Table S3), indicating that the present reactions are actual
photocatalytic reactions.

The Ag(3.5)/Pr(1.0,573)/CTO sample (Fig. 7f) gave similar CO formation rate with both the
Ag(3.5)/CTO sample and the Ag(3.5)/CTO(573) sample (Fig. 7c and d), meaning loading Pr species
by the calcination at 573 K did not change the photocatalytic property. Contrary, the
Ag(3.5)/Pr(1.0,773)/CTO sample provided enhanced activity by 1.4 times (Fig. 7g) without changing
the high CO selectivity of 97.7 %, where the production rate of CO and O, were 32.3 and 12.6 umol
h~1, respectively. Since the calcination at 773 K formed the Pr¢O1; layer between the CTO surface
and the Ag NPs cocatalyst as mentioned above, the formation of this PrsO11 layer must contribute
to this high photocatalytic production rate. The reason for the slightly lower O, production rate
than the stoichiometric production rate will be discussed later. Separately, we confirmed that the
optimal loading of Ag was 3.5 wt% in the Ag(x)/Pr(1.0,773)/CTO sample (Fig. S6). This optimum Ag
loading was the same as our previous study on Ag/CTO photocatalysts.?®

However, the high-temperature calcination of Pr-loaded CTO at 973 and 1223 K before loading
Ag cocatalyst drastically decreased the photocatalytic activity of the Ag(3.5)/Pr(1.0,z)/CTO samples
(Fig. 7h and i). As mentioned above, the calcination temperature (z) in Ag(3.5)/Pr(1.0,z)/CTO did
not affect the particle size of the Ag NPs, suggesting that the presence and state of Pr influenced
the photocatalytic activity in the Ag(3.5)/Pr(1.0,z)/CTO samples. As suggested by the SEM image of
the Pr(1.0,1223)/CTO sample (Fig. 3d), the decrease of the photocatalytic activity would be related
to the Pr doping into the CTO crystal and thus the decrease of the size of CTO particles. Judging
from this, the doping might take place to some extent, also in the Pr(1.0,973)/CTO sample.
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Ag(3.5)/CTO(z) samples, where the z K was (d) 773 and (e) 1223, as well
as the Ag(3.5)/Pr(1.0,z)/CTO samples, where the z K was (f) 573, (g) 773,
(h) 973 and (i) 1223. The data were taken 3.5 h later from the start of
photoirradiation.

The Ag(3.5)/Pr(y,773)/CTO samples consisting of various loading amount of the Pr species were
examined for the photocatalytic reaction test (Fig. S7). There was a volcano-type relationship
between the loading amount and the formation rates of CO and O,, showing that the optimum
amount was 1.0 wt%, while the selectivity to CO did not change drastically with all the Pr loading
(Sco > 96 %), indicating that a thin PrgO1; layer with poor crystallinity would facilitate the reaction.
As shown in Fig. 7b, without loading Ag NPs, the Pr loading to the bare CTO sample had a negative
effect on the photocatalytic activity, indicating that PrsO11 species would not solely contribute to
the enhancement of the photocatalytic activity. The decrease in the photocatalytic activity at high
Pr loading might be attributed to some reasons. One is that, since the PrgO1;1 species also absorbed
the light of the UV region (A < 350 nm, Fig. S1), the excess Prs011 species may shade the UV light
required for the excitation of the CTO photocatalyst. Another is that the excess PrgO11 species that
had no interaction with the Ag NPs cocatalyst might change the surface property of the CTO
photocatalyst to decrease the photocatalytic activity.

The stability test of the optimal Ag(3.5)/Pr(1.0,773)/CTO sample was performed (Fig. 8).
Meanwhile, the resulting solution after the reaction test for 8 h was also analyzed by GC-MS (Fig.
S8). Except for an internal standard decane peak at around 12 min, the rest are silica-related
compounds leached from the column. It shows that in this reaction, no organic products possibly
reduced from CO; such as alcohol or aldehydes were formed in the aqueous solution. In Fig. 8, the
CO formation rate was stable for 8 h without marked deactivation. Contrary, the production rate
of O, increased in the initial 3.5 h and then reached the steady-state. The O, evolution rate less
than the stoichiometry of the products in CO; reduction (Eq. 1-3) in the initial period have been
discussed so far, where some reasons have been proposed such as photoabsorption of O, on the
photocatalyst surface and production of other oxidized compounds.** As another possibility,
dissolution of O3 in the aqueous solution in the initial stage should not be ignored especially in a
large reactor containing 1.5 L of aqueous solution employed in the present study. After 2 h, the
R(e/h*) value was near to 1.0, which indicates that the reaction proceeded in the chemically
stoichiometric ratio in Eq. 1-3.
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Fig. 8. Time course of CO (triangles), O; (closed circles), H, (squares), Sco (open circles) and R(e”
/h*) (hexagon) in the photocatalytic reaction test for CO, reduction with water by using the
Ag(3.5)/Pr(1.0,773)/CTO sample.

We analyzed the structure of the Ag(3.5)/Pr(1.0,773)/CTO sample after the reaction for 3.5 h by
STEM-EDX, which revealed that there was no observable change in the structure of the sample
although a part of the Pr species migrated on the Ag NPs (Fig. 9). These results demonstrated that
the Ag(3.5)/Pr(1.0,773)/CTO sample has high stability under the reaction conditions of the
photocatalytic CO, reduction and the PrgO11 layer and the migration of the Pr species evidenced
the high affinity between the PrgO11 species and the Ag NPs, which suggested that this migration
contributes to the stability of the Ag NPs cocatalyst. After the second use (Fig. S9), the experimental
results did not change significantly, indicating that the observed movement of Pr species did not
affect the photocatalytic activity for CO; reduction.
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Fig. 9. STEM images, and elemental mappings of the used Ag(3.5)/Pr(1.0,773)/CTO sample for

the photocatalytic reaction test.

2.3. Proposed mechanism

Fig. 10 shows the proposed enhancement mechanism of the photocatalytic activity by PreO11
modification on the CTO photocatalyst with Ag cocatalyst. As is well known, the impregnation
method would assist PrgO11 to cover indiscriminately all the surfaces of CTO. In other words, PrgO11
would cover both reduction facet and oxidation facet. In the reduction facet, the PrgO11 surface
layer was found between the CTO surface and the Ag NPs. Since the energy level of the conduction
band minimum of CaTiOs (- 0.8 eV)! is more negative than that of PrsO11 (- 0.64 eV),?! it is
energetically possible for the photoexcited electrons to transfer from the conduction band of the
CTO particles to that of PrgO1; surface layer. Since the PrgO11 surface layer has both Pr(lll) and Pr(IV)
cations, it can easily accept the electrons tentatively.?*> > Recently, it was reported that a thin layer
of CrOx layer in well-known core—shell structured Rh/CrOx cocatalyst can promote selective
electron transfer from semiconductor photocatalyst to the Rh metal cocatalyst while suppress hole
transfer,*® which supports the above proposed electron transfer ability of the Pr¢O11 layer since
both cations, Pr and Cr, have possible multiple valence states. On the other hand, the PrsO11 moiety
located on the oxidative facet of CTO had no acceleration for O, evolution (Table S4), which
indicates that PrgO11 layer has the same function as CrOy layer selectively to boost the electron
transfer selectively.

This electron-rich layer would provide electrons to the Ag NPs efficiently. Such electron
migration would promote the special separation of the photoexcited electron-hole pairs to
decrease the rapid recombination of the electrons and holes. Although the transport of holes is
also possible, the deposition of Ag NPs during the photodeposition method suggests that the
photoexcited electrons preferably to migrate to the PrgO11 surface layer and the holes mainly
participate in the oxidation reaction on the CTO surface during both the photodeposition



procedure and the photocatalytic reaction. In addition, a part of the Pr species migrated to the Ag
NPs, which might contribute to the high photocatalytic activity and stability.

On the other hand, Pr species can be doped into CTO lattice at the high calcination temperature
such as 1223 K. Based on the previous report,*’ Pr3* cation substituted the Ca?* site of the CaTiO3
lattices with the formation of a positive charge defect. Such a doped Pr3* cation or defect is
expected to have both positive effect and negative effect; it increases the carrier, and it might act
as a recombination center for the photogenerated carriers. Another effect of doping was decrease
of the size of the CTO particles, which decreases the photocatalytic activity for the photocatalytic
CO; reduction with water.?® * Thus, moderate calcination temperature at 773 K would be suitable
for the formation of the PrgO1; phase on the surface of the CTO particle without doping of Pr3*
species into the CTO lattice, which contributed to the enhanced photocatalytic activity. An excess
PrsO11 phase would form a thick surface layer, which may reduce the efficiency of the electron
transfer or absorb the incident light of the wide wavelength from UV to visible light (Fig. S1).

According to the literature by Huang et al.?, in the case of the Ag-loaded Pr-modified Ga,03
(Ag/Pr/Ga;03) photocatalysts, Pr(lll) species were supported as hydroxide (Pr(OH)s) and
oxycarbonates (Pr,0,COs3) before the photocatalytic reaction tests, and these Pr species were
transformed to the Pr carbonate hydrates (Pr,(COs)3-8H,0) during the photocatalytic reaction for
5 h in an aqueous solution. The authors proposed that such Pr species accumulated and
decomposed CO; over the Ga;03 photocatalyst with an Ag cocatalyst. On the other hand, in the
present Pr(1.0,773)/CTO and Pr(10.0,773)/CTO samples, the Pr species was assigned to Pre¢Oi;
phase (Fig. 1) and there were no diffraction peaks assignable to other Pr species such as Pr,0,CO3
and Pry(CO3)3-8H,0 even when Pr(y,773)/CTO samples were dried after soaking in the 1.0 M
NaHCO; aqueous solution for 5 h with the flow of CO, in the same manner as the reaction tests
(Fig. S10b—c). But in Fig. S10a, the wet Pr(1.0,773)/CTO sample with the solution showed a very
small broad peak around 27.5 ° possibly assignable to Pr(OH)s:*° in addition to the almost
unchanged diffraction from PrsO11, while there is no Pr,0,C0s peak (26.3 °).>° This diffraction at
27.5 ° disappeared when dried as mentioned (Fig. S10b). It is clarified that Pr(OH); was unstable
on the CTO surface. It is suggested that during the photocatalytic reaction test the predominant Pr
species would be in the PrgO11 form, which should be originated from the property of the CaTiOs.
However, it cannot be completely excluded that the possibly formed Pr(OH)s species may
contribute to the CO; adsorption to promote the photocatalytic CO, reduction as proposed. Among
the praseodymium oxides (Pr,0s, Pr7012, and Prg011), the Pr¢O11 phase was the most stable,>! and
the hexagonal Pr,03 phase could partly transform to the hexagonal Pr(OH)sin the aqueous solution.
Anyway, the major PrgO11 surface layer is proposed to give a positive effect on the photocatalytic
activity.
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Fig. 10. Schematic diagram of CO, reduction with H,O in the Ag(3.5)/Pr(1.0,773)/CTO
photocatalyst.

Conclusion

We demonstrated that the loading of Pr¢O11 on the surface of CaTiO3; enhanced the activity of
Ag-modified CaTiO3 photocatalyst for the photocatalytic CO, reduction with H,O as an electron
donor. The optimal sample showed high production rate of CO (32.3 umol h'!), which was enhanced
by 1.4 times by the Pr¢O;; modification, with keeping high the selectivity to CO (97.7 %) and high
stability of photocatalytic performance for the long-time reaction without changing the structure.
Moreover, it was revealed that the moderate loading and calcination temperature at 773 K was
vital to obtain the enhanced activity, where PrgO1; existed as a surface thin layer located between
the CaTiOs surface and the Ag NPs cocatalyst. It was confirmed that the PrgO1; species did not
enhance the oxidative activity by photoformed holes. Thus, we proposed that the enhanced
activity was obtained by the efficient and selective electron transfer from the CTO particles to Ag
NPs through the PrgO1; layer. Unlike the Pr species such as Pr(OH)s and Pr,(C0Os)3:8H,0 formed on
the different photocatalysts reported in the literature,?* the property and stability of Pr¢O11 in
water were also the essential factors to improve the photocatalytic reaction. We believed that this
approach is applicable to enhance the photocatalytic activity for CO; reduction and contributes to
developing novel photocatalytic composite materials.
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Fig. S1. DR UV-vis spectra of a pure PrgO11 sample diluted with BaSO4 by a factor of 100 times in
weight.
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bare CTO and the Pr(1.0,z)/CTO samples, where the z K was (b) 573, (c) 773, (d) 1223; and in Fig.

Fig. S2. The CTO particle size estimated from the SEM images of the samples in Fig. 3, (a) the
S5e—f, (e) the bare CTO(573), and (f) the bare CTO(1223).

Table S1 SSA of the bare CTO(z) and Pr(1.0,z)/CTO samples

S3

2@ Estimated by a BET method from N, adsorption experiment at 77 K.
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Fig. S3. SEM-EDS elemental images of [A] the Pr(1.0,773)/CTO sample, and [B] the
Pr(1.0,1223)/CTO sample.
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Fig. S4. STEM images, elemental mappings, and line analysis of the Pr(1.0,773)/CTO sample.

Fig. S4 shows the STEM images, elemental mappings, and line analysis of the Pr(1.0,773)/CTO
sample. The mappings clarified that the Pr species existed on the CTO surface entirely (Fig. S4a—e).
In the line analysis, the peak for the Pr signal at the edge of the CTO crystal clearly evidenced the
presence of the Pr species on the surface (Fig. S4g).
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Fig. S5. SEM images of the samples, (a) bare CTO, (b) Ag(3.5)/CTO, (c) Pr(1.0,773)/CTO, (d)
Ag(3.5)/Pr(1.0,773)/CTO, (e) bare CTO(573), (f) bare CTO(1223), and (g) Pr(1.0,1223)/CTO.
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Table S2 Properties about Ag NPs of prepared samples.

Entry Sample Crystallites size (XRD) of Ag?/  Loading amount of Ag b/
nm wt%
1 Ag(3.5)/CTO 36.3 3.48
2 Ag(3.5)/Pr(1.0,573)/CTO 46.4 3.48
3 Ag(3.5)/Pr(1.0,773)/CTO 50.2 3.49
4 Ag(3.5)/Pr(1.0,973)/CTO 54.2 3.46
5 Ag(3.5)/Pr(1.0,1223)/CTO 55.0 3.43

2@ Estimated by XRD patterns calculated from a line width at 26 = 38.2°.
b Estimated by XRF measurements.

Table S3 Results of blank experiments for the reaction test with the
Ag(3.5)/Pr(1.0,773)/CTO sample.

Entry Condition Production rate (umol h™1) 2 Sco(%)
Ha 0, co
1 Without 0.0 0.0 0.0 0.0
irradiation
2 Without 0.4 0.1 0.1 22.2

photocatalyst

9 The production rates were measured after 3.5 h of photoirradiation.
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Fig. S6. Formation rates of the photocatalytic activity tests for CO; reduction, CO (white bar), H;
(black bar) and O (gray bar) and the selectivity to CO (Sco%, open circles) in the photocatalytic
reaction tests with the Ag(x)/Pr(1.0,773)/CTO samples, where x wt% was (a) 1.0, (b) 2.0, (c) 3.0,
(d) 3.5, and (e) 4.0. The values were recorded after 3.5 h photoirradiation.

The photocatalytic activity of the samples in the different loading amount of Ag are shown in Fig.
S6. Ranging from 1.0 to 3.5 wt%, the production rate of gas (O; and CO) raised gradually with
increase of loading. It could be concluded that Ag NPs were still the main active site of CO
production in this reaction. When the loading amount of Ag NPs is 4.0 wt%, the yield of gas
decreased, but the selectivity to CO still reached 97 % (Sco%). The reason of the decrease may be
caused by the agglomeration of Ag.*!
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Fig. S7. Formation rates of H, (black), CO (white), and O, (gray), and the selectivity
to CO (Sco%, open circles) in the photocatalytic reaction tests for CO; reduction with

(a) the Ag(3.5)/CTO sample and the Ag(3.5)/Pr(y,773)/CTO samples, where the y
wt% was (b) 0.5, (c) 1.0, (d) 1.5, and (e) 3.0.
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Fig. S8. The GC-MS analysis for the resulting solution after the reaction for 8 h with the
Ag(3.5)/Pr(1.0,773)/CTO sample.
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Fig. S9. Formation rates of H; (black), CO (white), and O; (gray), and the selectivity to CO (Sco%,
open circles) in the photocatalytic reaction tests for CO, reduction with (a) the
Ag(3.5)/Pr(1.0,773)/CTO sample and (b) the used Ag(3.5)/Pr(1.0,773)/CTO sample.

Table S4 Results of the O; evolution tests from agueous solution of NalOs (sacrificial reagent). @

Entry Sample Production rate (umol h™t) ®
1 Bare CTO 148.3
2 Pr(1.0,773)/CTO 152.3

9 Reaction conditions: 0.3 g photocatalyst; 1.5 L deionized water containing sacrificial reagent
NalOs (5 mM); Ar bubbling rate (30 mL min™); 400 W high-pressure mercury lamp. ? The
production rates were measured after 2.0 h of photoirradiation.
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Fig. S10. XRD patterns of (a) the wet Pr(1.0,773)/CTO sample in 1.0 M NaHCOs; which was
dispersed in the aqueous NaHCOs solution with CO; flow and filtered; the dried Pr(y,773)/CTO
samples, where the y wt% was (b) 1.0, (c) 10.0, and (d) dried bare CTO sample. The last three
samples were dispersed for 5 h in 1.0 M NaHCOs3 aqueous solution under a CO; flow and dried.
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