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a b s t r a c t

The interface modulation significantly affects the photocatalytic performances of supported metal ph-

thalocyanines (MPc)-based systems. Herein, ZnPc was loaded on nanosized Au-modified TiO2 nanosheets

(Au-T) to obtain wide-spectrum ZnPc/Au-T photocatalysts. Compared with large Au NP (8nm)-mediated

ZnPc/Au-T photocatalyst, ultrasmall Au NP (3nm)-mediated one shows advantageous photoactivity,

achieving 3- and 10-fold CO2 conversion rates compared with reference ZnPc/T and pristine TiO2

nanosheets, respectively. Employing monochromatic beam-assisted surface photovoltage and photocur-

rent action, etc., the introduction of ultrasmall Au NPs more effectively facilitates intrinsic interfacial

charge transfer. Moreover, ZnPc molecules are found more dispersed with the existence of small Au NPs

hence exposing abundant Zn2+sites as the catalytic center for CO2 reduction. This work provides a feasi-

ble design strategy and renewed recognition for supported MPc-based photocatalyst systems.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Carbon neutralization has become a worldwide consensus for

addressing the energetic and environmental problems caused by

excessive CO2 content. Among various targeting technologies, pho-

tocatalytic CO2 conversion by utilizing green and sustainable solar

energy to produce fuel molecules shows great potential and hence

has attracted extensive research interests [1-3]. The key to realiz-

ing highly efficient photoconversion of CO2 depends on the rational

design of the photocatalyst.

Titanium oxide (TiO2) is one of the most investigated and

promising semiconductor photocatalysts since the year of 1972,

which has been applied to types of environmental and energetic

reactions including CO2 reduction [4-6]. Nevertheless, due to the

recombination of charge carriers and lack of catalytic sites, single

TiO2 is not ideal enough in terms of photoactivity and product se-

lectivity. Accordingly, coupling TiO2 with a suitable semiconductor

that contains catalytic sites to obtain heterojunction could improve

the charge separation and catalytic efficiency and hence is found to

be a feasible strategy [7-11].
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Recently, organic molecular semiconductors such as metal

phthalocyanines (MPcs) become popular candidates, which are

organic heterolytic molecules with a large 18-electron conjugated

system [12,13]. Due to the visible-light absorption in the range

of 550–800nm, they are priorly exploited as photosensitizers in

the heterojunction systems. What is neglected is that MPc pos-

sesses the highest occupied molecular orbital (HOMO) and lowest

unoccupied molecular orbital (LUMO) and hence can function as

an organic molecular semiconductor to compose heterojunctions

photocatalysts [14]. More importantly, MPc contains defined single

M-N4 sites like Zn, Co, Fe, and Ni centers, etc., capable of acti-

vating different reactants as catalytic centers [15]. Considering

the activation and reduction of CO2 would significantly influence

the photocatalytic CO2 reduction, hence among typical phthalo-

cyanines, ZnPc has been reported to demonstrate favorable CO2

activation ability [16,17]. Therefore, coupling ZnPc with TiO2 might

enhance the photoactivity of individual TiO2. Noteworthily, the in-

terface between ZnPc and TiO2 shows a significant influence on the

charge transfer efficiency hence affecting the photoactivity [18,19].

Therefore, modulating the interface aiming at increasing the con-

ductivity of heterojunction could further enhance the photoactivity.

It is natural to consider introducing metal nanoparticles (NP)

such as Au NPs capable of effectively transferring electrons at the
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interface [20,21]. Especially, the Au NPs with different sizes might

show different modulating effects. Moreover, for reported works

on Au NP-MPc hybrid materials, it is found with the existence

of Au the light absorption of MPc could be extended [22], im-

plying that Au might induce a high dispersion of supported MPc

molecules, resulting in high MPc loading amount, a large num-

ber of exposed light-absorbing units, short charge transfer distance

and most importantly abundant single M-N4 sites. Therefore, Au-

modulated MPc/TiO2 is feasible and the modulating effects of Au

for the charge transfer are worthy of exploration.

In this work, we first synthesized ultrathin TiO2 nanosheets by

F ion-induced assembly method [23], denoted as T for short, which

were then decorated by Au NPs using the deposition-precipitation

method to obtain Au-T [24]. Subsequently, ZnPc was loaded on

Au-T by the H-bond interaction process, resulting in a series of

two-dimensional ZnPc/Au-T heterojunction photocatalysts [25]. By

contrast with large Au nanoparticles NPs (ca. 8nm), small Au NPs

(ca. 3nm) show an advantageous modulating effect. Correspond-

ing optimal ZnPc/Au-T photocatalyst demonstrated 3- and 10-fold

CO2 conversion rates compared with reference ZnPc/T and pristine

TiO2 nanosheets, respectively. The monochromatic beam-assisted

surface photovoltage and photocurrent action, etc., the introduc-

tion of small Au NPs more effectively facilitates intrinsic interfa-

cial charge transfer. Moreover, ZnPc molecules are found more dis-

persed with the existence of small Au NPs hence exposing abun-

dant Zn2+sites as a catalytic centers for CO2 reduction. This work

diversifies the strategies for modulating the interface of supported

MPc-based nanomaterials.

Ultrathin TiO2 nanosheets, denoted as T for short in the fol-

lowing passage, were synthesized by solvothermal method with

hydrofluoric acid as an additive [23]. ZnPc assemblies were then

loaded on the T by self-assembly process to obtain ZnPc/T het-

erojunctions. To improve the interface between ZnPc and T, Au

NPs were deposited on T surface by the deposition-precipitation

(DP) method to acquire Au-T samples [24]. Noteworthily, the par-

ticle size of Au could be enlarged by post-calcination. The pow-

der X-ray diffraction (XRD) pattern demonstrates the monoclinic

phase (JCPDS No. 21-1272) of T (Fig. S1 in Supporting informa-

tion) [26]. No extra diffraction peaks were observed for repre-

sentative 1Au-T, 2.5ZnPc/T, and 2.5ZnPc/1Au-T samples compared

with T (the number in the sample name indicates the mass ra-

tio relative to T), due to limited loading amounts and relative dis-

persed state of supported Au NPs and ZnPc assemblies. The mor-

phology of typical samples was examined by transmission electron

microscopy (TEM). T shows the ultrathin lamellar structure with a

length of 38–80nm and a width of 35–44nm (Fig. S2a in Support-

ing information). For 2.5ZnPc/T, blurring, and dark shadows can be

observed on the T surface, which is ascribed to ZnPc assemblies

(Fig. S2b in Supporting information). By contrast, the shadows for

2.5ZnPc/1Au-T become lighter, hinting at more dispersed disper-

sion of ZnPc assemblies when Au NPs (ca. 3 nm) exist (Fig. 1a). It

is noted when relatively large (ca. 8nm) Au NPs deposited, sim-

ilar dispersing effect still can be observed for 2.5ZnPc/1Au (L)-T

(Fig. 1a inset). The atomic force microscopy (AFM) assured the av-

erage thickness of two-dimensional T to be 3.2 nm (Fig. S3 in Sup-

porting information). Compared with T, the thickness increments

of 2.5ZnPc/T, 2.5ZnPc/1Au-T and 2.5ZnPc/1Au (L)-T are 1.9, 1.0 and

1.3 nm, respectively (Figs. 1b and c, Fig. S3 in Supporting informa-

tion). This further proves the introduction of small Au NPs leads to

a higher dispersion of ZnPc assemblies. The optical absorption of

different samples was analyzed using UV diffuse reflectance (DRS)

spectroscopy (Fig. 1d).

The absorption edge of T is around 400nm due to the vacan-

cies. The absorption peaks at around 520nm are observed for 1Au-

T and 1Au (L)-T, owing to the surface plasmon resonance (SPR)

effect of Au [27]. Notably, the peak for 1Au-T is broader due to

smaller particle sizes. It is inferred that calcination temperature

and the size of Au nanoparticles size influence the activity of the

plasma reaction [28]. For ZnPc/T, the extended light absorption in

the range of 500–800nm is attributed to ZnPc assemblies [16]. In-

terestingly, the light absorption for 2.5ZnPc/1Au (L)-T and espe-

cially 2.5ZnPc/1Au-T is more extended, corresponding to a higher

dispersion of ZnPc assemblies assured by AFM results.

To investigate the effect of Au on the interface of the hetero-

junctions, the Fourier transform infrared spectra (FT-IR) and X-ray

photoelectron spectroscopy (XPS) were collected (Figs. 1e and f,

Fig. S4 in Supporting information). For the FTIR spectra, all sam-

ples possess the band at 500 cm−1 attributed to the O–Ti–O bond

of TiO2 [29]. For 2.5ZnPc/T, the bands at 1288 and 1485 cm−1 orig-

inate from the stretching vibration of the C=N bond and the bend-

ing vibration of the C–H bond belonging to ZnPc, respectively [29].

Noteworthily, compared with that for 2.5ZnPc/T, the bands due to

the C–N= bond both shift to larger wavelength for 2.5ZnPc/1Au-T

and 2.5ZnPc/1Au (L)-T. The slightly larger shift for 2.5ZnPc/1Au-T

shreds of evidence stronger interaction between small Au NPs and

ZnPc than the situation for 2.5ZnPc/1Au (L)-T, which is responsible

Fig. 1. (a) TEM image of 2.5ZnPc/1Au-T and 2.5ZnPc/1Au (L)-T (inset). (b, c) AFM image and the corresponding height profiles of 2.5ZnPc/1Au-T. (d) DRS spectra, (e) FT-IR

spectra, and (f) XPS N1s spectra of different samples.
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Fig. 2. (a) Photoactivities of T, 2.5ZnPc/T, 1Au-T, 2.5ZnPc/1Au (L)-T and

2.5ZnPc/1Au-T for CO2 reduction. (b) Three consecutive runs of CO2 conver-

sion by 2.5ZnPc/1Au-T. (c) Fluorescence spectra related to the formed hydroxyl

radicals. (d) Photoelectrochemical I-V curves.

for the dispersing effect of Au for ZnPc assemblies. Moreover, in

the N 1s XPS spectra, compared with the N 1s peaks of 2.5ZnPc/T,

the ones for 2.5ZnPc/1Au-T and 2.5ZnPc/1Au (L)-T shifted to the

lower binding energies, confirming the interaction between Au NPs

and the N atoms of ZnPc macrocycles in agreement with the FT-

IR results [30]. This is consistent with the reported interaction

between the macrocycles of MPc and underlying metallic states

[22].

The photocatalytic performances of as-fabricated heterojunc-

tions were tested for CO2 reduction performance under UV–vis

light irradiation. As shown in Fig. S5a, as the loading amount of

ZnPc increases, 2.5ZnPc/T shows the largest CO2 conversion rate

of 15.6 μmol h−1 g−1, with CO and CH4 as products. Furthermore,

by alternatively adjusting the amounts of Au and ZnPc, the best

sample 2.5ZnPc/1Au-T was obtained (Fig. S5b), providing the 3-

and 10-fold CO2 conversion rate of 2.5ZnPc/T and T, respectively

(Fig. 2a). It is noted that small Au NPs show more obvious im-

proving effect on the photoactivity than large ones. Considering

that stability is another important indicator to evaluate the perfor-

mance of the photocatalyst, the three consecutive runs were con-

ducted over 2.5ZnPc/1Au-T. As shown in Fig. 2b, the photocatalytic

performance is maintained in each run, evidencing the favorable

stability of 2.5ZnPc/1Au-T photocatalysts under reaction conditions.

To explore the photocatalytic mechanism, the charge separation as

the key factor determining photoactivity was investigated by sev-

eral classic techniques.

Generally, the FS related to produced hydroxyl radicals under

illumination could reflect the charge separation of photocatalysts

[17]. Therefore, the FS signals were collected and shown in Fig. 2c

and Fig. S6 (Supporting information). The signal intensities follow

the order of T < 1Au/T < 2.5ZnPc/T < 2.5ZnPc/1Au-T. Compared

with pristine T, the construction of 2.5ZnPc/T heterojunction effec-

tively improves the charge separation. Furthermore, with Au intro-

duced 2.5ZnPc/1Au-T demonstrates the strongest signal intensity

among all ternary samples, especially which is stronger than that

for 2.5ZnPc/1Au (L)-T. It is found the charge separation of samples

indicated by FS results well corresponds with the photo activities.

The introduction of Au NPs, especially small ones, greatly improves

charge separation. Besides, the linear scanning voltammetry curves

of different samples under UV–vis irradiation show that the pho-

tocurrent densities increase in the same order as FS signal inten-

sities (Fig. 2d). Additionally, the Electrochemical Impedance Spec-

troscopy (EIS) of different samples indicates 2.5ZnPc/1Au-T has the

smallest curve radius among all samples indicating the best charge

separation (Fig. S7 in Supporting information). To conclude, small

Au NPs-mediation greatly improves the charge transfer between

ZnPc and T hence enhancing the photoactivity. This might be at-

tributed to the conductivity of Au NPs and shortened charge trans-

fer distance due to Au-mediated higher dispersion of supported

ZnPc assemblies.

As above, the general charge separation situation of typical

samples has been verified, however, the specific charge transfer

mechanism of Au-mediated ZnPc/T heterojunction is worthy of in-

depth exploration. For MPc/semiconductor photocatalytic systems,

MPc is commonly recognized to function as the photosensitizer.

The electrons of such heterojunctions would transfer from excited

MPc to the semiconductor then induce reduction reactions. Never-

theless, it is always neglected that ZnPc possesses intrinsic HOMO

(ca. −1.5 eV) and LUMO (ca. 0.5 eV), which can function as an or-

ganic reduction semiconductor [16]. As assured conduction band

(−0.87 eV) and valance band (2.27 eV) of T by the Mott-Schottky

curves combining DRS results (Fig. S8 in Supporting information),

ZnPc and T might possibly compose Z-scheme heterojunction, re-

sulting in electron transfer from T to ZnPc. Accordingly, to ver-

ify the specific charge separation mechanism, tailored investigat-

ing techniques including single-wavelength-assisted steady-state

surface photovoltage spectroscopy (SPS) and monochromatic pho-

tocurrent action spectra (MPAS) were conducted in the atmosphere

of N2 to exclude the influence of oxygen-capturing electron. The

SPS spectra of different samples are shown in Fig. 3a. A single

660nm auxiliary light was added to ensure the simultaneous ex-

citation of ZnPc and T under a single wave scan to verify the Z-

scheme charge transfer mechanism. It can be seen that the pure

T basically shows no SPS response in the atmosphere of N2. The

obvious signal was observed for 1Au-T, due to electron trans-

fer from T to Au NPs as electron capturer. A stronger SPS signal

was recorded for 2.5ZnPc/T from 300nm to 400nm with an addi-

tional 660nm monochromatic excitation beam, indicating effective

charge transfer from T to ZnPc obeying Z-scheme when both ZnPc

and T were excited. Notably, the SPS signal of 2.5ZnPc/1Au/T het-

erojunction from 300nm to 400nm is much stronger than that of

2.5ZnPc/T, again proving ultrasmall Au NPs facilitate the Z-scheme

charge transfer from T to ZnPc.

The Z-scheme charge transfer mechanism was further veri-

fied by the monochromatic photocurrent action spectra (MPAS) in

Fig. 3b. For pristine T, the photocurrent responses were only de-

tected with the excitation wavelength of 350 and 370nm in the

UV region, which are ascribed to the threshold wavelength of T.

For 2.5ZnPc/T, identical photocurrent responses to those of pris-

Fig. 3. (a) SPS responses of T, 1Au-T, 2.5ZnPc/T and 2.5ZnPc/1Au-T under an N2

atmosphere with the assistance of a 660nm monochromatic beam. (b) MPAS of T,

2.5ZnPc/T, 2.5ZnPc/T (660nm assisted) and 2.5ZnPc/1Au-T, respectively.
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tine T were observed with the same excitation wavelength at 350

and 370nm. This indicates when only T was excited, no elec-

tron transfer occurred for 2.5ZnPc/T. What is different, a small re-

sponse appeared with the excitation wavelength of 660nm capable

of exciting ZnPc, corresponding to the photosensitization charge

transfer mechanism, or rather the electron transfer from ZnPc to

T. The limited response indicates that although the photosensi-

tization mechanism exists, however, which only results in weak

charge separation. Interestingly, when the 660nm monochromatic

light is introduced as an assistant excitation light source for ZnPc,

an apparent response increase could be found for 2.5ZnPc/T with

the excitation wavelength at 370 and 350nm. This firmly indi-

cates when both ZnPc and T were excited, the electrons would

transfer from T to ZnPc, evidencing the Z-scheme charge trans-

fer mechanism. With the same assistant 660nm monochromatic

light, the responses of 2.5ZnPc/1Au-T further increase with the

excitation wavelength of 370 and 350nm compared with those

of 2.5ZnPc/T, proving the positive effect of Au NPs on Z-scheme

charge transfer from T to ZnPc. These findings are in good agree-

ment with the single-wavelength SPS results, highlighting the

dominant charge transfer mechanism for 2.5ZnPc/T and 2.5/1Au-

T be the Z-scheme instead of photosensitization. In addition, the

photoactivity of 2.5ZnPc/1Au-T was acquired under different com-

binations of monochromatic light (Fig. S9 in Supporting informa-

tion). When simultaneously using 365 and 660nm light, the pho-

toactivity reaches the maximum, which is advantageous over the

photoactivity using either 365nm light or 660nm light. This indi-

cates only when ZnPc and T were both excited, the charge transfer

to the largest extent could be reached, in consequence of best pho-

toactivity. The above results support the conclusion that the charge

transfer of 2.5ZnPc/1Au-T dominantly obeys the Z-scheme mecha-

nism.

Except for the light absorption and charge separation, catalytic

efficiency is another factor significantly affecting photoactivity. To

explore the catalytic function of as-fabricated samples, the elec-

trochemical reduction curves (EC) with atmosphere control were

collected on different samples. With N2 and CO2 bubbled into the

test system, the EC curves were demonstrated in Figs. 4a and b for

comparison. It is found that only for 2.5ZnPc/T and 2.5ZnPc/1Au-T

the onset potentials obviously decrease, indicating that ZnPc plays

Fig. 4. (a) EC reduction curves in N2-bubbled and (b) CO2-bubbled systems, respec-

tively. (c) In situ FTIR spectra of T, 2.5ZnPc/T and 2.5ZnPc/1Au-T for the photocat-

alytic CO2 reduction.

a vital role in the catalytic CO2 reduction. This is consistent with

the design strategy of introducing ZnPc containing single and pre-

cise Zn-N4 as favorable catalytic sites for CO2 reduction. Of note,

with the existence of Au NPs, 2.5ZnPc/1Au-T shows a smaller on-

set potential compared with 2.5ZnPc/T. It is concluded that Au-

mediated high dispersion of ZnPc would lead to abundant Zn-N4

sites to benefit the catalytic CO2 reduction. Basing all above, the

introduction of ultrasmall Au NPs in the 2.5ZnPc/1Au-T heterojunc-

tion not only extends the visible-light absorption but effectively fa-

cilitates the Z-scheme charge transfer and promotes the catalytic

function for CO2 reduction, which comprehensively contribute to

the favorable photocatalytic performance for CO2 reduction.

To further reveal the catalytic process mechanism, the reac-

tion intermediates were investigated by in situ FTIR mimicking the

photocatalytic reaction conditions (Fig. 4c). The active species in-

cluding m-CO3
2− (1374, 1508 cm−1), HCO3

− (1456, 1488 and 1645

cm−1), COOH∗ (1541 cm−1) and ∗CO (2017 cm−1) were detected

for T, 2.5ZnPc/T and 2.5ZnPc/1Au-T, which are involved in the con-

version process from CO2 to CO as the main product [31,32]. Ob-

viously, for the same duration, the peaks of key intermediates for

2.5ZnPc/1Au-TiO2 show the largest intensities, consistent with the

best photoactivity. According to the in situ FTIR results, it is spec-

ulated that during the CO2 conversion process the adsorbed CO2

turns to COOH∗ then produces CO.

Based on the above experimental results and analysis, the

whole photocatalytic process mechanism over ZnPc/Au-T was pro-

posed as Scheme 1. Under UV–vis irradiation, ZnPc and T are si-

multaneously excited and the photogenerated electrons transfer

from the conduction band of T to Au NPs and then combine with

the holes of ZnPc conforming to the Z-scheme charge separation

mechanism. Based on Au-improved charge separation, the holes of

T would induce water oxidation while the photoelectrons would

reduce activated CO2 by Zn(II)-N4 centers. In addition, the de-

sign strategy for ZnPc/Au-T photocatalyst is found applicable for

other transition-metal MPcs (M=Ni, Co and Fe). It can be seen in

Fig. S10 (Supporting information) when loading identical amounts

of MPcs, 2.5ZnPc/Au-T against the grain demonstrates the best

photocatalytic performance.

In conclusion, by introducing small Au NPs with a diameter

of ca. 3nm between ZnPc and T nanosheets, the ZnPc/Au-T het-

erojunctions were successfully synthesized. For photocatalytic CO2

reduction, optimized 2.5ZnPc/1Au-T demonstrates 3- and 10-fold

photoactivity enhancement compared with 2.5ZnPc/T and pristine

T, respectively, with CO and CH4 as products. Advantageous over

large Au NPs (8nm), small ones more effectively facilitated the Z-

scheme charge transfer from T to ZnPc, supported by FS, SPS and

MAPS results. Moreover, the interaction between Au NPs and the

aromatic ring of ZnPc proved by FTIR and XPS resulted in higher

dispersion of ZnPc assemblies hence extending the visible-light ad-

sorption meanwhile exposing abundant Zn-N4 catalytic sites. This

Scheme 1. Schematic of photocatalytic mechanism over ZnPc/Au-T photocatalyst

for CO2 reduction.
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work provides a new strategy to design MPc-involved heterojunc-

tions for efficient solar-to-fuel conversion.
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