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Abstract: This study introduces NiWO4 as a main photocatalyst, where the Ni component promotes
methanation to generate a WO3-based catalyst, as a new type of catalyst that promotes the
photoreduction of carbon dioxide by slowing the recombination of electrons and holes. The bandgap
of NiWO4 is 2.74 eV, which was expected to improve the initial activity for the photoreduction of
carbon dioxide. However, fast recombination between the holes and electrons was also expected.
To overcome this problem, attempts were made to induce structural defects by partially replacing
the Ni2+ ions in NiWO4 with Li+. The resulting CO2 conversion reaction was greatly enhanced with
the Ni1-xLi2xWO4 catalysts containing Li+, compared to that of the pure NiWO4 catalysts. Notably,
the total amount of CO and CH4 produced with the Ni0.8Li0.4WO4 catalyst was 411.6 nmol g−1. It is
believed that the insertion of Li+ ions into the NiWO4 skeleton results in lattice defects due to charge
and structural imbalance, which play a role in the capture of CO2 gas or excited electrons, thereby
inhibiting recombination between the electrons and holes in the Ni1-xLi2xWO4 particles.

Keywords: defected Ni1-xLi2xWO4; carbon dioxide photoreduction; capturing excited electrons;
inhibition of recombination

1. Introduction

Recently, the photochemical conversion of CO2 utilizing solar energy has attracted much attention
as an environmentally friendly technology [1]. However, for the commercialization of this technology, it
is essential to develop high-efficiency semiconductor photocatalysts capable of promoting the reaction.
In order to efficiently reduce CO2 using solar energy, electrons must move from the valence band
(VB) to the conduction band (CB) of the catalyst under visible light irradiation, which is possible if
the bandgap of the catalyst overlaps with the visible light region. Therefore, the bandgap energy
of the photocatalyst should be 1.75–3.0 eV. In addition, the CB edges of the semiconductor must be
negatively positioned relative to the standard reduction potential of the carbon dioxide reduction
reactions. Catalysts suitable for this purpose, such as TiO2 [2], ZnO [3], SnO2 [4], Cu2O [5], CuFeO2 [6],
CdS [7], Ga2O3 [8], rGO [9], etc., have been reported. Sunlight reaching the earth comprises 4, 53,
and 43% ultraviolet, visible, and infrared radiation, respectively. However, a photocatalyst with an
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energy band that can efficiently utilize the various wavelengths of sunlight has not yet been developed.
Many researchers have attempted to improve the performance of photocatalysts by efficient light
harvesting. In other words, if the electrons and holes excited by the light can be spatially separated,
recombination of the electrons and holes can be delayed and the frequency with which they participate
in oxidation-reduction reactions at the interface between the semiconductor and the reactant can be
increased [10].

Based on this background, we designed a new type of photocatalyst that induces CO2

photoreduction while slowing the recombination of electrons and holes. Instead of the extensively
used TiO2, NiWO4 containing Ni, a methanation catalyst, is introduced as the main photocatalyst into
tungsten oxide with a bandgap of 2.6−2.8 eV. Recently, photocatalysts of metal or non-metal oxygenates
such as M-VO4 [11], M-BO3 [12], M-WO4 [13], and M-PO4 [14] have been developed. The bandgaps of
these catalysts are ~2.0−3.0 eV, which are smaller than that of TiO2. Recently, these oxygenates have
been explored as visible-light-active catalysts. However, they are still in the early stage of research and
significant achievements have not been reported yet. This is attributed to rapid recombination of the
photoinduced electron–hole pairs and the narrow light response range in the solar spectrum, leading
to low photocatalytic activity of the materials [15,16], which significantly hampers their widespread
practical use. In particular, nickel tungstate with the formula NiWO4 has attracted significant attention
due to its interesting structural and photoluminescence properties [17,18], where it has been applied to
scintillation counters, lasers, optical fibers, and catalysts [19,20]. Because NiWO4 as a photocatalyst
has a small bandgap, electron transfer from the valence band (VB) to the conduction band (CB) is
possible with a small amount of energy, and good optical activity is expected at the beginning of
the reaction, but there is some concern about the fast recombination between the excited electrons
and holes [21]. The rapid recombination of charge carriers strongly hinders its catalytic applications.
The design of heterostructure semiconductors with different materials and phases is beneficial for
extending the visible-light response, as well as for enhancing the separation and lifetime of the charge
carriers [22]. As another approach, we attempted to introduce holes or electron traps in the crystal
lattice to maintain efficient charge separation between the electron and the hole. Herein, Frenkel defects
are introduced into the lattice by substituting the Ni2+ ions in the NiWO4 lattice with Li+ ions [23].
A Frenkel defect is a type of point defect in a crystal lattice, and is formed when an atom or smaller
ion leaves its place in the lattice, creating a vacancy, and becomes an interstitial defect by lodging in a
nearby location [24]. Such defects are expected to effectively induce charge separation between the
electrons and holes and maximize adsorption of CO2 gas at the defect surface of the catalyst to improve
the photocatalytic activity.

2. Results and Discussion

Characteristics of NiWO4 and Ni1-xLi2xWO4 Particles
Figure 1 shows the X-ray diffraction patterns of the pure NiWO4 and Ni1-xLi2xWO4 particles

substituted with various molar ratios of Li+ ions. In general, the peak positions in the XRD (X-ray
diffraction) pattern of the NiWO4 particles were consistent with those of the monoclinic crystal system
(JCPDS No.15-0755) [25]. The obtained patterns also clearly demonstrated the absence of phase
impurities. There was no shift of the peaks of the Ni1-xLi2xWO4 crystals despite the addition of Li+,
and because no peaks belonging to LiOH, Li2O, or Li2O2 were visible, it is believed the Ni2+ ions in
the lattices were successfully substituted by Li+ ions. The peak intensity decreased in proportion to
the increase in the amount of Li+ substitution. The crystallite size can be calculated by the Scherrer
equation (Equation (1)) based on the characteristic peak at 31◦ [26].

τ =
Kλ
β cosθ

(1)

where τ is the mean size of the ordered (crystalline) domains, which may be smaller or equal to the
grain size; and K is a dimensionless shape factor, with a value close to unity. The shape factor has a
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typical value of about 0.9, but varies with the actual shape of the crystallite. λ is the X-ray wavelength;
β is the line broadening at full width and half the maximum intensity (FWHM) after subtracting
the instrumental line broadening, in radians; and θ is the Bragg angle. The crystal sizes of NiWO4,
Ni0.9Li0.2WO4, Ni0.8Li0.4WO4, Ni0.7Li0.6WO4, and Ni0.6Li0.8WO4 were 48.5, 26.6, 25, 25.8, and 27.5 nm,
respectively, as determined from this equation. As the amount of Li ions increased, the size of the
crystals first became smaller and then increased. Generally, when the size of a crystal or a particle
decreases, the number of particles per unit area increases, resulting in an increase in the surface area.
The large surface area means that the available amount of catalytic reaction sites is increased, and
thus the catalytic activity is increased. It is also anticipated that oxygen defects would be formed
in the lattice of the Ni1-xLi2xWO4 crystal due to the charge balance effect of the non-stoichiometric
charge defects (the Frenkel defects). If the amount of lattice oxygen vacancies is excessive, the resulting
unstable structure may cause collapse of the skeleton, but it is well known that a certain degree of
oxygen defects in the crystal structure of semiconductor photocatalysts has a favorable effect on the
photocatalytic activity [27]. Here, with increasing addition of Li+ ions up to 0.6 mol, the size of the
crystallites became smaller. It is considered that the Li ions are interposed between the Ni and W ions,
thereby preventing crystallization of NiWO4.
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Figure 1. X-ray diffraction patterns of Ni1-xLi2xWO4 particles.

Unfortunately, we could not identify the presence of substituted Li in the Ni1-xLi2xWO4 crystals
from the XRD data in Figure 1. XPS (X-ray photoelectron spectroscopy) is a useful surface analysis
technique for determining the oxidation states and ratios of metals. However, it only probes a depth
of 20 nm into the sample, and thus does not indicate the amount of the elements in the sample as a
whole. Nevertheless, XPS is very useful for analyzing substituted metal ions, and not only shows what
elements are within a sample, but also the nature of bonding. Typical high-resolution quantitative
XPS spectra of the NiWO4 and Ni0.8Li0.4WO4 particles are presented in Figure 2. The Ni 2p3/2 spin
orbital photoelectron spectrum showed two signals at binding energies of 855.9 and 857.6 eV (873.5 and
875.3 eV for Ni 2p1/2), respectively, attributed to Ni2+ and Ni3+ in NiWO4. However, most of the Ni is
present as Ni2+, and the amount of Ni3+ seems low. For Ni0.8Li0.4WO4, the peaks were slightly shifted
to a higher binding energy compared to those of NiWO4 [28], indicating that Ni was in a slightly higher
oxidation state. The amount of Ni3+ in Ni0.8Li0.4WO4 was larger than that in NiWO4 because the Ni2+

ions were possibly partially converted to Ni3+ for charge balance when Li+ was substituted into the
Ni2+ sites.
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Figure 2. Ni 2p, W 4f, O 1s, and Li 1s XPS spectra of NiWO4 and Ni0.8Li0.4WO4 particles, and
elemental compositions.

The W 4f7/2 and W 4f5/2 spin orbital photoelectrons were located at binding energies of 35.6
and 37.8 eV, respectively, revealing the W6+ oxidation state in NiWO4. Two peaks were observed at
binding energies of 35.2 and 37.4 eV in the profile of Ni0.8Li0.4WO4. The Ni 2p peaks of Ni0.8Li0.4WO4

were slightly shifted to lower binding energy compared to those of NiWO4. This indicates that the
oxygen atoms around W were released from the crystal lattice, with resulting reduction of the W
oxidation state due to substitution of the Li+ ions into the lattice. A W 5p3/2 peak was also observed
at 41.2 eV in the profile of Ni0.8Li0.4WO4. Sundberg et al. [29] reported that after sputter cleaning by
Ar+ ion bombardment using photon energies of 6 keV, the spectra of sputter-cleaned films included
effects of sputter damage, resulting in observation of the W 5p3/2 peak in the W 4f spectral region.
The observation of the W 5p3/2 peak in the profile of Ni0.8Li0.4WO4 suggests that the Ni0.8Li0.4WO4

crystal was defective due to the addition of Li+ to the lattice, and moreover, the defects are considered
to have resulted in some damage around the W atoms. As mentioned in the discussion of the W 4f
and W 5p binding energies, the insertion of Li ions created oxygen defects or vacancies (as Frenkel
defects) in the lattice, which resulted in a decrease in the O 1s binding energy. Generally, the O 1s
region consists of two main contributions, the O2− state of lattice oxygen (M−O) at 530.6 eV and the
O2− state of oxygen defects/vacancies at 531.8 eV in NiWO4 [30]. For Ni0.8Li0.4WO4, the O 1s peak
was divided into three peaks at 530.1, 531.6, and 533.5 eV by Gaussian fitting. Notably, the second
peak was clearly observed, which means that the number of oxygen deficiencies in the lattice increased
greatly due to the Li substitution. The O 1s peak at 533.5 eV is attributed to adsorbed OH/H2O or other
oxygen species at the surface of Ni0.8Li0.4WO4 [30]. The third peak in this study plausibly arises from
reduction of the W ions and oxidation of the Ni ions by lattice insertion of Li+ ions. At this time, we
attribute it to the combination of OH groups or water around the oxidized Ni3+ for charge balance in
the crystal. On the other hand, a peak was observed at a binding energy of 53.8 eV in the Li 1s XPS
profile of Ni0.8Li0.4WO4, which is attributed to Li+ of Li2O [31]. From this result, it can be confirmed
that the Li+ ion is stably substituted in the Ni2+ lattice. The atomic% of the components from elemental
analysis via XPS is shown in the table below. The atomic ratio of Ni:W:O in NiWO4 was approximately
1:1:5, which is very close to the quantitative value. However, for Ni0.8Li0.4WO4, the atomic ratio of
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Li:Ni:W:O was 1.5:1.0:3.0:11.5. The Li present in Ni0.8Li0.4WO4 was approximately 40% of the amount
of Ni, which is more than the expected amount (33%). In particular, the total amount of W was large;
thus, lower amounts of both Ni and Li ions were considered to be inserted into the WO3 framework.
It is, however, recognized that there is a measurement limit for the surface analysis.

Figure 3 shows TEM (Transmission electron microscopy) images of the NiWO4 and Ni0.8Li0.4WO4

particles. In the image of NiWO4, uniform cubic-shaped crystals of about 40−50 nm with almost the
same length and width were observed. On the other hand, in the image of Ni0.8Li0.4WO4, widely
distributed rectangular-shaped particles with sizes of 10−40 nm were observed. The smaller particle
size relative to that of NiWO4 is attributed to slowing of the rate of crystallization of NiWO4 as Li ions
are inserted between the Ni and W ions.
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Figure 3. TEM images of NiWO4 and Ni0.8Li0.4WO4 particles.

In order to observe the surface morphology of the prepared particles, SEM (Scanning electron
microscope) images of the NiWO4 and Ni0.8Li0.4WO4 particles were acquired, as shown in Figure 4.
The NiWO4 particles were strongly aggregated, which caused the surfaces of the particles to be sintered
to each other. However, the image of Ni0.8Li0.4WO4 shows that the particles were separated from each
other, with a gap between the particles, and no surface sintering due to aggregation occurred. Thus,
it is expected that more of the reaction gases will be adsorbed on the surface of the Ni0.8Li0.4WO4

particles with gaps than on the surface of the dense NiWO4 particles during the reaction. The size of
the Ni0.8Li0.4WO4 particles was slightly smaller than that of the NiWO4 particles, as already mentioned
in relation to the TEM image.

Figure 5 displays the ultraviolet-visible diffuse reflectance spectra (UV-vis DRS) A) and Tauc
plots B) of the NiWO4 and Ni1-xLi2xWO4 particles, which were used to determine their bandgaps.
According to de Oliveira et al. [32], NixWOy has absorption bands at 1.48, 1.67, 2.74, and 3.7 eV due
to the transitions from the 3A2g state to the 3T2g, 1Eg, 3T1g, 1T2g and 3T1g excited states, respectively.
In the present work, absorbance maxima were observed at 740 nm (1.68 eV), 515 nm (2.40 eV), 455 nm
(2.73 eV), 360 nm (3.44 eV), and 275 nm (4.50 eV) (Figure 5A), where the first two low-intensity bands
correspond to the blue range and the high intensity fourth and fifth bands are in the ultraviolet range.
The middle band is located in the visible range. These bands were assigned to Ni2+ and charge transfer
between clusters [33]. The bands at 2.40 and 3.44 eV are assigned to the forbidden electronic transitions
from 3A2g to 1Eg and 1T2g, respectively, and the last band at 4.50 eV is related to a charge transfer
transition [34]. During the electronic transition, an oxygen 2p electron moves into one of the empty
tungsten 5d orbitals. Thus, the band at 2.73 eV could be assigned to the 3A2g to 3T1g transition in
the Ni2+ crystals. Additionally, it was concluded that the band at 1.68 eV is assigned to the presence
of Ni2+Ox, indicating that Frenkel defects are present in NiWO4, with the dislocation of Ni2+ from
octahedral to tetrahedral sites [35]. In particular, as the amount of Li+ added increased, the number
of defects became larger. As the amount of Li+ increased, the forbidden peaks disappeared, leaving
only three specific absorption peaks that were slightly shifted toward a longer wavelength. On the
other hand, as shown in Figure 5A, the bandgap was specified as the maximum point, whereas in
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Figure 5B, the Tauc plot was drawn to ensure accuracy of the bandgap. An extension line from the
tangent line was drawn by extrapolation to the third absorption peak for all samples, and the vertex
of the cross with the horizontal line was found. The point was drawn down along the x axis to
determine the bandgap. Thus, it was concluded herein that the bandgaps of NiWO4, Ni0.9Li0.2WO4,
Ni0.8Li0.4WO4, Ni0.7Li0.6WO4, and Ni0.6Li0.8WO4 were 2.48, 2.47, 2.45, 2.43, and 2.42 eV, respectively,
which corresponds to 3A2g to 3T1g absorptions as determined from the Tauc plot presented in Figure 5B.
Generally, it is known that as the bandgap of a catalyst becomes narrower, electrons can be easily
excited by weak light, thereby increasing the initial photocatalytic activity.
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However, the electrons excited into the CB of the particle relax again and recombine with the holes.
It is also possible that non-radiative recombination occurs. The analytical method for measuring this
relaxation of photoelectrons is photoluminescence (PL), as shown in Figure 6. The electrons excited at
365 nm underwent radiative relaxation with emission at 410 nm. For the pure NiWO4 crystals, a large
phosphorescence peak appeared at 410 nm and a small fluorescence peak was observed at 470 nm.
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The broad PL peak around 550 nm may be due to interference between the luminescence bands of the
WO3 groups [36]. However, for Ni0.8Li0.4WO4 with added Li+ ions, the intensity of the PL peaks at
410 and 470 nm was very low. This is believed to be due to electron capture [37] due to defects in the
Ni0.8Li0.4WO4 crystals or due to the intercalation phenomenon [38] with other adjacent phases. In any
case, the number of excited electrons that recombined with the holes would be reduced, ultimately
increasing the activity of the photocatalyst.
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In general, photocatalytic activity is known to be promoted by effective separation of charge [39].
If the excited electrons flow well on the surface of the catalyst, charge separation between the electrons
and holes will be adequate, which helps to maintain the redox reaction in the VB and CB. Analysis of
the photocurrent density is the method for measuring the degree of current flow on the catalyst surface;
the corresponding data are presented in Figure 7. A larger current density means that more electrons
flow through the surface without recombining with the holes. For NiWO4, the current density was
250 nA cm−2 after the 5th cycle. The current density increased with increasing Li+ ion doping, and
reached the maximum of 450 nA cm−2 at Ni0.8Li0.4WO4, followed by a decrease. From these results,
we predicted that Ni0.8Li0.4WO4 with the highest current density should exhibit the best photocatalytic
activity. The results are also consistent with the PL results in Figure 6.

Figure 8 shows the CO2 gas-adsorption capacity of the NiWO4 and Ni0.8Li0.4WO4 particles.
The particles were treated at 300 ◦C for 30 min to remove impurities, and CO2 gas was adsorbed
at 50 ◦C for 2 h. The temperature was increased to 550 ◦C at a rate of 10 ◦C min−1 to determine the
desorption amount. For pure NiWO4, small desorption peaks appeared near 300, 380, and 470 ◦C,
but were difficult to distinguish from the noise. However, the desorption peaks were surprisingly
large at 380 and 450 ◦C for the Ni0.8Li0.4WO4 particles. Plausibly, the amount of CO2 gas adsorbed
increased with increasing Li+ content. The incorporation of Li+ into the lattice increases the amount of
oxygen vacancies in the lattice due to charge balancing. It was concluded that more oxygen vacancies
provided more attractive areas for CO2 gas in the particles.
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Figure 9 shows the results of the reduction reaction of CO2 and H2O under 450 nm irradiation.
As expected from the properties, after 10 h of reaction on the NiWO4 catalyst, 264 nmol g−1 of CO as the
primary reduction product and 53 nmol g−1 of CH4 as the final product were generated. The amount
of product gradually increased with the amount of Li+ incorporated into the catalyst. In particular, the
yield of CH4 was increased markedly to 92 nmol g−1 with the Ni0.9Li0.2WO4 catalyst containing 0.2 mol
of Li+. However, the total amount of product increased linearly with increasing Li+ ion incorporation,
but the yield of CH4 was slightly lowered. This is presumably because as Li+ was incorporated into
the lattice, the Frenkel crystal defects increased, oxygen vacancies were generated, and the oxygen
of CO2 was inserted into this space, eventually increasing the CO production. Overall, it is expected
that lattice defects will affect the conversion of CO2 to CO, but not the reaction for CH4 generation.
For Ni0.8Li0.4WO4, the maximum total amount of reduction product generated was 412 nmol g−1.
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Finally, we present a mechanism for the photoreduction of CO2 on Ni1-xLi2xWO4 under visible-light
irradiation (Scheme 1). The products are generated by a two-electron mechanism [40]. In the first stage,
Ni0.8Li0.4WO4 absorbs visible light, and electrons are transferred from the VB to the CB. Here, CO2 gas
is adsorbed on the oxygen vacancies and desorbed with the loss of an O atom. Thus, CO2 is easily
reduced to CO, or electrons are trapped by the oxygen vacancy, leading to effective charge separation,
and thus the photocatalytic performance can be maintained for a long time. On the surface of WO3,
H2O is decomposed to produce H+, and four H radicals react with CO to produce CH4 on the surface
of NiO. The stoichiometric conversion of CO2 to CH4 occurs via the following reaction:

CO2 + 4H2O→ CH4 + 2H2O + 2O2 (2)
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3. Materials and Methods

3.1. Synthesis of NiWO4 and Ni1-xLi2xWO4 Particles

The NiWO4 and Ni1-xLi2xWO4 particles were prepared by using a typical hydrothermal method,
as shown in Figure 10. For the sol-mixtures, nickel nitrate (Ni(NO3)2·6H2O, 99.99%, Junsei Chem.,
Tokyo, Japan), sodium tungstate (Na2WO4·2H2O, 99.99%, Junsei Chem., Tokyo, Japan), and lithium
acetate (CH3COOLi·2H2O, 99.99%, Junsei Chem., Tokyo, Japan) were used as the Ni, W, and Li
precursors, respectively. As the first step for NiWO4 synthesis, Na2WO4·2H2O (1.0 mol) was dissolved
in distilled water (600 mL), and after sonication for 10 min, Ni(NO3)2·6H2O (1.0 mol) was dropped in
the mixed solution with stirring. NH4OH was added to the mixture in the next step to fix the pH at 9.0,
and the solution was stirred to homogeneity for 2 h. The final solution was moved to an autoclave
for thermal treatment at 180 ◦C for 5 h under a nitrogen environment. After thermal treatment, the
resulting precipitate was washed with deionized water and ethanol several times and dried at 80 ◦C
for 24 h. Finally, the obtained power sample was calcined in air at 600 ◦C for 6 h for crystallization. As
the second step for the synthesis of Ni1-xLi2xWO4, the process was carried out as for the synthesis of
NiWO4, but the atomic molar percentages of Li and Ni ions in the starting materials was adjusted to
Ni:Li = 0.9:0.2, 0.8:0.4, 0.7:0.6, and 0.6:0.8, corresponding to 1.0 mol of W ions. Consequently, five kinds
of particles, represented as NiWO4, Ni0.9Li0.2WO4, Ni0.8Li0.4WO4, Ni0.7Li0.6WO4, and Ni0.6Li0.8WO4,
were synthesized in this study.
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3.2. Characterization of NiWO4 and Ni1-xLi2xWO4 Particles

The structures and shapes of the crystals of the synthesized NiWO4, Ni0.9Li0.2WO4, Ni0.8Li0.4WO4,
Ni0.7Li0.6WO4, and Ni0.6Li0.8WO4 particles were identified by X-ray diffraction (XRD, X’Pert Pro
MPD PANalytical, nickel-filtered Cu-Kα (λ =1.5406 Å), 30 kV, 15 mA, 2θ = 10−80◦) and transmission
electron microscopy (TEM, H-7600, Hitachi, Tokyo, Japan). The X-ray photoelectron spectra (XPS) of
the NiWO4 and Ni0.8Li0.4WO4 particles were obtained using a Kratos Axis Nova instrument using
monochromatic Al-Kα radiation (225 W, 15 mA, and 15 kV). To evaluate the optical properties, diffuse
reflectance ultraviolet–visible spectrometry (DR-UV–Vis, Neosys-2000, Scinco Co., Daejeon, Korea,
wavelength of 200−800 nm), photoluminescence spectroscopy (PL, Perkin Elmer, He–Cd laser source,
wavelength of 320 nm), and photocurrent (2000 solar simulator, ABET Tech., Milford, CT, USA) analyses
were performed. To confirm the amount of CO2 adsorbed on the surfaces of the catalysts, CO2-TPD
experiments (BEL Japan Inc., Osaka, Japan) were conducted.
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3.3. CO2 Photoreduction on NiWO4 and Ni1-xLi2xWO4 Particles

The CO2 photoreduction activities of the synthesized NiWO4, Ni0.9Li0.2WO4, Ni0.8Li0.4WO4,
Ni0.7Li0.6WO4, and Ni0.6Li0.8WO4 particles with H2O were analyzed using a closed cylinder type
quartz vessel (length: 15.0 cm; diameter: 1.0 cm; total volume: 12.50 mL). Figure 11 presents a schematic
diagram of the photoreactor. Here, 0.2 g of the catalyst and 40.0 mL of distilled water were placed in the
photoreactor. Supercritical fluid-grade CO2 gas was used as the reactant, and the chamber was purged
with CO2 gas to remove the air before irradiation. The reactor chamber was then closed and the lamp
was switched on. A bright-blue lamp (18 W cm−2

× 2ea, Shinan, Pochon, Korea) emitting at 450 nm
was used as the irradiation source. The photoreduction was carried out at room temperature and
atmospheric pressure. The product gases were analyzed using a gas chromatography (GC; Master GC,
SCINCO, Daejeon, Korea) instrument equipped with thermal conductivity (TCD) and flame ionization
detectors (FID) to separate the C1–C3 light hydrocarbons and oxygenated compounds, such as CH4,
CH3OH, HCHO, HCOOH, and CO. The product selectivity was calculated using Equation (3):

Ci (%) = Ci moles of the product/total moles of C produced × 100% (3)
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4. Conclusions

The aim of this study was to improve the photoreduction of CO2 by employing Ni1-xLi2xWO4

particles substituted with Li+. The conversion of CO2 to CO (the rate-determining step in the CO2

reduction reaction) was accelerated with this catalyst. Notably, the Ni0.8Li0.4WO4 catalyst showed the
best performance under UV irradiation because Li+ was stably substituted into the lattice surface of
NiWO4 at the oxygen defect sites. The Ni0.8Li0.4WO4 catalyst provided the maximal CO2 adsorption
capacity, and PL and photocurrent analyses confirmed that excellent charge separation was achieved
on the catalyst. Based on these results, we believe that the oxygen vacancies in the lattice can contribute
greatly to controlling the products of the photoreaction.
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