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The structure-activity relationship plays a crucial role for enhanced photocatalytic performance, nevertheless,
precisely controlling the phase of transition metal oxides remains a significant challenge. Herein, we developed
2D-layered Mn3O4 decorated with TiO, catalyst to investigate the effects of manganese oxide phase on photo-
catalytic CO, reduction activity. We optimized the manganese oxide phase by varying the amount of the TiCly
precursor. During the synthesis reaction, TiCl4 is a key role for determining the oxidation state of manganese
oxide. We identified that MngOy is the best phase for photocatalytic CO2 reduction, and Mn304/TiO2 exhibits
20.1-, 7.8-fold enhanced photocatalytic CO2 reduction performance than pristine TiO2 and Mn304, respectively.
The improved photocatalytic activity is relevant to the phase of manganese oxide, the enhanced separation of
charge carriers and prolonged lifetimes of charge carriers. In situ X-ray Absorption Near-Edge Structure (XANES)
confirms the changes of oxidation state under photocatalytic CO, reduction conditions. Furthermore, the pho-
tocatalytic mechanism is proposed by in situ Diffuse Reflectance Infrared Fourier Transform Spectroscopy
(DRIFTS) analysis. This study provides an effective design strategy for modulating oxidation state of transition
metal oxide-based photocatalyst for enhanced solar fuels generation.

1. Introduction

Photocatalytic CO2 reduction into hydrocarbon fuels offers an
appealing solution to both energy and environmental problems with
solar energy stored in the form of chemical energy compatible with the
current  energy infrastructure [1-3]. To date, various
semiconductor-based photocatalysts such as TiO5[4,5], ZnO [6,7], and
CdS [8-10], have been studied for their application in photocatalytic
CO;, reduction. Among the materials studied, TiO, has proven to be of
most interest owing to its non-toxicity, chemical stability, and low cost
[11,12]. However, TiOy has a relatively large band gap that in turn
limits its response to the UV region [13,14] and shows fast recombina-
tion. Numerous efforts have been reported to improve upon TiO,,
including the use of co-catalysts [15,16], facet engineering [17,18], the
help of sacrificial agents or photosensitizers [19,20], and the formation
of heterostructured catalysts [21,22].
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Manganese oxides have been widely studied within the super-
capacitor field due to their high capacitance and superb stability [23,
24]. Recently, manganese oxide-based materials have been considered
as promising photocatalyst [25,26] due to their visible-spectrum light
absorption, excellent chemical stability, and environmental compati-
bility [27]. However, further research on the utility of manganese
oxide-based materials for photocatalytic CO, reduction is needed.

Recent studies reported that the oxidation state of a transition metal
plays an important role in determining catalytic activity [28]. Since a
transition metal has d-orbital electrons, it can have variable oxidation
states. Rajeshwar et al. studied the correlation between the oxidation
state of Cu over copper oxide-based materials and photoelectrocatalytic
CO4, conversion efficiency [29]. It is noted that mixed-phase composi-
tions with different oxidation states result in low COy reduction effi-
ciency, with the photogenerated electrons unable to overcome the
activation energy barrier required for CO, reduction. Therefore,
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controlling the oxidation state of a transition metal element is a prom-
ising approach for improving photocatalytic CO5 reduction efficiency.

To date, the majority of reported photocatalytic reactions have been
evaluated using high concentrations of CO3 (99 %), which is far higher
than actual concentration of CO in atmosphere (~ 400 ppm). Recently,
Liao’s group reported photocatalytic reduction of low concentration COy
(10 %) into syngas by graphene-modified transition metal hydroxides
[30]. Still, achieving high selectivity for hydrocarbons remains a sig-
nificant challenge for the low concentration of CO, environment.

Herein, we successfully fabricated a novel Mn3O4/TiOy photo-
catalyst by precisely engineering the phase of the manganese oxide,
which resulted in an ideal oxidation state of manganese oxide and
improved CO- photoreduction. This strategic design resulted in an ideal
oxidation state that enables the efficient and selective production of CHy4
under 1000 ppm CO,. The phase of manganese oxide was identified by
X-ray diffraction, and the oxidation state of manganese was confirmed
using X-ray photoelectron spectroscopy (XPS). The results show that the
amount of TiCly precursors determines manganese oxide phase, and the
oxidation state of manganese plays a crucial role in photocatalytic ac-
tivity. Based on the in situ XANES and in situ DRIFTS analysis, the effect
of the valence state and the photocatalytic mechanism, respectively, are
proposed and discussed in depth. Our work can provide an insight for
the strategy of controlling the oxidation state to improve the photo-
catalytic performance, which can be applicable for solar fuels
generation.

2. Experimental
2.1. Materials

Sodium dodecyl sulfate (SDS, Sigma Aldrich, 99.0 %), potassium
permanganate (KMnOy, Sigma Aldrich, 99.0 %), concentrated sulfuric
acid (0.1 M HySO4 in water, Sigma Aldrich),and titanium(IV) chloride
(TiCly, Sigma Aldrich, 99.9 %).

2.2. Synthesis of MnO2 nanosheets

MnO;, nanosheets were synthesized by the previously reported
method [31]. Briefly, 98 mL of SDS solution (0.1 M) and 4.8 mL of HaSO4
solution (0.1 M) were added into 283.2 mL of deionized water and then
heated at 95 °C. After reaching 95 °C, 3.6 mL of KMnOy4 solution (0.4 M)
was mixed with the solution and heated for 1 h at 95 °C. The resulting
brown colored solution was cooled at room temperature, and washed
several times with deionized water and ethanol, followed by
freeze-drying for 2 days to obtain MnO, nanosheets.

2.3. Synthesis of Mn304/TiO2 photocatalyst

A 200 mg sample of MnO5 nanosheets was dispersed in 6 mL of
anhydrous toluene in a rubber-capped vial and degassed with vacuum
and Ar. TiCly with a different molar ratio of Ti/Mn was added to the
solution while stirring. The solution was further stirred in air for 30 min
so that the TiCl4 reduces MnO; and changes to TiO,. The mixture was
dried before being calcined in air at 400 °C for 1 h. The samples with
different molar ratios of TiCl4 were denoted as MTx, where x = 0.8, 0.9,
1.0, 1.1, and 1.2 represent the molar ratio of Ti when Mn is fixed at 1.

2.4. Synthesis of pristine Mn304 photocatalyst

To synthesize pristine MngOj4 as a control sample, MnO; nanosheets
were reacted with HCI instead of TiCl4. The amount of added HCl was
adjusted to match the molar ratio (Mn:Ti = 1:1), ensuring a consistent
reducing environment. The resulting product was washed and calcined
under the same conditions as the MTx samples.
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2.5. Characterization of photocatalysts

Sample crystallinity was determined by X-ray diffractometer (XRD,
Rigaku, MiniFlex600) operated at 40 kV and 30 mA with Cu Ka radiation
(A=1.54 A). The surface morphologies were characterized by a field
emission scanning electron microscope (FE-SEM, Hitachi, S-4800) with
an accelerating voltage of 3 kV; elemental mapping was measured using
energy dispersive spectroscopy (EDS). High resolution images were
obtained by a field emission transmission electron microscope (FE-TEM,
Hitachi, HF-3300) operating at 300 kV. XPS (Thermo Scientific, ESCA-
LAB 250Xi) and valence band-XPS (VB-XPS) were performed using Al Ka
line (1486.6 eV) as the X-ray source. XANES and in-situ X ANES spectra
were collected by the BL10C beamline at the Pohang Light Source (PLS-
I1). UV-Visible diffuse reflectance spectra (UV-Vis DRS) of samples were
recorded by a UV-Visible near infrared spectrophotometer (Agilent,
Cary 5000) with a diffuse reflection accessory. Photoluminescence (PL)
spectra were measured using a fluorescence spectrophotometer (Agilent,
Cary Eclipse) with a 300 nm excitation wavelength. The time-resolved
PL (TRPL) measurements were performed by using a home-built
confocal micro-PL setup. Samples were excited by a pico-second
pulsed diode laser (PicoQuant, LDH-P-C-450B) with the wavelength of
454 nm (FWHM =~ 60 ps) and a repetition rate of 40 MHz. The laser
beam was focused by a 40x (NA=0.6) objective (Nikon). The PL decay
signal was detected by a hybrid photomultiplier detector (PicoQuant,
PMA hybrid series) and a time-correlated single photon counting system
(PicoQuant).

2.6. Photocatalytic CO reduction test

CO2 photoreduction experiments were conducted in a customized
batch reactor system at a controlled temperature of 22 °C + 2 °C. 50 mg
of photocatalyst was loaded into a stainless-steel reactor (volume=15.4
cm®) with a quartz window. Prior to illumination, the reactor was first
vacuum purged, then CO5 (1000 ppm in He) passing through a water
bubbler, was flowed through the chamber for 1 h. A 100 W Xe lamp
(Oriel, LCS-100) with an AM 1.5 filter was used as a light source. The
reactor was illuminated for 1 h, after which a 500 pL gaseous sample was
taken and injected into a gas chromatograph unit (Shimadzu, GC-2014)
equipped with a flame ionization detector (FID, Restek Rt-Q-bond col-
umn, ID = 0.53 mm, length = 30 m). Each sample was tested three times
under the same experimental conditions; the CH4 evolution rate shown
is the average value. The hydrocarbon product yield was calculated by
following equation.

Total hydrocarbon yield(umol e g ™' ¢ h™")

(Ctinat — Cinitiat) X volume

Amount of photocatalyst used(g) x time(h)

A stability test was carried out using best performed sample MT1.0,
cycling it through five cycles of CO, photoreduction experiments. After
every cycle, to regenerate the catalyst, the catalyst was vacuum
annealed at 100 °C for 2 h and the reactor was purged, as before, with
vacuum and CO; gas (1000 ppm in He).

Control and isotopic tests were performed to confirm CO; as the
origin of carbon source. A control test was carried out using an He/H>0
(g) mixture instead of moist CO5 under the same experimental condi-
tions. An isotopic test was conducted by '3CO, gas (99 %, Sigma
Aldrich) diluted to a concentration of 1000 ppm in pure He gas
(99.999 %). The obtained products were analyzed by use of a gas
chromatography-mass spectrometer (Shimadzu, GC-MS-QP2010 Ultra,
Restek Rt-Q-Bond column, ID = 0.32 mm, length = 30 m).

2.7. Examination of photocatalytic CO2 reduction mechanism

To disclose the photocatalytic CO, reduction mechanism, in situ
DRIFTS spectra were obtained using nicolet is50 spectrometer (Thermo
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Fisher Scientific) equipped with an HgCdTe (MCT) detector. The spectra
were acquired with a resolution of 4 cm™! using 32 scans. In situ DRIFTS
reaction chamber (Harrick Scientific) with two ZnSe and one quartz
window was used to perform the experiment. Prior to test, the sample
was heated to 100 °C in a vacuum for 2 h to remove the adsorbed
molecules. After cooling down the chamber to room temperature, COy
(1000 ppm in He) and H,0 vapor were flowed into the chamber and
maintained for 30 min. Then, the light was illuminated through quartz
window for 60 min. Xe lamp (300 W, AM 1.5 filter) with focusing fiber
was used as a light source and the data was collected every 15 min.

3. Results and discussion
3.1. Structure analysis and morphology properties

XRD spectra (Fig. S1) shows that all the samples are comprised of
Mn3O4 and anatase TiO,, confirming the formation of Mn304/TiO2
composite. The XRD peaks at 26 values of 18.0°, 28.8°, 32.3°, and 36.1°
respectively correspond to (1 0 1), (11 2), (1 0 3), and (2 1 1) planes,
indicating the presence of Mn3O4, spinel hausmannite structure (ICDD
00-024-0737). XRD patterns at 26 values of 25.3°, 37.5°, and 47.9° are

(a) (b)
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consistent with (1 0 1), (0 0 4), and (2 0 0) planes, respectively, implying
the presence of anatase TiOy (ICDD 01-071-1168). Notably, the final
manganese oxide phase of the MTx exhibited differences depending on
the concentration of TiCl4 precursor. During synthesizing MTx sample,
TiCls reacts with water and produce HCL. The generated HCl determines
the degree of reduction of the initial MnO2, which leads to differences in
the composition of final product. In the case of the samples with low
content of Ti, as seen for MT0.8 and MTO0.9 samples, hydrolysis of TiCl4
was limited, resulting in insufficient production of HCl. Consequently,
MnO, was incompletely reduced, producing MnOOH. In contrast,
MT1.0, MT1.1 and MT1.2 samples, which had high Ti contents, a large
amount of HCl was produced, creating a strongly reducing environment.
Under these conditions, MnO; completely reduced to the Mn3O4 phase
without forming MnOOH intermediate. Also, MnCl. byproduct were
detected in all samples with its XRD peaks increasing with a higher TiCla
content. For comparison, pristine Mn3O4 was synthesized by reduction
of MnO,, using HCl, and its structural and morphological properties are
presented in Fig. S2.

The surface morphology of MnO, and MT1.0 samples were acquired
by FE-SEM and FE-TEM analysis. MnO5 has a two-dimensional (2D)-
layered structure (Fig. S3), and MT1.0 maintains the 2D-layered
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Fig. 1. (a) SEM images, (b) TEM images, and (c) HR-TEM images of MT1.0. HR-XPS spectra for Mn 2p peak of (d) MTO0.8, (e) MTO0.9, (f) MT1.0, (g) MT1.1, and (h)
MT1.2. (i) Mn K-edge XANES spectra of MT0.8-1.2 samples, Mn,03, Mn3O4 and MnO.
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structure even after annealing at 400 °C (Fig. 1a). Low- and high- res-
olution TEM images show that the 2D-layered structure in sample MT1.0
possesses a d-spacing of 0.351 nm for the TiO3 (1 0 1) plane [32], and
0.249 nm for the Mn3gO4 (2 1 1) plane [33], in agreement with the XRD
results (Fig. 1b, ¢). EDS mapping and spectrum confirm that MT1.0
shows the well distributed Mn, Ti, and O elements (Fig S4), demon-
strating MT1.0 has an intimate Mn3O4/TiO, configuration.

Sample chemical states were affirmed by XPS investigation, and all
peaks were fitted using the Shirley-type background method [34].
Fig. 1d-h show the high resolution XPS (HR-XPS) spectra of Mn 2p for
MTO0.8-1.2 samples, respectively. The Mn 2p; 2 and 2ps,» peaks were
deconvoluted into two peaks by Mn?t and Mn®*, which are associated
with the peak positions at 655.5-656.8eV (Mn2" 2p; ),
652.6-653.5 eV (Mn>" 2p;,5), 644.8-645.0 eV (Mn>*" 2ps/3), and
640.9-641.7 eV (Mn>" 2p39), respectively. The results indicate that the
Mn atoms have a mixed valence state of Mn®>*/Mn?* in each MTx sample
[35]. The ratio of Mn 2p; , peak area (Mn>*/Mn2*) for MTO0.8 is 4.30,
MTO0.9 is 2.11, MT1.0 is 1.95, MT1.1 is 1.75, and MT1.2 is 1.54
(Table S1). The calculated oxidation state of Mn atoms in MTx is
+ 2.811, + 2.679, + 2.661, + 2.636, + 2.545 for MT0.8, MT0.9, MT1.0,
MT1.1 and MT1.2, respectively. Among them, sample MT1.0 has the
nearest value to the oxidation state of Mn atoms for MnzO4 of + 2.667
[36]. The oxidation state of the Mn atoms and local atomic structure of
MTx sample were further confirmed by the Mn K-edge XANES analysis
(Fig. 2i). Every absorption edge energy of MTx sample displays between
the one of MnO and Mny0s3, indicating that the Mn ions in MT0.8-1.2
samples show mixed valence states of + 2 and + 3. Overall spectral
features of MT0.8-1.2 samples are very similar to those of Mn3Oy,
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indicating that they exhibit the crystal structure of Mn3gO4. The Mn3O4
has spinel structure, in which the Mn?* occupy the Tq sites whereas the
Mn3* occupy the Oy, sites. The weak pre-edge peak, P for all present
samples corresponds to partially allowed Mn 1 s — Mn 3d transition,
which appears due to Jahn-Teller distortion of Mn3* in Oy, sites [37].
The main feature of A is referred as the ligand to metal charge transfer
(O 2p — Mn 3d) while the main feature B is attributed to Mn 1 s — Mn 4p
transition [34]. The feature A is more distinct for MT1.0, MT1.1, and
MT1.2 rather than MT0.8, MTO0.9, and Mn3O4. The intense ligand to
metal charge transfer in MT1.0, MT1.1, and MT1.2 accompanies strong
visible light absorption. In addition, HR-XPS spectra of O 1 s and Ti 2p
for MT0.8-1.2 samples were obtained (Fig. S5). The O 1s peak was
resolved into three peaks at binding energies of 529.51 eV, 530.62 eV,
and 531.82 eV, which can be attributed to the oxygen lattice in TiOq
[38], lattice oxygen in Mn3O4 [39], and adsorbed oxygen molecules
[40], respectively. The binding energy values of 464.01 and 458.19 eV
with difference of 5.8 eV between the two peaks are matched with Ti
2p1,2 and Ti 2ps», originating from Ti** oxidation state [41].

3.2. Band structure analysis

To elucidate the electronic band structure, UV-Vis DRS and VB-XPS
spectra were obtained. As shown in Fig. 2a, anatase TiO; exhibits ab-
sorption only in the UV range (A < 400 nm) [42]. Compared to the TiO,,
MTO0.8-1.2 samples clearly show the increased absorption in the visible
region (400-800 nm) due to the visible-active Mn3O4. Furthermore,
MT1.0-1.2 samples present more enhanced visible light absorption in
the region of 400-550 nm. This fact cross-confirms the intense
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Fig. 2. (a) UV-Vis DRS spectra of TiO2, Mn3O,4, and MTx samples. (b) band gap, and (c) VB-XPS results for Mn3O,4 and TiO.. (d) Schematic band structure of MT1.0.
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ligand-to-metal charge transfer in MT1.0-1.2 as proved in the XANES
result. Band gaps were calculated by Tauc plot using corresponding
UV-Vis DRS. Tauc plots were acquired by plotting («hv)" and Eg = hv
(where a is absorption coefficient, h is Planks constant, v is frequency,
n = 1/2 for direct band gap of Mn304 and TiO, and E4 is band gap)
[43]. It is observed that Mn3O4 shows a band gap of 1.88 eV, a value in
agreement with literature [44], and TiO, shows a band gap of 3.31 eV
(Fig. 2b) [45]. Fig. 2¢c displays that the VB-XPS of Mn3O4 and TiO, were
located at —0.01 eV and 2.55 eV, respectively. The position of conduc-
tion band (CB) can be calculated by using obtained band gap and VB-XPS
results. The CB of Mn304 and TiO, are calculated to be — 1.89 eV and -
0.70 eV, respectively. Based on the results, schematic band structure of
MT1.0 is obtained, which is suitable for photocatalytic CO, reduction to
CH4 (Fig. 2d). MT1.0 forms a direct Z-scheme structure, which signifi-
cantly enhances the redox potential of the system. Specifically, the
photogenerated electrons in the CB of TiOy migrate to the VB of Mn3Oy4.
This process allows the high energy electrons in the CB of Mn3O4 to be
effectively perform CO; reduction to CH4. Simultaneously, the holes
remaining in the VB of TiO; are utilized for the oxidation of Hz0 to Os.
This Z-scheme mechanism facilitates efficient spatial separation of car-
riers and maximizes the thermodynamic driving force for both oxidation
and reduction reactions [46].

3.3. Charge separation and photocatalytic activity

To understand the dynamics of photogenerated charge carriers, PL
and TRPL analysis were performed. The charge separation ability was
evaluated by PL (Fig. S6). It has been reported that TiO, shows signifi-
cant PL emission peak due to recombination of photogenerated electrons
[471, which is vulnerable to photocatalytic performance. All MTx sam-
ples show significantly suppressed PL emission peak, which implies
photogenerated electron-hole pairs were successfully separated,
decreasing the recombination rate [48,49]. To gain further insight of
charge carriers, TRPL decay spectra (Fig. S7) were performed, which
were fitted with a bi-exponential function in the decay profiles [50].
More specifically, the following function was used to fit the TRPL decay
profiles:

I(t) = Al t A2 t

() = Alsexp(—3) + A2eexp(——)

where I(t) is the intensity of the PL signal, t; and 1, are the carrier
lifetime, and A; and A are the corresponding magnitudes. All param-
eters and average lifetime of charge (taye) for MTx samples are listed in
Table S2. Among the MTx samples, MT1.0 shows the longest charge
carrier average lifetime (0.8084 ns). It is well known that material with
longer lifetime of charge carrier has more chance to participate in
photocatalytic reaction; therefore, it can show higher photocatalytic
performance than that of shorter lifetime of charge carrier [51]. The

(a)

0.12 1.0 (b) 0.14
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photocatalytic performance is relevant to the lifetime of charge carriers,
which is discussed below.

The CO5 photoreduction activities of TiO3, Mn3gO4, and MTx samples
were monitored in a gas-solid reaction setup in the presence of CO, and
H50 vapor under simulated solar irradiation (Fig. S8). Fig. 3a demon-
strates the photocatalytic CH4 production rates and charge carrier
average lifetimes for the MTx samples. The MTx samples show an
increased CH4 evolution rate as the Ti fraction increased in the com-
posite until the molar ratio of Ti component was 1.0. The highest
average CHy yield was observed in sample MT1.0 (0.0902
umoleg ~leh™); the average CH, yield decreased as the molar ratio of Ti
increased over 1.0 (Table S3). This trend is similar to that of charge
carrier lifetimes, where sample MT1.0 shows the longest average life-
time, implying that the lifetime of charge carriers is highly correlated to
photocatalytic performance. This correlation is further clarified by the
phase impurities observed in the other samples. MT0.8 and MTO0.9
samples exhibited lower activity due to the presence of a residual
MnOOH phase mixed with Mn304. MnOOH disrupts the CO, reduction,
introducing defects that can act as charge recombination centers,
thereby shortening the charge carrier lifetime. On the other hand, for
MT1.1 and MT1.2 samples, the MnOOH phase disappeared, but they
contained a large portion of MnCl, byproduct, which could interfere
with surface properties, leading to inefficient charge utilization and poor
performance. Therefore, MT1.0 exhibited the highest photocatalytic
CO5 reduction performance because it consists solely of the Mn3O4
phase. To further verify the optimal phase of manganese oxide for CO,
reduction, MnQO,/TiO, composite was prepared as a control sample
using TTIP instead of TiCls. As shown in Fig SO, all control samples,
including MnO,/TiO,, pristine TiOz and Mn3O4 exhibited lower pho-
tocatalytic activity compared to MT1.0. Additionally, GC analysis
confirmed that neither Hy nor CO was produced in detectable quantities.
The absence of Hj indicates that the photogenerated electrons are highly
selective toward CO; reduction, effectively suppressing the competitive
hydrogen evolution reaction [52]. Furthermore, the oxidation reaction
was investigated for MT1.0, showing O, evolution rate of 9.02
umoleg leh™! (Fig. 510). This simultaneous monitoring of reduction
and oxidation products confirms the stoichiometric balance [53].

Furthermore, as shown in Fig. 3b, the photocatalytic CO; reduction
performance did not decrease after four cycles, indicating excellent
photostability of MT1.0. However, a decrease in the CH4 yield was
observed in the fifth cycle. This degradation is attributed to the accu-
mulation of reaction intermediates or the poisoning of active sites on the
catalyst surface during prolonged exposure to the reaction environment
[54]. To further evaluate the durability of the catalyst, post-reaction
characterizations were performed. The XRD pattern and TEM images
of the MT1.0 catalyst after the reaction showed no significant changes in
the crystalline phase or morphology compared to the fresh catalyst
(Fig. S11). These results demonstrate that the MT1.0 sample has high
durability under the photocatalytic reaction conditions.
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To determine the origin of products, control test and isotope trace
test were conducted. The control experiments were carried out with
various conditions, i.e. without photocatalyst and light, and the presence
of He/H30 instead of CO3/H20. All of control tests show negligible
products, confirming that CO; is the only carbon source for CH, evo-
lution (Fig. S12). A '3CO, isotopic test was performed under the same
photocatalytic reaction conditions. The results of GC-MS analysis show
that the signal at m/z = 17 (Fig. 3c) is matched to 13CH4, which is the
strong evidence that the produced CHy is originated from photocatalytic
CO4 reduction [55]. To further validate the carbon origin of the pho-
tocatalytic products, isotopic labeling analysis was performed under
99 % 3CO, atmosphere. As shown in the mass spectrum (Fig. $13), the
emergence of a distinct signal at m/z = 17 corresponds to the formation
of 13CH,, confirming that the carbon source of the generated methane is
the injected 13CO,. The higher intensity of m/z = 16 signal compared to
m/z =17 is attributed to the '*CHF fragment generated during the
ionization of the produced '3CH, within the mass spectrum. Addition-
ally, this m/z = 16 peak overlaps with background signals from the 12C
trace species or residual in the system. Notably, photocatalytic CO,
conversion performance of MTx sample using diluted CO, (1000 ppm)
show competitive with previously reported manganese oxide-based
materials without the help of photosensitizer or sacrificial agent
(Table S4).

3.4. Photocatalytic COz reduction mechanism

To verify the change of the Mn oxidation state during the photo-
catalytic CO; reduction condition, we studied in situ Mn K-edge XANES
for MT1.0 under reaction conditions.The analysis was conducted under
illumination in the presence of CO5 and H0. By comparing the light on/
off conditions, it was observed that the oxidation state of Mn ions in the
MT1.0 sample is slightly reduced upon illumination (Fig. 4). These re-
sults suggest that the photogenerated electrons increased the electron
density of the Mn atoms, which can subsequently participate in the
photocatalytic CO; reduction reaction.

The reaction intermediates for photocatalytic CO, reduction process
were detected by in situ DRIFTS analysis, which are helpful to under-
stand the photocatalytic CO, reduction mechanism. Exposing CO, and
H20 gas under dark conditions, monodentate carbonate (m-CO%’,
1188 cm ™1, 1209 ecm ') was detected, which implies COs is adsorbed on
the surface of the catalyst (Fig. 5b) [56]. When the light is illuminated to
catalyst, new peaks attributed to *CHO (1071, 1053 em™ D), *CH30
(1067 cm’l), and *COOH (1481 cm 1) were detected, and the intensity
of peaks is increased with increasing irradiation time (Fig. 5a). These
intermediates have been referred to as crucial intermediates of
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photocatalytic CO5 reduction [56]. In contrast, mondentate carbonate
peaks decreased according to the increasing illumination time, indi-
cating their conversion into intermediates. Notably, no *CO absorption
peak was observed in the range of 2000-2100 cm !, which implies *CO
intermediate rapidly protonated to form *CHO rather than desorbed
from the catalyst as CO molecules (Fig. S14). This reaction pathway,
which bypasses CO desorption, is responsible for the selective produc-
tion of CH4 on MT1.0. It has been well-known that photocatalytic CO»
reduction reaction were proceeded with proton-assisted electron trans-
fer reaction where H50O acts as a proton donor [57]. Owing to providing
the protons with the consumption of water molecules, the intensity of
the OH bending peak at 1630 cm ™! was decreased with the extending
illumination time (Fig. 5a) [58].

Based on the analysis of reaction intermediates by in situ DRIFTS
analysis, photocatalytic CO5 reduction mechanism over MT1.0 can be
proposed. Under illumination, photogenerated electrons and protons
dissociated from water react with CO, molecules adsorbed on the
catalyst, which produce *COOH intermediates (Eq. 1). Afterwards,
*COOH intermediates react with the photogenerated electrons and
protons to form *CO (Eq.2). As *CO rapidly react with electrons and
protons to generate *CHO, no *CO intermediates were observed for
MT1.0 (Eq. 3). Subsequently, continuous photogenerated electrons and
protons react with the intermediates to form *CH»0, and *CH3O radi-
cals, (Egs. 4,5), and finally CH, is generated (Eq. 6). H20 is dissociated to
protons and acts as a proton donor to proceed photocatalytic CO»
reduction (Eq. 7).

CO; + & + H"— *COOH @
*COOH + e + H" — *CO + Hy0 )
*CO + e + H' - *CHO 3)
*CHO + e + H" - *CH,0 @
*CH20 + e + H' - *CH30 5)
*CH30 + 3e” 4+ 3H" — CH4 + H,0 6)
H,0 +2h" - H" + OH* )

4. Conclusions

In conclusion, we have developed a synthesis method to engineer the
phase of manganese oxide for Mn304/TiO2 photocatalyst for efficient
CO;, reduction. We identified that the concentration of the TiCly
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Fig. 4. (a) In situ Mn K-edge XANES spectra of MT1.0 sample under the atmosphere of humid CO,, and (b) the magnified spectra of (a) in the region

of 6542-6552 eV.
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Fig. 5. In situ DRIFTS spectra of MT1.0 for photocatalytic CO, reduction under illumination: (a) 1000-1800 em ! and (b) 1150 — 1250 em ™ 1.

precursor critically determines the final manganese oxide phase. The
highest CHy4 evolution rate by Mn304/TiO5 catalyst showed 20.1, 7.8
times higher than that of pristine TiOp and Mns3Og4, respectively.
Importantly, we found the importance of phase control that when the
manganese oxide was less reduced or contained synthetic byproducts,
the photocatalytic activity was significantly decreased. The enhanced
activity of the optimal MT1.0 catalyst is attributed to broad light ab-
sorption, excellent charge separation and longer lifetimes of charge
carriers. Furthermore, the lifetime of charge carriers for MTx samples
shows a similar trend to the photocatalytic activity of MTx samples.
Based on the XPS and in situ XANES analysis, this work reveals that the
structure-activity relationship between the manganese oxidation state
and the photocatalytic performance is highly correlated. This study
provides new a synthetic pathway for engineering, the phase of the
transition metal oxide catalysts for solar fuels application.
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