
Sustainable
Energy & Fuels
Interdisciplinary research for the development of sustainable energy technologies

rsc.li/sustainable-energy

Volume 9
Number 4
21 February 2025
Pages 895–1132

ISSN 2398-4902

PAPER
Guigang Zhang, Kazuhiko Maeda et al.
Light-intensity dependence of visible-light CO2 reduction 
over Ru(II)-complex/Ag/polymeric carbon nitride hybrid 
photocatalysts 



Sustainable
Energy & Fuels

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

2 
 2

02
4.

 D
ow

nl
oa

de
d 

on
 1

2.
03

.2
02

5 
12

:3
7:

34
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Light-intensity d
aDepartment of Chemistry, School of Scienc

Ookayama, Meguro-ku, Tokyo 152-8550, Jap
bState Key Laboratory of Photocatalysis o

Chemistry, Fuzhou University, Fuzhou 3501

fzu.edu.cn
cResearch Center for Autonomous Systems M

Tokyo, 4259 Nagatsuta-cho, Midori-ku, Yok

† Electronic supplementary informa
characterization and reaction data. See D

Cite this: Sustainable Energy Fuels,
2025, 9, 947

Received 25th October 2024
Accepted 30th November 2024

DOI: 10.1039/d4se01488j

rsc.li/sustainable-energy

This journal is © The Royal Society o
ependence of visible-light CO2

reduction over Ru(II)-complex/Ag/polymeric
carbon nitride hybrid photocatalysts†

Ryuichi Nakada,a Chao Zhang,b Jo Onodera,a Toshiya Tanaka,a Megumi Okazaki, a

Guigang Zhang *b and Kazuhiko Maeda *ac

Photocatalytic CO2 reduction over Ru(II)-complex/Ag/polymeric carbon nitride (PCN) was studied with

respect to light intensity and the type of Ru(II) complex. In experiments using two different Ru(II) complex

cocatalysts, the reduction potential of the Ru complex was found to balance efficient CO2 reduction on

the Ru complex with electron transfer from Ag/PCN. This balance avoided the formation of H2 as

a byproduct, minimized charge accumulation in Ag/PCN, and maximized the apparent quantum yield for

CO2-to-HCOOH conversion.
Introduction

CO2 is an important source of C1 chemicals in organic
synthesis1–3 and biosynthesis.4 Photocatalytic CO2 reduction is
another promising approach because it produces value-added
chemicals (e.g., HCOOH and CO) using inexhaustible
sunlight. Metal-complex (photo)catalysts are highly active
toward the reduction of CO2 with high selectivity. However, the
photo-oxidative ability of the metal-complex photocatalysts is
insufficient to achieve articial photosynthetic reactions using
water as an electron donor. By contrast, semiconductor photo-
catalysts generally exhibit good photo-oxidation power but low
selectivity for CO2 reduction. To further exploit the advantages
of both metal-complex and semiconductor photocatalysts while
minimizing their weakness, researchers have intensively
studied metal-complex/semiconductor hybrid photocatalysts
over the past decade.5–8

One of the most studied metal-complex/semiconductor
hybrid photocatalysts is based on a polymeric carbon nitride
(PCN) absorber modied with a mononuclear metal complex
cocatalyst (Scheme 1).9–16 For example, PCNs functionalized
with trans(Cl)-[RuII(bpyX2)(CO)2Cl2] (bpyX2 = 2,20-bipyridine
with substituents X in the 4-positions; X = PO3H2, CH2PO3H2),
represented as RuP and RuCP hereaer, can reduce CO2 into
HCOOH with 80–90% selectivity under visible light in the
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presence of triethanolamine (TEOA) as an electron donor.9,11

The activity of the Ru(II) complex/PCN hybrid is further
enhanced through modication of the PCN component with Ag
nanoparticles, which promote charge separation followed by
electron transfer to the Ru complex.17,18

For heterogeneous photocatalysts, especially those for water
splitting or H2 evolution reactions, investigating the depen-
dence of the photocatalytic activity on the light intensity has
been shown to provide mechanistic insights into the bottle-
necks in the associated photocatalytic reactions.19–24 By
contrast, such studies involving heterogeneous photocatalysts
for CO2 reduction are rare. In the conversion of CO2 to CH4 by
a P25 TiO2 photocatalyst, the rate of CH4 formation has been
reported to increase in proportion to the square root of the light
intensity; however, the origin of the CH4 remains unclear
because of a lack of 13CO2 isotope experiments.25 Shangguan
Scheme 1 Schematic of photocatalytic CO2 reduction over Ru
complex/Ag/PCN.
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et al. have reported that Au nanoparticles photocatalyze the
reduction of CO2 to CO with the aid of H2O as a result of
interband transitions of Au driven by visible light and that the
rate of CO production increases almost linearly with increasing
light intensity.26 For homogeneous systems, Ishida et al. have
reported the light-intensity dependence of photocatalytic CO2

reduction using a mixed system of trans(Cl)-Ru(bpy)(CO)2Cl2
and [Ru(bpy)3]

2+ as a catalyst and a photosensitizer, respec-
tively, with the aid of 1-benzyl-1,4-dihydronicotinamide as an
electron donor.27 According to their study, the ratio of CO/
HCOOH products increased with increasing light intensity.
Because some derivatives of trans(Cl)-Ru(bpy)(CO)2Cl2 have
been used as active molecular cocatalysts for CO2 reduction
with PCN, studying the light-intensity dependence of visible-
light CO2 reduction over Ru complex/PCN hybrid photo-
catalysts, which has not been reported thus far, would be
intriguing.

In the present study, we focused on the three-component
hybrid photocatalysts RuP (or RuCP)/Ag/PCN and investigated
the light-intensity dependence of the CO2 photoreduction
quantum yield and the product selectivity. The signicant effect
of the reduction potential of the Ru complexes on CO2 photo-
reduction quantum yield and product selectivity with respect to
the incident light intensity is reported.
Fig. 1 (a) Apparent quantum yield, (b) HCOOH production rate, (c)
HCOOH selectivity, and (d) rate of gas-phase product formation from
RuP/Ag/PCN as function of the incident-light intensity. Reaction
conditions: catalyst, 14 mg; reactant solution, DMA : TEOA mixture
solvent (4 : 1 v/v, 14 mL); wavelength of light, 400 nm, Ag: 2.0 wt%,
adsorbed amount of RuP: 2 mmol g−1.
Results and discussion

PCN and Ag/PCN were synthesized according to a previously
reported method.17 Some essential characterization results,
including the results of X-ray diffraction, UV-visible diffuse-
reectance spectroscopy, electron microscopy, and X-ray
photoelectron spectroscopy experiments, are shown in the
ESI (Fig. S1–S3†). The syntheses of RuP and RuCP were con-
ducted in accordance with a previous report.28 As reported
elsewhere, PCN absorbs visible light with wavelengths as long
as ∼420 nm,17 whereas RuP and RuCP basically do not absorb
visible light.11 The detailed procedures and materials charac-
terization results can be found in the corresponding
literature.

First, the CO2 reduction reaction over RuP/Ag/PCN was
carried out in a CO2-saturated mixed solution of N,N-dimethy-
lacetamide (DMA) and TEOA (4 : 1 v/v) under 400 nm mono-
chromatized light with different light-intensity conditions. In
this work, the wavelength of 400 nmwas employed because PCN
absorbs 400 nm light, while RuP and RuCP do not.11 Here, the
apparent quantum yield (AQY) for HCOOH generation was
calculated using an equation adopted from a previous report:24

AQYð%Þ ¼ A� number of product molecules

number of incident photons
� 100

where A represents the coefficient of the reaction (here, A = 2).

Number of product molecules [h−1] = v[mmol h−1] × NA [mol−1]

× 10−6

where v and NA are the rate of reaction rate and Avogadro's
constant, respectively.
948 | Sustainable Energy Fuels, 2025, 9, 947–952
Number of incident photons
�
h�1�

¼ l ½m� � I ½mW cm�2� � S ½cm2�
h ½J s� � c ½m s�1� � 3:6

where I, S, h, and c are the wavelength of the incident light, the
light intensity (measured by a spectrophotometer; LS-100, Eko
Instruments), the irradiation area, Planck's constant, and the
speed of light, respectively. In this research, the irradiation area
was xed at 4.4 cm2, and the light intensity was controlled by
adjusting the output power of the Xe lamp. The maximum light
intensity employed in this work was ∼10 mW cm−2 due to the
power limit of the light source.

Fig. 1a shows the AQY for visible-light-driven HCOOH
production over RuP/Ag/PCN as a function of the incident-light
intensity. The AQY recorded in the light-intensity range #5.0
mW cm−2 was ∼2.5% and almost independent of the light
intensity. However, the AQY decreased sharply as the light
intensity was increased beyond 5.0 mW cm−2. The results
conrmed that the turnover number for HCOOH formation
(TONHCOOH) was much larger than 1 in all cases (Table S1†),
indicating that HCOOH formation was catalytically cycled. In
previous work, we demonstrated that the generation of HCOOH
over the RuP/Ag/PCN hybrid photocatalyst is stable until the
TONHCOOH reaches ∼5800.17 In the present work, the recorded
TONHCOOH was at most ∼300 because the reactions were con-
ducted under relatively low-intensity visible light for 2 h.
Therefore, the degradation of the activity of the RuP/Ag/PCN
hybrid photocatalyst during the CO2 reduction can be regar-
ded as negligible.

The relationship between the rate of HCOOH production
(vHCOOH) and the incident-light intensity (I) is displayed in Fig. 1b.
This journal is © The Royal Society of Chemistry 2025
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The data plot in lower-light-intensity regions could be tted by the
equation:

vHCOOH = aIb

The HCOOH production rate (vHCOOH) was almost propor-
tional to the light intensity (I0.97) in the region #5.0 mW cm−2

(Table S2†). However, in the region >5.0 mW cm−2, the HCOOH
rate remained almost unchanged. The HCOOH selectivity was
also found to decrease (Fig. 1c), similar to the AQY results. The
decrease in the HCOOH selectivity is attributed to the reaction
order for the main gas-phase byproduct, H2, not changing with
increasing light intensity (Fig. 1d). The corresponding H2

evolution AQY was ∼0.2%, independent of the light intensity.
The reduction of CO2 over RuCP/Ag/PCN was similarly

tested; the results are shown in Fig. 2 and Table S3.† Unlike the
AQY achieved with RuP/Ag/PCN, that achieved with RuCP/Ag/
PCN decreased gradually with increasing light intensity
(Fig. 2a). From Fig. 2b, the reaction order for light the intensity
of RuCP/Ag/PCN was determined to be 0.72, which was lower
than that for the RuP loading in the light-intensity regime of
#5.0 mW cm−2 (0.97). The CO2-to-HCOOH selectivity was 90–
95% irrespective of the light intensity (Fig. 2c). The rate of H2

byproduct formation tended to increase with increasing light
intensity (Fig. 2d). No CO was detected in the products gener-
ated over RuCP/Ag/PCN. The trend of CO2 reduction selectivity
for RuCP/Ag/PCN with respect to light intensity was thus
different from that for RuP/Ag/PCN.

The results thus demonstrated that the behavior of Ru
complex/Ag/PCN ternary hybrid photocatalysts toward CO2

reduction was dependent on the type of the Ru complex and the
Fig. 2 (a) Apparent quantum yield, (b) HCOOH production rate, (c)
HCOOH selectivity, and (d) rate of gas-phase product formation from
RuCP/Ag/PCN as function of the incident-light intensity. Reaction
conditions: catalyst, 14 mg; reactant solution, DMA : TEOA mixture
solvent (4 : 1 v/v, 14 mL); wavelength of light, 400 nm, Ag: 2.0 wt%,
adsorbed amount of RuCP: 2 mmol g−1.

This journal is © The Royal Society of Chemistry 2025
incident light intensity. In the light-intensity range #5.0 mW
cm−2, RuP/Ag/PCN gave a HCOOH generation reaction order
close to unity with respect to light intensity (Fig. 1b). This result
indicates that the overall reaction rate was determined by light
absorption of the PCN component, as reported for other
heterogeneous photocatalysts for water splitting.19,21,23,24 Of
course, at least ∼90% of the photogenerated carriers were
unused for the surface reaction because of recombination.
When the light intensity was greater than 5.0 mW cm−2, light
absorption by PCN was no longer the rate-determining step.
Increasing the light intensity above 5.0 mW cm−2 resulted in
a monotonic decrease in the AQY for HCOOH generation and
a concomitant increase in H2 evolution, suggesting that there is
a critical CO2-reduction bottleneck other than light absorption
and charge migration in PCN.

The RuCP/Ag/PCN photocatalyst showed a different light-
intensity dependence of photocatalytic CO2 reduction, giving
a dependence of I∼0.7 in the entire examined light-intensity
range (Fig. 2b). We speculate that the difference in the light-
intensity dependence of CO2 reduction originates from the
difference in the reduction potential of the Ru complexes. The
reduction potential of RuCP has been shown to be 0.1 V more
negative than that of RuP.11 Therefore, compared with RuP,
RuCP exhibits greater difficulty in receiving an electron from
Ag/PCN from the viewpoint of thermodynamics, but has
a higher driving force for CO2 reduction. It should be also noted
that the catalytic Ru center in RuCP is more distant from Ag/
PCN than RuP because of the presence of methylene spacer,
which would adversely affect the efficiency of electron transfer.29

That is, RuP is disadvantageous over RuCP in terms of the
driving force for CO2 reduction, which could become the rate-
determining step under high-light-intensity conditions. For
a homogeneous CO2 photoreduction system composed of trans-
(Cl)-[Ru(5,50-diamide-2,20-bipyridine)(CO)2Cl2]-type complex
catalysts and [Ru(bpy)3]

2+ as a photosensitizer, Ishida et al. have
reported that the turnover frequency for CO2 reduction
increases exponentially with a negative shi of the potential of
the catalyst complex until the potential reaches the reduction
potential of [Ru(bpy)3]

2+.30 Notably, the rate of H2 byproduct
formation during the CO2 reduction over RuP/Ag/PCN increased
with a reaction order of∼0.9. Because the Ag on the PCN can act
as a H2 evolution cocatalyst,31 we speculate that the electrons in
Ag/PCN, which had nowhere else to go because RuP no longer
functioned properly, participated in H2 generation on the
loaded Ag. We also note that Ag/PCN alone (i.e., without RuP or
RuCP) gave AQYs of ∼0.2% and <0.1% for H2 and HCOOH
generation, respectively, at 5.0 mW cm−2. That is, the selectivity
of Ag/PCN to HCOOH was at most ∼35%, which is much lower
than the selectivities recorded using the RuP- or RuCP-loaded
analogues. Thus, when the outlet for CO2 reduction is blocked,
the HCOOH generation AQY decreases drastically, whereas H2

production becomes relatively dominant (although the H2-
evolution AQY remains approximately the same).

Because of the greater CO2 reduction driving force for RuCP,
the CO2 reduction process on the RuCP is not a critical bottle-
neck. However, a certain degree of charge accumulation in Ag/
PCN occurred even in combination with RuCP because
Sustainable Energy Fuels, 2025, 9, 947–952 | 949
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electron transfer from Ag/PCN to RuCP is less efficient than that
to RuP,11 as previously mentioned. That is, the greater the
difficulty of the terminal reduction reaction, the more
pronounced the charge accumulation in the PCN and the lower
the reaction quantum yield.

In this regard, we conducted the H2 evolution reaction under
the same reaction conditions as CO2 reduction but with PCN
modied with a Pt cocatalyst, which is one of the most effective
promoters of H2 evolution for PCN.32 The characterization data for
Pt/PCN are included in Fig. S1–S3.† Fig. S4† shows the H2

evolution AQY and rate as functions of the light intensity. As ex-
pected, nearly twofold higher AQY (4.5–5.5%) was obtained
compared with that recorded in CO2 reduction (∼2.5% at most,
see Fig. 1a and 2a). The Pt/PCN gave a H2 evolution reaction order
of ∼0.8 for light intensity, which was higher than the CO2

reduction order recorded using RuCP/Ag/PCN (∼0.7). From this
result, one might expect that further improving the activity for
CO2 reduction over metal-complex/PCN hybrid photocatalysts
could be realized if a suitable metal-complex cocatalyst with
a more negative reduction potential not exceeding the
conduction-band minimum of PCN is developed.
Conclusions

In conclusion, we observed unique light-intensity-dependent
CO2 reduction over Ru complex/Ag/PCN hybrid photocatalysts
under 400 nm visible light. Using RuP, which features a more
positive reduction potential, we found two operational regimes:
One regime is #5.0 mW cm−2, where the HCOOH production
rate increased in proportion with the light intensity while a high
CO2-to-HCOOH selectivity (∼95%) was maintained; that is, the
AQY was independent of the light intensity. The other regime is
>5.0 mW cm−2, where the reaction order for the HCOOH rate
decreased dramatically, accompanied by more pronounced
byproduct formation of H2. However, a RuCP hybrid photo-
catalyst with a more negative reduction potential showed an
I∼0.7 dependence of CO2 reduction to HCOOH with 90–95%
selectivity in the entire examined light-intensity range. On the
basis of these results, we concluded that, in RuP/Ag/PCN, light
absorption dominates the overall CO2 reduction rate at I # 5.0
mW cm−2, whereas CO2 reduction over RuP is the rate-
determining step at I $ 5.0 mW cm−2. In RuCP/Ag/PCN, elec-
tron transfer from PCN to RuCP is the bottleneck that deter-
mines the overall reaction rate. These results suggest that,
under lower light-intensity conditions, molecular catalysts with
a more positive reduction potential function better and give
a greater reaction quantum yield than those with a more
negative potential, although the absolute amount of CO2

reduction product becomes inevitably low.
Thus far, the development of metal-complex/semiconductor

hybrid photocatalysts has relied on the individual renement of
both the metal-complex and semiconductor parts, where CO2

reduction occurs more quickly/selectively and charge recombi-
nation in relation to any back electron transfer reaction is
minimal.6,8 The results of the present work based on the light-
intensity dependence clearly provide more general insights
950 | Sustainable Energy Fuels, 2025, 9, 947–952
into improving the CO2 reduction performance of metal-
complex/semiconductor hybrid photocatalysts.
Experimental
Purication of solvent

DMA and TEOA were distilled before use. The distillation was
performed according to our previous work.31 DMA was dried
over 4 Å molecular sieves for several days and distilled under
reduced pressure (10–20 torr). TEOA was distilled under
reduced pressure (<1 torr). Distilled DMA and TEOA were kept
under an Ar atmosphere before use. All other reagents were
commercially available and used without further purication.
Synthesis of PCN

PCN samples were synthesized according to a previous
method33 by heating 12.0 g of urea (>99.0%, FUJIFILM Wako
Pure Chemical) in air at a ramp rate of 2.2 K min−1 to 823 K,
maintaining that temperature for 4 h, then cooling without
temperature control. Approximately 0.58 g of the PCN powder
was obtained.
Synthesis of Ag/PCN

The Ag was loaded in the same manner as in our previous
study.17 Ag species as promoters were loaded onto the surface of
PCN by an impregnation method using AgNO3 (>99.8%, Wako
Pure Chemicals) as the precursor. PCN was dispersed in an
aqueous AgNO3 solution (10 mL). The water content was slowly
removed under reduced pressure at room temperature (∼298 K)
using an evaporator in the dark. The resultant solid sample was
heated under a H2 stream (20mLmin−1) at 473 K for 1 h. The Ag
loading amount was 2.0 wt% (nominal value).
Synthesis of RuP and RuCP

Ru complexes (RuP and RuCP) were synthesized according to
the procedures reported by Anderson et al.28 Briey, Ru polymer
[Ru(CO)2Cl2]n was reuxed in ethanol with (PO3Et2)2bpy (for
RuP) or (PO3Et2CH2)2bpy (for RuCP) ligands and the obtained
powders were reuxed in HCl aqueous solution (4 M) for the
hydrolysis to obtain phosphonic (or methylphosphonic) acid
anchors.
Adsorption of Ru complex by Ag/PCN

The adsorption of RuP (or RuCP) was conducted in a manner
similar to that previously reported.17,31,33 PCN was dispersed in
methanol containing dissolved RuP. The suspension was stirred
for 24 h at room temperature (∼298 K) in the dark under an Ar
atmosphere to allow for adsorption/desorption equilibrium,
followed by ltration. The amount of adsorbed RuP (or RuCP)
was calculated on the basis of the UV-vis spectrum of the ltrate.
In the present report, the amount of adsorbed Ru complexes
was 2 mmol g−1. Typical UV-visible absorption spectra of the
solutions before and aer the adsorption procedure are shown
in Fig. S5.†
This journal is © The Royal Society of Chemistry 2025
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Synthesis of Pt/PCN

Pt loading was carried out by impregnation followed by H2

reduction, similar to the aforementioned method of Ag loading.
Pt was loaded onto the PCN using H2PtCl6$6H2O (>98.5%,
Kanto Chemical) as the precursor. The water was subsequently
removed slowly by heating. The resultant solid sample was
heated under a H2 stream (20 mLmin−1) at 473 K for 1 h. The Pt
loading amount was 2.0 wt% (nominal value).
Photocatalytic reaction

Photocatalytic reactions were performed in a 30 mL Pyrex
cuvette containing 14 mL of a mixed solution of DMA and TEOA
(4 : 1 v/v) and 14 mg of photocatalyst, which was kept at room
temperature using a water jacket. In this study, CO2 reduction
was performed by RuP/Ag/PCN (or RuCP/Ag/PCN) and H2

evolution by Pt/PCN. Before irradiation, the suspension was
purged with CO2 (>99.995%, Taiyo Nippon Sanso) for 25–
30 min. The light source was a 400 W Xe lamp (Asahi Spectra,
MAX-400D) equipped with a bandpass lter (l = 400 nm) that
allowed the light intensity to be controlled. Some spectral irra-
diance data are displayed in Fig. S6.† The gaseous reaction
products were analyzed using a gas chromatograph equipped
with a thermal conductivity detector (GL Science, GC32 or Shi-
madzu, GC-2014; carrier gas, Ar). The HCOOH generated in the
liquid phase was analyzed using a capillary electrophoresis
system (Otsuka Electronics, Agilent-7100).

The turnover number (TON) was calculated by the following
equation:

TON ¼ amount of producted HCOOHðmmolÞ
amount of adsorbed Ru complexðmmolÞ

Data availability

The data supporting this article have been included as part of
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