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Abstract: High efficiently photocatalytic CO2 reduction (CO2RR) into liquid fuels in pure water system remains
challenged. Iron polyphthalocyanine (FePPc) with strong light harvesting, unique Fe-N4 structure, abundant pores, and
good stability could serve as a promising catalyst for CO2 photoreduction. To further improve the catalytic efficiency,
herein, symmetry-breaking Fe sites are constructed by coupling with atomically precise M1Ag24 (M=Ag, Au, Pt) series
clusters. Especially, the introduction of Pt1Ag24 causes the most asymmetric charge distribution of Fe in FePPc (followed
by Au1Ag24 and Ag25), leading to the favorable CO2 adsorption and activation. In addition, Pt1Ag24-FePPc exhibits the
most effective photogenerated carriers transfer and separation. As a result, Pt1Ag24-FePPc shows the methanol/ethanol
yield of 48.55/32.97 μmol ·gcat

� 1 ·h� 1 in H2O-CO2 system under visible light irradiation, ~1.65/1.25-fold, 1.83/1.37-fold, and
3.60/1.61-fold higher than that of Au1Ag24-FePPc, Ag25-FePPc, and FePPc, respectively. This work provides a concept for
precisely construction and regulation symmetry-breaking sites of cluster-based catalysts for effective CO2 conversion.

Introduction

With the acceleration of industrialization, the emission of
CO2 has greatly increased, resulting in serious environ-
mental problems and energy crises. Photocatalytic CO2

reduction (CO2RR) to value-added chemicals or fuels has
been considered as a sustainable and promising approach to
simultaneously realize CO2 emission reduction and resource
utilization.[1] Although great efforts have been devoted in
this field, most of the current researches stay on the stage of
converting CO2 to gaseous C1 products (i.e. CO, CH4).

[2]

More desirable high-value liquid fuels (such as CH3OH and
C2H5OH) are difficult to obtain due to the complex process
and sluggish kinetics of the multi-electron transfer.[3] In
addition, to improve the efficiency of photocatalytic
CO2RR, organic solvents are usually used to promote CO2

solubility and availability, and sacrificial agents are added to

scavenge photogenerated hole and thus inhibit e� -h+

recombination.[4] However, overuse of chemical agents adds
extra product separation steps, production costs, and envi-
ronmental risks. Therefore, achieving high efficiency photo-
catalytic CO2RR to liquid fuels in pure water system is a
challenging and meaningful task.

The prerequisite as well as the key for photocatalytic
conversion of CO2 is the light-utilization and the effective
adsorption and activation of CO2. Metal phthalocyanine
(MPc) with unique light response property has been widely
used in photocatalysis.[5] However, in most of current works,
MPc exists in the form of small molecules with poor stability
and tends to agglomerate during the reaction, thus impeding
light absorption and reducing the catalytic activity.[6] Poly-
merization of MPc molecule can form 2D porous metal
polyphthalocyanine (MPPc) framework material, which
provides enhanced physical and chemical robustness, more
exposed active sites and improved charge transfer ability.[7]

Besides, the abundant pores and large specific surface area
are beneficial for CO2 adsorption.

With regard to CO2 activation, one of the effective
strategies is constructing symmetry-breaking sites.[8] The
establishment of heterostructure can effectively modulate
the electronic structure of MPPc and provide asymmetry
sites, thus promoting the activation of CO2. In recent years,
atomically precise metal nanocluster (NC) has been applied
in developing heterojunction catalyst to improve photo-
catalytic performance by increasing light-harvesting and
charge carriers separation.[9] In addition, benefiting from the
accuracy and tunability of NC composition and structure, it
can be used to precisely control the electronic structure of
the support via metal-support interaction.[10] Therefore,
coupling MPPc with atomically precise metal NC is a
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potential method to regulate charge distribution and create
asymmetry sites for facilitating CO2 activation.

In this work, M1Ag24 NC (M=Ag, Au, Pt)-iron poly-
phthalocyanine heterostructure (M1Ag24-FePPc) is synthe-
sized based on electrostatic attraction strategy with en-
hanced light utilization and charge transfer and separation
efficiency. By introducing different single-atom central
doped M1Ag24 NCs, the electronic structure of FePPc is
precisely regulated. Among the three NCs, Pt1Ag24 NCs
causes the most asymmetric charge distribution of FePPc,
leading to the most effective adsorption and activation of
CO2, as confirmed by a series of experiments and calcu-
lations. Thereby, Pt1Ag24-FePPc exhibits the best photo-
catalytic CO2RR performance with methanol yield of
48.55 μmol ·gcat

� 1 ·h� 1 and ethanol yield of
32.97 μmol ·gcat

� 1 ·h� 1 in pure water system.

Results and Discussion

The serial M1Ag24 (M=Ag, Au, Pt) NC is synthesized
according to our previously method,[11] and the molecular
purity is confirmed by the electrospray ionization mass
spectrometry (ESI-MS) and UV/Vis absorption spectrum
(Figure S1). Iron polyphthalocyanine (FePPc) is prepared
by one-step solid-phase method, and it shows characteristic
X-ray diffraction (XRD) pattern, consistent with the
previously reported FePPc (Figure S2a).[12] It displays the
typical Fourier transform infrared spectrometer (FT-IR)
peaks (at 1699, 1465, and 1371 cm� 1) of phthalocyanine
frameworks, the peaks (at 1308 and 1150 cm� 1) of stretching
vibration of C� N, and the vibration peak (at 945 cm� 1) of
the metal-ligand bond (Fe� N) (Figure S2b).[12–13]

Pt1Ag24 NC is selected as a representative to illustrate
the synthesis of M1Ag24-FePPc composite (Figure 1a). The

crystal structure and the corresponding crystallographic data
of Pt1Ag24 are shown in Figure S3 and Table S1. Although
FePPc possesses abundant pores and large specific surface
area, the binding force between NC and FePPc is not simply
physical adsorption, as confirmed by the control experi-
ments with PPc (Figure 1b-c). The synthesis of Pt1Ag24-
FePPc is based on electrostatic attraction strategy due to the
oppositely charged feature of each other, as shown from the
zeta potential results (Table S2). As shown in Figure 2a–c,
Pt1Ag24 NCs with an average size of 1.5 nm are uniformly
dispersed on lamellar-structured FePPc. The energy disper-
sive X-ray spectroscopy (EDX) mapping also demonstrates
the homogeneously spatial distribution of Pt, Ag, and S
element on the entire FePPc substrate (Figure 2d–k). The
loading amount of Pt1Ag24 NC is ~3 wt% determined by
inductively coupled plasma atomic emission spectrometer
(ICP-AES) (Table S3). Pt1Ag24-FePPc exhibits similar XRD
pattern with that of FePPc, suggesting that there is no
change in crystalline structure of FePPc after introducing
NC (Figure S2a). Besides, no XRD peak corresponding to
metal nanoparticles is observed, also indicating that the
small size of NC is maintained after combining with FePPc,
in line with the transmission electron microscope (TEM)
results. Pt1Ag24-FePPc not only keeps the characteristic UV/
Vis absorbance peaks for B band (~300 nm) and Q band
(~710 nm) of FePPc, but also shows featured signal
(~455 nm) from Pt1Ag24 NC.[11,14] In addition, the blue shift
of Q band in Pt1Ag24-FePPc compared to FePPc indicates
the strong electronic coupling between Pt1Ag24 NC and
FePPc (Figure S4).[14]

X-ray photoelectron spectroscopy (XPS) was used to
investigate the surface chemical environments of elements in
FePPc, Pt1Ag24, and Pt1Ag24-FePPc. In N 1s XPS spectrum
of FePPc, the peaks at 400.65, 399.41 eV, and 398.75 eV are
attributed to the Fe� N bonds, N atom linking the isoindole
rings (Nβ), and N atoms adjacent to the central metal atom
(Nα), respectively, also confirming the M� N coordination
framework structure of the FePPc (Figure S5).[12,15] For Fe
2p XPS spectrum of FePPc, the two peaks can be
deconvoluted into two doublets, among which the dominat-
ing peaks at 710.65/723.72 eV are attributed to the Fe 2p3/2

and Fe 2p1/2 of Fe
2+ and the weak signals at 713.8/728.8 eV

are from corresponding orbital of Fe3+, indicating the
valance state of Fe is between +2 and +3.[12,15c]

After combining with Pt1Ag24, the Fe binding energy of
Pt1Ag24-FePPc shows a negative shift, indicating the increase
of electron density of Fe (Figure 3a). However, compared to
Pt1Ag24, the binding energy of Ag for Pt1Ag24-FePPc moves
to lower-region, and both Pt and S binding energy of
Pt1Ag24-FePPc are shifted to higher-region, suggesting the
decrease of electron density around Ag, Pt, and S (Fig-
ure 3b–d). These results also confirm the strong electronic
interaction between Pt1Ag24 NC and FePPc.

The XPS spectra of other NCs (Ag25 and Au1Ag24)
before and after combining with FePPc were also per-
formed. Compared with Ag25, the binding energy of Ag and
S in Ag25-FePPc is decreased and increased, respectively,
suggesting the decrease of electron density around Ag and S
(Figure S6). For Au1Ag24, the decline in Ag binding energy

Figure 1. (a) Schematic illustration of the synthesis of M1Ag24 (M=Ag,
Au, Pt)-FePPc. UV � vis spectra of Pt1Ag24 solution during adsorption
experiments with (b) FePPc and (c) PPc.

Angewandte
ChemieResearch Article

Angew. Chem. Int. Ed. 2024, 63, e202412964 (2 of 9) © 2024 Wiley-VCH GmbH

 15213773, 2024, 46, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/anie.202412964 by U

niversity O
f Science, W

iley O
nline L

ibrary on [03/03/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



and the raise in Au and S binding energy after combining
with FePPc also indicate the decrease in electron density
around NCs (Figure S7), which is similar to Pt1Ag24 NC.

To verify the feasibility of the samples for photocatalytic
CO2RR, their energy levels were investigated. The band gap
of FePPc is 1.75 eV (Figure S8a). The conduction-band (CB)
and valence-band (VB) positions of FePPc are estimated to
be � 0.52 and 1.23 V (vs NHE, pH=7) (Figure S8b). The
Highest Occupied Molecular Orbital (HOMO) and Lowest
Unoccupied Molecular Orbital (LUMO) levels of Pt1Ag24
are determined as 0.41 and � 1.36 V (vs NHE, pH=7)
(Figure S9). In addition, as measured from valence band
XPS (VB-XPS), the VB is 1.25, 0.79, 0.69, and 0.45 eV for
FePPc, Ag25, Au1Ag24, and Pt1Ag24, respectively, which is
basically consistent with the value measured by Tauc plots
(Figure S10). Considering the reduction potential of CO2/
CH3OH (� 0.38 V) and CO2/CH3CH2OH (� 0.33 V) (vs
NHE, pH=7), the energy level position meets the require-
ments of theoretic feasibility for CO2RR (Figure S11).[16]

Other M1Ag24 NCs, i.e., Ag25, Au1Ag24 NC were also loaded
on FePPc via electrostatic attraction and applied to photo-

Figure 2. TEM image of (a) FePPc, (b) Pt1Ag24-FePPc, and (c) partial zoomed TEM image of Pt1Ag24-FePPc. (d–k) High-angle annular dark field
scanning transmission electron microscopy (HAADF-STEM) image and corresponding EDX elemental mapping of Pt1Ag24-FePPc.

Figure 3. (a) The XPS spectra of Fe 2p for FePPc and Pt1Ag24-FePPc.
The XPS spectra of (b) S 2p, (c) Pt 4f, (d) Ag 3d for Pt1Ag24 and Pt1Ag24-
FePPc.
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catalytic CO2RR to investigate the effect of central doping
on catalytic performance (Figure S4, Table S3, S4).

The photocatalytic CO2RR was conducted in pure H2O-
CO2 system under visible-light irradiation at 25°C room
temperature by controlling with cycling condensate water.
The main products are CH3OH and CH3CH2OH, deter-
mined by 1H NMR (Figure S12). Among these catalysts,
Pt1Ag24-FePPc exhibits the best performance for CO2RR
with high yield rate of CH3OH (48.55 μmol ·gcat

� 1 ·h� 1) and
CH3CH2OH (32.97 μmol ·gcat

� 1 ·h� 1) (Figure 4a, S13, Ta-
ble S5). Especially, the CH3OH yield rate of Pt1Ag24-FePPc
is 1.65, 1.83, and 3.60 times higher than that of Au1Ag24-
FePPc (29.46 μmol ·gcat

� 1 ·h� 1), Ag25-FePPc
(26.58 μmol ·gcat

� 1 ·h� 1), and FePPc (13.48 μmol ·gcat
� 1 ·h� 1),

respectively, and the CH3CH2OH yield rate follows the
same order. The product selectivity of the samples is shown
in Figure S14. Although the yield rate of CH3CH2OH is
lower than that of CH3OH, the moles of effective photo-
generated electrons contributed to CH3CH2OH production
are much more than that for CH3OH production due to the
more electrons required for same amount production (Fig-
ure 4b). To best of our knowledge, the CH3OH and
CH3CH2OH production rates of Pt1Ag24-FePPc are in the
front rank compared to the previously reported photo-
catalysts in pure H2O-CO2 system for CO2RR (Table S6). In
addition to the superior activity, Pt1Ag24-FePPc shows
almost unchanged yield rate of product in consecutive five
cycling tests, indicating the good stability (Figure 4c). The
maintained morphology and structure after photocatalytic

CO2RR also confirms the good stability of Pt1Ag24-FePPc
(Figure S15, S16).

The oxidation product yield of all the samples was
carefully quantified. In CO2-H2O photocatalytic system,
the possible H2O oxidation product is O2, H2O2, and ∫OH.
Electron paramagnetic resonance (EPR) test with 5,5-
dimethyl-1-pyrroline-N-oxide (DMPO) as spin-trapping
reagent was conducted for *OH detection.[17] There is no
*OH detected in all the samples, which is reasonable in
theory because all the EHOMO of M1Ag24 (Ag25, 0.81 V;
Au1Ag24, 0.72 V; Pt1Ag24, 0.41 V) and the EVB of FePPc
(1.23 V) is lower than that of H2O/*OH, 1.99 V vs NHE,
pH=7. Coloration method with N,N-dimethyl-pphenyle-
nediamine (DPD) as indicator was conducted to detect
H2O2.

[17] Similarly, there is no H2O2 detected in all the
samples, which is understandable because all the EHOMO of
M1Ag24 and the EVB of FePPc is lower than that of H2O/
H2O2, 1.37 V vs NHE, pH=7. Online gas chromatography
(GC) with a thermal conductivity detector (TCD) was
used to detect the O2 (Figure S17). None of the M1Ag24

can detect O2 due to the lower EHOMO than that of H2O/
O2, 0.82 V vs NHE, pH=7. The EVB of FePPc is higher
than that of H2O/O2, thus FePPc and M1Ag24-FePPc can
produce O2 from the aspect of theory. The O2 yield rate is
detected to be 74.48, 98.24, 107.66, and
151.88 μmol ·gcat

� 1 ·h� 1 for FePPc, Ag25-FePPc, Au1Ag24-
FePPc, and Pt1Ag24-FePPc, respectively (Figure S18),
which is close to the theoretical yield based on the
stoichiometric ratio (CH3OH:O2=2 : 3, C2H5OH:O2=1 : 3),
indicating the basically mass balance during the reaction.

Figure 4. (a) CH3OH and CH3CH2OH production rate and (b) the moles of photogenerated electrons utilized in CO2 reduction of FePPc, Ag25-
FePPc, Au1Ag24-FePPc and Pt1Ag24-FePPc. (c) Recycling performance of Pt1Ag24-FePPc. (d) CH3OH and CH3CH2OH production rates of Pt1Ag24-
FePPc under different conditions of with light and CO2, without catalyst, without CO2 (Ar instead of CO2), and without light. Error bars derived
from three parallel measurements.Comparison of the mass spectra of produced (e) 12CH3OH and 13CH3OH, and (f) 12CH3

12CH2OH and
13CH3

13CH2OH by photoreduction of 12CO2 and
13CO2, respectively.
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A series of control experiments were conducted to
confirm that the product origins from the photocatalytic
CO2RR. Under the conditions of without light, CO2, and
catalysts, the CH3OH and CH3CH2OH are barely detectable
(Figure 4d). 13CO2 isotope labeling experiment were further
carried out to validate that the carbon source of product.
The mass peaks corresponded to 13CH3OH, 13CH3

13CH2OH
and their fragments are detected when 13CO2 is used as feed
gas (Figure 4e–f, S19, S20).

The EPR test with different radical trapping agents were
further conducted to invesitgate the reaction mechanism.
2,2,6,6-tetramethylpiperidinooxy (TEMPO) as the electron
capture agent can be reduced to produce an EPR-silent
product TEMPOH, which is usually employed to monitor
the photogenerated electron.[17] As shown in Figure S21, the
EPR intensity in the dark with or without catalysts is the
same. After light irradiation 1 min, the EPR intensity
without catalysts is almost same as that in the dark.
However, after 1 min light irradiation, the EPR intensities
with Pt1Ag24, FePPc, and Pt1Ag24-FePPc are all decreased,
indicating the production of photogenerated electron with
the three catalysts. In addition, it is worth noting that
Pt1Ag24-FePPc shows the lower EPR intensity compared to
pristine Pt1Ag24 and FePPc, suggesting that Pt1Ag24-FePPc
can effectively inhibit the recombination of photogenerated
carriers and produce more available electrons, which is
conducive to CO2 reduction. DMPO (in methanol) as a spin-
trapping reagent is used to verify the *O2

� .[17] As shown in
Figure S22, all the three catalysts have the signals of
DMPO-*O2

� under light irradiation, indicating the *O2
�

produced by the photogenerated electron injection to
dissolved O2, which satisfies the energy level position
relationship (ELUMO of Pt1Ag24, � 1.36 V and ECB of FePPc,
� 0.52 V < O2/

*O2
� , � 0.33 V vs NHE, pH=7). Besides,

Pt1Ag24-FePPc shows the higher EPR signal compared to
pristine Pt1Ag24 and FePPc, suggesting the Pt1Ag24-FePPc
can obtain more photogenerated electrons by effectively
suppressing carriers recombination, which is benefit for
CO2RR. None of the samples were detected *OH, which is
understandable from the energy level theory, as mentioned
above. 2,2,6,6-tetramethylpiperidine (TEMP) is used to
detect 1O2.

[17] Under light irradiation, none of the three
catalysts have the 1O2 signal. It is expected because in the
system, the only way of producing 1O2 is through two-step
process (firstly, e� reduces dissolved O2 to produce *O2

� ,
then h+ oxidizes *O2

� to produced 1O2), in which carriers
may not survive such long time.

To further investigate the charge transfer pathway in
Pt1Ag24-FePPc, in situ XPS spectra with and without light
irradiation were performed. As shown in Figure S23, the
binding energy of Fe is increased under light irradiation,
indicating the electron density decrease of FePPc. The
positive shift in Ag binding energy and the negative shift in
Pt binding energy under light irradiation indicate the
electron density increase of Pt1Ag24. The results show that
the migration direction of the photogenerated electrons is
from FePPc to Pt1Ag24, which is in line with the proposed
transfer pathway. Besides, Pt1Ag24-FePPc can produce O2,

also confirming the photogenerated charge transfer direction
from the aspect of energy level theory.

To explore the reason for the differences in photo-
catalytic CO2RR performance of the serial M1Ag24-FePPc
(M=Ag, Au, Pt), the light absorption property and photo-
generated charge carriers separation efficiency were
investigated. All the M1Ag24-FePPc show the enhanced
light absorption compared with the FePPc (Figure S4).
Pt1Ag24-FePPc exhibits the highest photocurrent response
and smallest electrical resistance, indicating the effective
transfer and separation of photogenerated charge carriers
(Figure 5a, b). Besides, the photocurrent test and electro-
chemical impedance spectroscopy of pristine M1Ag24 NCs
were also conducted, and the order of charge transfer and
separation efficiency of isolated NCs is the same as that of
NCs-FePPc composites (Figure S24), which is in good
agreement with the sequence of photocatalytic CO2RR
activity, reflecting the precisely regulation in charge trans-
fer and photocatalytic activity by M1Ag24 NCs. The lowest
photoluminescence (PL) emission intensity and longest
average fluorescence lifetime of Pt1Ag24-FePPc demon-
strate the existence of effective charge transportation
channels and the inhibition of photoinduced e� -h+

recombination (Figure 5c, d, Table S7).
Furthermore, Mott–Schottky plot was conducted to

compare the carrier density of these samples. The carrier
density can be obtained by the following equation:

ND ¼
2

eee0
ð
dC� 2

dV
Þ

� 1

(1)

where e is the elemental charge (1.6×10� 19 C), ɛ0 is the
permittivity of vacuum (8.85×10� 14 F/m), ɛ is the dielectric
constant of the sample. For FePPc and M1Ag24-FePPc
(only 3% M1Ag24 content), the dielectric constant can be
regarded as the same. Therefore, the comparison of
carrier density of these samples can be obtained by
comparing the slopes. It can be seen from the formula that
the carrier density is inversely proportional to the slope.
As shown in Figure S25, the order of carrier density is
Pt1Ag24-FePPc>Au1Ag24-FePPc>Ag25-FePPc>FePPc,
indicating Pt1Ag24-FePPc facilitates charge separation,
and the tendency is in good agreement with the photo-
catalytic CO2RR performance.

The Brunauer–Emmett–Teller (BET) specific surface
area of M1Ag24 is similar and relatively small (Ag25: 2.05 m2/
g, Au1Ag24: 2.28 m2/g, Pt1Ag24: 2.39 m2/g), and lower than
that of FePPc (6.81 m2/g) (Figure S26a and S27a). M1Ag24-
FePPc shows a similar and medium BET specific surface
area (Ag25-FePPc: 6.71 m2/g, Au1Ag24-FePPc: 6.00 m2/g,
Pt1Ag24-FePPc: 5.52 m2/g), which is due to the cluster
occupation (Figure S27a). Considering that the first and
most important step of CO2RR is the adsorption and
activation of CO2, CO2 adsorption ability was evaluated by
CO2 adsorption isotherms. The pristine M1Ag24 show similar
CO2 adsorption capacities, which are all relatively small
(Ag25: 6.99 m2/g, Au1Ag24: 7.74 m

2/g, Pt1Ag24: 9.50 m
2/g) (Fig-

ure S26b). In the M1Ag24-FePPc series, Pt1Ag24-FePPc ex-
hibits the largest CO2 adsorption capacity (Ag25-FePPc:
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51.14 m2/g, Au1Ag24-FePPc: 71.88 m2/g, Pt1Ag24-FePPc:
83.14 m2/g), although it is slightly lower than FePPc
(97.31 m2/g), which is due to the small intrinsic specific
surface area caused by the cluster occupation (Figure S27b).
It is worth noting that there is an obvious difference in CO2

adsorption of M1Ag24-FePPc rather than the similarity in
BET surface area of M1Ag24-FePPc (Figure S27). The order
of CO2 adsorption capacity is Pt1Ag24-FePPc > Au1Ag24-
FePPc > Ag25-FePPc, which is consistent with the proposed
idea that Pt1Ag24 leading to the most asymmetric charge
distribution of FePPc is conducive to CO2 adsorption and
activation. CO2-temperature programmed-desorption (TPD)
tests were further conducted. Among the four catalysts,
Pt1Ag24-FePPc exhibits the highest desorption peak intensity
and temperature, indicating the strongest CO2 adsorption
ability (Figure 5e). In addition, the linear sweep voltamme-
try (LSV) curves under Ar and CO2-saturated electrolyte
were measured. The increased current density and de-
creased onset potential obtained in CO2 compared to those
in Ar can be attributed to the CO2RR. Pt1Ag24-FePPc
displays the largest difference in LSV curves between Ar
and CO2, suggesting the most favorable for CO2 activation
(Figure 5f).

Symmetry-breaking principle is regarded as an effec-
tive strategy for CO2 activation.

[18] The relative area ratio
of Fe2+ /Fe3+ in FePPc is ~0.79. After combining with NC,
the Fe2+ /Fe3+ ratio of M1Ag24-FePPc is increased, and it is
0.84, 1.47, and 1.65 for Ag25-FePPc, Au1Ag24-FePPc, and
Pt1Ag24-FePPc, respectively (Figure 6a, Table S8). The
change in the ratio of Fe2+ /Fe3+ indicates that the
introduction of NC causes the asymmetric charge distribu-
tion of Fe sites in FePPc, especially Pt1Ag24, which leads
to the the deepest degree of charge polarization. Density

functional theory (DFT) calculations were performed to
Figure out the origin of the activity of Pt1Ag24-FePPc.
Asymmetric charge distribution on Fe atoms is found in
M1Ag24-FePPc based on bader charge analysis (Figure 6b-
d). The calculated average net charge of Fe site on FePPc
is 1.168+. When M1Ag24 NC is anchored on the surface of
FePPc, the net charge of Fe site nearby NCs (Fe site 1) is
significantly decreased, which is 0.944+, 0.992+, and 0.996+

for Pt1Ag24-FePPc, Au1Ag24-FePPc, and Ag25-FePPc, re-
spectively. The net charges of Fe sites far from NCs (Fe
site 2–4) are similar to the corresponding sites without
NCs (Table S9, Figure S28). The charge difference be-
tween the Fe with or without M1Ag24 NC anchoring
follows the order: Pt1Ag24-FePPc (0.187)>Au1Ag24-FePPc
(0.160)>Ag25-FePPc (0.147)>FePPc (0), indicating that
Pt1Ag24 intrigues the most asymmetric charge distribution
of Fe site in M1Ag24-FePPc, consistent with the XPS
results (Figure 6e). In addition, Pt1Ag24-FePPc shows the
strongest CO2 adsorption energy of � 0.243 eV, compared
with other M1Ag24-FePPc and FePPc, benefiting for the
first step of catalytic reaction (Table S10). Due to the
small size of the clusters, it is obvious to expect that even
a minor change in the structure and composition, such as a
single atom change, will have a large effect on the
electronic structure of the clusters, resulting in different
properties. Here, due to the different types of central
metal atoms, the electronic structure of clusters is differ-
ent, mainly reflected in the charge negativity of the
central M: Pt (� 2.5)>Au (� 1.9)>Ag (� 1.7), according
to the neutral atomic charge analysis calculation in
previous work.[19] Compared to Au1Ag24 and Ag25, Pt1Ag24

exhibits higher electron density and is more prefer
donating charge when combining with FePPc, disrupting

Figure 5. (a) Photocurrent responses, (b) Electrochemical impedance spectroscopy (EIS) plots, (c) PL emission spectra, (d) Time-resolved PL
decay curves, (e) CO2-TPD measurement, and (f) LSV curves recorded in Ar-saturated (dotted line) and CO2-saturated (solid line) 0.5 M KHCO3 of
FePPc, Ag25-FePPc, Au1Ag24-FePPc and Pt1Ag24-FePPc.
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the charge balance of Fe site, making it the most
asymmetric charge distribution. Therefore, based on the
experimental and theoretical results, it can be inferred
that Pt1Ag24-FePPc with asymmetric charge distribution
could promote CO2 reduction (Figure 6f).

In situ FT-IR was used to monitor the CO2RR process.
Under dark conditions, the peaks corresponded to CO3

2�

(1336 cm� 1) and HCO3
� (1476, 1398 and 1219 cm� 1) are

both observed on FePPc and Pt1Ag24-FePPc.
[16b,20] Under

the same time of CO2 dark adsorption, Pt1Ag24-FePPc
shows the stronger carbonate and bicarbonate peaks than
FePPc, also reflecting that coupling with NC is beneficial
to CO2 adsorption and activation (Figure 7a). Under light
irradiation, the initial intermediate CO3

2� from the reac-
tion of gaseous CO2 and water vapor appears at
1942 cm� 1.[20a] Multiple new carbon intermediates are
generated and gradually enhanced with the extension of
illumination time.

The peaks at 1760 and 1560 cm� 1 are corresponded to
*CO2

� , which is formed from CO2 binding on the surface
of catalyst with an electron.[21] The peak at 1409 cm� 1 is
contributed to *COOH, a crucial intermediate generated
by *CO2

� reacting with a proton.[22] Then, *CO is formed
at 2131 cm� 1 when *COOH contacts with another proton
and electron.[21b] Finally, CH3OH is generated via step-by-
step hydrogenation. In addition, *OCCOH, the key
intermediate in C� C coupling reaction is clearly observed
at 1234 cm� 1 and its intensity is significantly increased

with the light time (Figure 7b).[23] On the basis of the
above in situ FT-IR analysis, the stepwise mechanism of

Figure 6. (a) The XPS spectra of Fe 2p for FePPc and M1Ag24-FePPc. The red and blue shaded regions correspond to the peak areas indicative of
Fe2+ and Fe3+, respectively. The differential charge density of (b) Ag25-FePPc, (c) Au1Ag24-FePPc and (d) Pt1Ag24-FePPc, showing charge transfer
from M1Ag24 NC to FePPc. The iso-surface value is 0.0007 e� Bohr� 3. The yellow and blue regions represent the electron accumulation and
consumption regions, respectively. (e) The net charge difference between the Fe site with and without M1Ag24 NC anchoring. (f) Designing
asymmetric charge distribution sites to promote CO2 reduction.

Figure 7. (a) In situ FT-IR spectra of CO2 adsorption and activation of
FePPc and Pt1Ag24-FePPc under dark conditions. (b) In situ FT-IR
spectra obtained at different irradiation times during CO2 photo-
reduction on Pt1Ag24-FePPc. (c) Proposed mechanism for the photo-
reduction of CO2 on Pt1Ag24-FePPc.
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photocatalytic CO2RR on Pt1Ag24-FePPc is schematically
proposed in Figure 7c.

Conclusions

In summary, to enhance CO2 activation and conversion, we
constructed asymmetric charge distributed sites by combin-
ing FePPc with single atom central doped Ag-based series
NCs through electrostatic attraction strategy. The charge
distribution of Fe sites in FePPc can be precisely regulated
by heteroatom doping type in NCs. Pt1Ag24 leads to the
most asymmetric charge distribution of Fe sites, followed by
Au1Ag24 and Ag25, confirmed from XPS and Bader charge
analyses. Therefore, Pt1Ag24-FePPc shows the best CO2

adsorption and activation ability, also it exhibits the most
effective photoinduced charge transfer and separation.
Under the conditions of visible light and pure water system,
Pt1Ag24-FePPc selectively photocatalytic CO2RR to alcohol
fuels with the methanol/ethanol yield of 48.55/
32.97 μmol ·gcat

� 1 ·h� 1, higher than the counterparts. This
work demonstrates the precisely regulation of asymmetric
charge distribution by well-defined NCs for highly efficient
CO2 conversion.
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