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A B S T R A C T

Photocatalytic reduction of CO2 is a viable approach to achieve carbon neutrality. In this study, density func
tional theory (DFT) calculations predicted that polycyclic aromatic hydrocarbons, picene, 5,8-dicyanopicene 
(CN-picene), 2,7-dicyanopyrene (CN-pyrene), and 9,10-dicyanoanthracene (CN-anthracene), as photocatalysts 
for CO2 reduction driven by UV or visible light exposure. Notably, CN-anthracene was predicted to be the most 
effective photocatalyst under visible light irradiation. Therefore, photocatalytic performance of CN-anthracene in 
converting CO2 into methanol by visible light exposure in an aqueous medium was examined. Methanol pro
duction was observed upon irradiation CN-anthracene with visible light, involving CO2 and H2O. Reusability 
experiments showed that CN-anthracene can facilitate stable methanol production even after three cycles of 
photocatalytic activity. Photocatalytic reduction of CO2 performed using D2O, instead of H2O, confirmed that the 
produced methanol results from water, without involving the decomposition of the photocatalyst. In conclusion, 
CN-anthracene demonstrates high efficiency and stability as a photocatalyst for CO2 reduction under visible light 
irradiation.

1. Introduction

Carbon dioxide (CO2) is a major greenhouse gas that adversely af
fects the global environment. Achieving carbon neutrality—reducing 
net CO2 emissions to zero by 2050—is being promoted worldwide [1,2]. 
Among various CO2 conversion technologies being explored to reach 
this goal, photocatalytic CO2 reduction using clean and abundant solar 
energy has attracted significant attention [3-6].

Numerous inorganic photocatalysts, including TiO2 have been re
ported as effective for CO2 reduction [7-11]. Photocatalysts are mate
rials that harness light energy to drive chemical reactions and are 
typically composed of semiconductors. The energy difference (bandgap) 
between the valence band (VB) and conduction band (CB) in semi
conductors enables light absorption and subsequent electron excitation. 
This property makes them well-suited for reactions such as CO2 reduc
tion. In photocatalytic CO2 reduction, light irradiation excites electrons 
from the VB to the CB, generating holes (h+) in the VB and excited 
electrons (e-) in the CB. These charge carriers enable water oxidation in 
the VB by h+ and CO2 reduction in the CB by e-. These reactions are 
represented by Eqs. 1 and 2:

2H2O → O2 + 4H+ + 4e− (1) 

CO2 + 6e− + 6H+ → CH3OH + H2O (2) 

Efficient photocatalysis requires the suppression of electron–hole 
recombination by spatially separating the carriers, thereby driving the 
reactions described in Eqs.1 and 2. In Eq. 2, the e- facilitates the 
reduction of CO2, producing compounds such as CH3OH [12,13].

Many inorganic photocatalysts face limitations in tuning the energy 
levels of their VB and CB. Their wide bandgaps often restrict activation 
to ultraviolet (UV) light [14-16]. In contrast, organic semiconductor 
photocatalysts [17-19] possess a highest occupied molecular orbital 
(HOMO) and a lowest unoccupied molecular orbital (LUMO), corre
sponding to the VB and CB, respectively. These energy levels can be 
tuned by molecular design, offering a significant advantage [20]. 
Consequently, organic semiconductors have been widely investigated 
for various applications, including solar cells.

In organic photocatalytic reactions, the energy levels of the HOMO 
and LUMO are crucial. For CO2 photoreduction, the HOMO level must be 
more positive than the oxygen evolution potential (+1.23 eV vs. NHE), 
and the LUMO level must be more negative than the methanol 
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generation potential (− 0.38 eV vs. NHE). The HOMO–LUMO gap also 
determines the wavelength of light that can initiate photocatalysis. 
Therefore, reducing the HOMO–LUMO gap is essential for developing 
visible-light-responsive photocatalysts. The energy levels of HOMO and 
LUMO in organic materials are strongly influenced by their molecular 
structure [21] and can be estimated using quantum chemical methods 
such as density functional theory (DFT) calculations [22].

In our previous study, we demonstrated that polycyclic aromatic 
hydrocarbons, such as picene, serve as efficient photocatalysts for 
hydrogen generation via water splitting under UV irradiation [23]. To 
design visible-light-responsive photocatalysts, we performed DFT cal
culations on picene derivatives, indicating that introducing 
electron-withdrawing functional groups, such as cyano groups, can 
reduce the HOMO–LUMO gap [21]. In particular, we predicted that 5, 
8-dicyanopicene (CN-picene) could facilitate water splitting under 
visible light [24]. Experimentally, we confirmed that CN-picene cata
lyzes water splitting under visible light irradiation. These theoretical 
and experimental results demonstrate that DFT is highly effective for 
analyzing photocatalysts’ electronic structures. Accordingly, DFT can be 
used to predict the potential of materials for CO2 reduction.

In this study, in addition to picene and CN-picene, we conducted DFT 
calculations on 2,7-dicyanopyrene (CN-pyrene) and 9,10-dicyanoan
thracene (CN-anthracene), which are polycyclic aromatic compounds 
with electron-withdrawing cyano groups, to predict their potential for 
CO2 reduction as photocatalysts under visible light irradiation.

2. Materials and methods

2.1. DFT calculation

Structural optimisation and vibrational analysis of picene, CN- 
picene, CN-anthracene, and CN-pyrene molecules were performed 
using the Gaussian 16 software suite [25]. After performing the struc
tural optimisations, the HOMO and LUMO levels of the investigated 
organic photocatalysts were visualized using the GaussView program 
[26]. All calculations were carried out using the DFT/B3LYP method, 
which combines Becke’s three-parameter hybrid functional with the 
Lee–Yang–Parr non-local correlation, employing the 6–311 G (d, p) basis 
set. Solvent effect was investigated using water solvent (ε=78.3553) and 
used the polarizable continuum model (PCM) in its integral equation 
formalism variant (IEFPCM).

2.2. Chemicals and materials

The organic photocatalysts, CN-anthracene and picene, were 

purchased from Nacalai Tesque (Kyoto, Japan) and Tokyo Chemical 
Industry (Tokyo, Japan), respectively. The reagents used to synthesise 
CN-picene and CN-pyrene, including 2,7-dibromopyrene(Br-pyrene), 
copper cyanide (CuCN), N,N-dimethylformamide (DMF), dichloro
methane, and N-methyl-2-pyrrolidone (NMP), were purchased from 
Nacalai Tesque. All chemicals were used as-received.

2.2.1. Synthesis of 5,8-dicyanopicene (CN-picene)
The synthesis of CN-picene was conducted following a method 

described in other reports [27,28]. First, 5,8-dibromopicene (Br-picene) 
was synthesized from picene, followed by the conversion of Br-picene to 
CN-picene. A mixture of Br-picene (0.1 g) and CuCN (0.082 g) was 
dissolved in 10 mL DMF and refluxed under a nitrogen atmosphere at 
120 ◦C for 24 h. Subsequently, the reaction mixture was brought to room 
temperature (25 ◦C) and diluted with 50 mL dichloromethane. The 
resulting solution was sequentially washed with 28 % aqueous ammonia 
and water, followed by dehydration using MgSO4. The obtained solution 
was then concentrated using a rotary evaporator, yielding brown pow
der. The obtained brown powder was washed with ethanol, collected by 
suction filtration, and dried in a vacuum dryer. Finally, CN-picene was 
obtained by recrystallization.

2.2.2. Synthesis of 2,7-dicyanopyrene (CN-pyrene)
Br-pyrene (0.30 g) and CuCN (0.37 g) were combined in 20 mL of N- 

methyl-2-pyrrolidone, and the mixture was refluxed under a nitrogen 
atmosphere at 180℃ for 48 h. The mixture was brought to room tem
perature (25 ℃), and subsequently, 28 % aqueous ammonia was intro
duced into the mixture. The obtained precipitate was washed with 
water, collected by suction filtration, and dried in a vacuum dryer to 
obtain grey powder. Finally, CN-pyrene was obtained by recrystalliza
tion [29].

2.3. Photocatalytic methanol production

The reduction of CO2 using organic photocatalysts was performed in 
a batch-type quartz reactor, irradiated with visible light. In a 7.0 mL 
quartz reactor, the solutions prepared using 10 mg of each photocatalyst 
powder and 4 mL of ion-exchanged water were placed, and CO2 gas was 
bubbled through the solutions for 15 min. The reactor was sealed, and 
CO2 was used to purge the gas phase. A 500 W Xe lamp (Ushio, SX- 
UI501XQ) coupled with 420 nm cutoff filter (HOYA, UV-42) was used 
for visible light irradiation. The quartz reactor was placed 5 cm away 
from the lamp (light source). Following irradiation, the liquid phase in 
the reactor was subjected to analysis by gas chromatography (GC) using 
a hydrogen flame ionization detector (Shimadzu GC-2010), with He 
serving as the carrier gas.

2.4. Characterisation

The UV–visible (UV–vis) absorption measurements of the photo
catalyst powders were conducted using a UV–vis spectrophotometer 
(Hitachi F-7000). The functional groups of the photocatalysts were 
evaluated using Fourier transform infrared spectroscopy (FT-IR) on a 
Shimadzu IRAffinity-1S. Mass spectra of the products obtained after CO2 
reduction performed using the prepared photocatalysts were measured 
using quadrupole mass spectrometry (QMS) performed on a Pfeiffer 
Vacuum HiCube80 Eco turbopumping station, and the obtained data 
were analyzed using the Quadera 4.62 software.

3. Results and discussion

3.1. CO2 reduction of picene photocatalyst under UV light

The HOMO–LUMO energy levels and gaps for picene, CN-pyrene, 
CN-picene, and CN-anthracene, were calculated using DFT, and the re
sults are presented in Fig. 1 and Table 1. Previous studies have 

Abbreviations
DFT density functional theory
CN-picene 5,8-dicyanopicene
CN-pyrene 2,7-dicyanopyrene
CN-anthracene 9,10-dicyanoanthracene
VB valence band
CB conduction band
Eq equation
UV ultraviolet
HOMO highest occupied molecular orbital
LUMO lowest unoccupied molecular orbital
vs versus
NHE normal hydrogen electrode
DMF N,N dimethylformamide
UV–vis UV–visible
FT-IR Fourier-transform infrared spectroscopy
PL Photoluminescence.
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demonstrated that picene is an efficient photocatalyst for hydrogen 
generation via water splitting under UV irradiation [23]. In this study, 
the DFT-predicted energy levels of picene show that its HOMO energy 
level is more positive than the oxygen evolution potential (+1.23 eV vs 
NHE) associated with the oxidation of water, while the LUMO energy 
level is more negative than both the hydrogen evolution potential (0 eV 
vs NHE) for water reduction and the reduction potential for CO2 to 
methanol (-0.38 eV vs NHE).

Therefore, the energy levels of the HOMO and LUMO in picene are 
not only suitable for hydrogen production via water splitting reactions 
but also for CO2 reduction to methanol. To validate the DFT predictions, 
experiments were conducted using picene as a photocatalyst to inves
tigate CO2 reduction to methanol under UV and visible light. Fig. 2
shows that methanol is produced from picene when exposed to UV light; 
however, methanol production is not observed when exposed to visible 
light. Under UV light irradiation, H2, O2, and CO were also observed as 
byproducts by qualitative analysis. The results shown in Fig. 2 corrob
orate the DFT predictions, demonstrating that picene exhibits photo
catalytic activity under UV light but not under visible light.

3.2. CO2 reduction of several photocatalysts under visible light

The photocatalysts, picene, CN-picene, CN-pyrene, and CN- 
anthracene, were compared based on CO2 reduction to methanol 

under visible light irradiation. Fig. 3 shows that methanol can be pro
duced under visible light irradiation using CN-picene, CN-pyrene and 
CN-anthracene as photocatalysts, as DFT predictions. Among the tested 
photocatalysts, CN-anthracene can be observed to exhibit the highest 
methanol production activity (Fig. 3). DFT-calculated iso-surfaces of the 
excited state of CN-anthracene showed that CN-anthracene promoted 
charge separation (Figure S1).

Whereas, Table S1 shows the amount of hydrogen produced when 
CN-picene, CN-pyrene, and CN-anthracene are irradiated with visible 
light in the presence of CO2 and H2O. In contrast to the amount of 
methanol produced, CN-pyrene produced the most hydrogen, while CN- 
anthracene produced the least. It is generally known that the water 
decomposition reaction and the CO2 reduction reaction proceed 
competitively. This indicates that even when using an organic photo
catalyst, the hydrogen production reaction is suppressed when methanol 
production is dominant.

In CN-anthracene, the DFT-calculated spatial distribution of electron 
orbitals in the HOMO showed electron distribution over the entire 
molecule, whereas that in the LUMO indicated electron localization 
around the cyano groups. Thus, spatial localization of electrons in the 
HOMO and LUMO of CN-anthracene could be a key factor contributing 
to the efficient separation and transport of photogenerated charge, 
thereby suppressing recombination of holed and electrons. Hence, it is 
speculated that CN-anthracene has high activity in comparison with 
other organic photocatalysts. On the other hand, the electron distribu
tions in the HOMO and LUMO of CN-pyrene were also calculated 
(Figure S2). The HOMO and LUMO in CN-pyrene, exhibited nearly 
identical electron distributions, suggesting that the photogenerated 
electrons were less likely to migrate and were more likely to recombine 
with the photogenerated holes. This difficulty in recombining electrons 
and holes may be the reason why the methanol production reaction by 
reduction of CO2, which involves a more complex reaction pathway, 
proceeds preferentially in CN-anthracene.

3.3. Characterisation of CN-anthracene

The UV–vis absorption spectrum of CN-anthracene was measured. 
Fig. 4 shows that CN-anthracene exhibits an absorption peak at 2.9 eV (λ 
= 427 nm). The position of the absorption peak observed in the UV–vis 
spectrum of CN-anthracene is almost identical to the maximum ab
sorption wavelength calculated from the HOMO-LUMO energy gap 
predicted by DFT. The photoluminescence (PL) spectrum of CN- 
anthracene was measured, and the results are presented in Fig. 5. The 
absorption near 440 nm, which is close to the maximum absorption 
wavelength (λ = 427 nm) calculated using DFT, can be detected 
alongside a fluorescence signal at approximately 530 nm. The signal in 
the PL spectrum of CN-anthracene can be ascribed to originate during 
the charge relaxation process, transitioning from LUMO of CN- 

Fig. 1. HOMO–LUMO energy levels and gaps of organic photocatalysts calcu
lated using DFT.

Table 1 
Energy gap of various organic photocatalysts calculated using DFT.

Photocatalyst HOMO 
(eV)

LUMO 
(eV)

Energy gap 
(eV)

Wavenumber 
(nm)

Picene 1.40 − 1.90 3.30 328
CN-picene 1.96 − 0.94 2.90 428
CN-pyrene 1.86 − 1.04 2.90 428
CN-anthracene 1.76 − 1.14 2.89 429

Fig. 2. Yield of methanol obtained via CO2 reduction with H2O using picene as 
a photocatalyst under UV or visible light irradiation.

Fig. 3. Yield of methanol obtained via CO2 reduction with H2O using picene, 
CN-picene, CN-pyrene and CN-anthracene as photocatalysts under visible light 
irradiation (λ > 420 nm).
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anthracene to the HOMO. The results shown in Fig. 4 and 5 indicate that 
CN-anthracene exhibits absorption and emission at wavelengths nearly 
identical to those predicted using DFT. Hence, it is predicted that CN- 
anthracene has the ability to exhibit photocatalytic activity when 
exposed to visible light irradiation.

To examine the HOMO-LUMO levels of photocatalysts in more detail, 
this method of measuring the energy gap using PL spectra was applied to 
other catalysts. Table S2 shows the HOMO levels of photocatalysts 
considering the solvent effect of water, and the LUMO levels calculated 
from the energy gap measured by PL spectra. These results suggest that 
CN-picene, CN-pyrene, and CN-anthracene can reduce methanol under 
visible light irradiation.

3.4. Photocatalytic performance of CN-anthracene

Fig. 6 shows the time-dependent variation in methanol production 
during the CO2 reduction reaction performed using CN-anthracene as a 
photocatalyst. In Fig. 6, methanol production can be observed to start at 
approximately 6 h after light irradiation, and the amount of methanol 
produced can be observed to have increased with irradiation time. Time 
profile of methanol yield in the early stage of irradiation is thought to be 
due to induction phase, catalyst activation, or some kinetic limitation. 
After 18 h of irradiation, the rate of methanol production decreases. The 
reduced methanol production rate is likely resulting from the use of 
batch-type reactor, where the excessive accumulation of methanol may 
inhibit further production.

Control experiments for the photocatalytic reaction using CN- 
anthracene were conducted. According to the data presented in 
Table 2, under conditions without a photocatalyst, light irradiation, or 
CO2, no methanol production occurs. Methanol production occurs only 

under conditions where a photocatalyst, light exposure, and CO2 are all 
present. The results presented in Table 2 demonstrate that CN- 
anthracene can effectively function as a catalyst for the light-driven of 
CO2 reduction.

The changes in methanol production during CO2 reduction reactions 
performed using CN-anthracene as a photocatalyst under varying in
tensities of visible light were evaluated, and the results are shown in 
Fig. 7. Illuminance at 560 nm was measured using a light meter 
(CUSTOM LX-3000), and the irradiance was calculated. Fig. 7 shows 
that as the irradiance increases, methanol production also increases, 
suggesting that higher light intensity enhances the generation of 
electron-hole pairs in CN-anthracene, thereby promoting the CO2 
reduction reaction.

Fig. 8 presents the results of reusability tests performed on CN- 
anthracene as a photocatalyst. After each reaction under light irradia
tion, the CN-anthracene photocatalyst was recovered, washed with 
deionized water, vacuum-dried, and reused for subsequent photo
catalytic reactions. After the third light irradiation cycle, the methanol 
production activity was observed to remain nearly identical to that 
observed during the first cycle, indicating that the structure of CN- 
anthracene remains relatively stable under light irradiation. It is 

Fig. 4. UV–vis spectrum of CN-anthracene in toluene solution at room tem
perature (~298 K).

Fig. 5. PL spectrum of CN-anthracene obtained using an excitation wavelength 
of 440 nm.

Fig. 6. Yield of methanol obtained via CO2 reduction with H2O using CN- 
anthracene under visible light irradiation (λ > 420 nm) as a function of irra
diation time.

Table 2 
Yield of methanol from CN-anthracene under different conditions. Irradiation 
time = 24.

Wavelength (nm) Catalyst Reactant Yield of methanol 
(µmol)

> 420 - CO2 N.D.
- CN-anthracene CO2 N.D.
> 420 CN-anthracene - Trace
> 420 CN-anthracene CO2 0.84

Fig. 7. Yield of methanol obtained via CO2 reduction with H2O using CN- 
anthracene under irradiation performed at different visible light intensities.
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obvious that CN-anthracene does not undergo significant structural 
changes during the CO2 reduction reaction.

FT-IR spectra of CN-anthracene measured before and after light 
irradiation shows a distinct peak around 2220 cm− 1, corresponding to 
the cyano group (Figure S3) [30]. The intensity and position of the 
characteristic FT-IR of CN-anthracene remain unchanged before and 
after light irradiation, confirming that CN-anthracene retains its chem
ical structure under light irradiation, functioning effectively as a pho
tocatalyst for CO2 reduction.

3.5. Mass spectrometry of photocatalytic products obtained using CN- 
anthracene

Fig. 9(a) shows the mass spectrum of the products obtained via CO2 
reduction with H2O using CN-anthracene as a photocatalyst, and a 
typical peak of methanol (CH2OH⁺: m/z = 31) can be observed. CH3OH 
is also expected to appear at m/z = 32. However, due to the presence of 
trace amount of air in the measurement system, the peak detected at m/ 
z = 32 corresponding to CH3OH cannot be distinguished from that of 
atmospheric O2 at m/z = 32. Fig. 9(b) shows the mass spectrum of the 
products obtained via CO2 reduction with D2O using CN-anthracene as a 
photocatalyst. In the products obtained using D2O, instead of H2O, for 
photocatalytic reduction of CO2, deuterated methanol (CD3OD) and its 
fragment ion (CD2OD⁺) are expected to occur at m/z = 36 and 34, 
respectively. Thus, Fig. 9(b) shows a characteristic peak at m/z = 34. In 
conclusion, it is indicated that the production of methanol via CO2 
reduction using CN-anthracene results from H2O, without involving the 
decomposition of this photocatalyst.

4. Conclusion

Methanol production via CO2 reduction with water was successfully 
achieved using CN-anthracene, selected as a photocatalyst through DFT 
calculations. Computational science based on DFT calculations is highly 
effective in predicting the potential of photocatalysts to facilitate CO2 
reduction. Reusability experiments showed that the methanol produc
tion performance of CN-anthracene does not decrease even after 
repeated use. Experimental results demonstrated that CN-anthracene, 
exhibiting a relatively stable structure, can be effectively utilized for 
CO2 reduction through photocatalytic processes. The mass spectrometry 
results further confirmed that the produced methanol utilizes water and 
carbon dioxide as reactants, without involving the decomposition of the 
photocatalyst. The reduction reaction of CO2 using organic photo
catalysts proceeds through competitive reactions with water decompo
sition reactions, making it difficult to discuss solely in terms of energy 
gaps. Since the reaction that produces the methanol has the complex 
elementary reactions, it is necessary to examine the reaction mechanism 

in greater detail and discuss it using kinetic theory and energy theory. 
However, in this study, it was demonstrated that the molecular catalyst, 
organic photocatalyst, provides a rough guideline for whether the re
action can proceed based on the calculation of the HOMO-LUMO energy 
gap. It is expected that this will be helpful for future catalyst 
development.
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