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a b s t r a c t

Atomically precise metal nanoclusters (NCs) have been deemed as a new generation of metal nanomate-

rials in the field of solar energy conversion due to their unique atomic stacking manner, quantum con-

finement effects, light-harvesting capability and multitude of active sites. Nonetheless, wide-spread appli-

cation of monometallic NCs is blocked by the ultrashort carrier lifespan, uncontrollable charge transport

pathway, and light-induced poor stability, impeding the construction of robust and stable metal NC-based

photosystems. Herein, we report the fabrication of stable alloy (Au1-xPtx) NCs photosystem, for which

tailor-made negatively charged l-glutathione (GSH)-capped Au1-xPtx NCs as the building blocks are con-

trollably deposited on the BiVO4 (BVO) by a self-assembly approach for steering enhanced light absorp-

tion and interfacial charge transfer over alloy NCs-based photoanodes (Au1-xPtx/BVO). The self-assembled

Au1-xPtx/BVO composite photoanode exhibits the significantly enhanced photoelectrochemical water oxi-

dation performances compared with pristine BVO and Aux/BVO photoanodes, which is caused by the Pt

atom doping into the Aux NCs for elevating photosensitivity and boosting the stability. The synergy of Au

and Pt atoms in alloy NCs protects the gold core from rapid oxidation, improving the photostability and

accelerating the surface charge transfer kinetics. Our work would significantly inspire ongoing interest in

unlocking the charge transport characteristics of atomically precise alloy NCs for solar energy conversion.

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

Medica, Chinese Academy of Medical Sciences.

Atomically precise metal nanoclusters (NCs) have been consid-

ered to be a new generation of photosensitizers because of pe-

culiar atom-stacking mode, quantum confinement effect, and en-

riched catalytic active sites [1-4]. However, utilization of metal NCs

is retarded by the ultrashort charge lifetime, uncontrollable charge

transport pathway, and poor stability [5-8]. Although some metal

NCs-based photosystems have been reported, they are mainly lim-

ited to monometallic NCs [9-11]. It has been reported that doping

foreign atoms into pristine monometallic NCs favors enhancing the

stability and catalytic activity owing to tunable electronic structure

modulation [12,13]. Furthermore, optical properties of metal NCs

can also be tailored by heterometal atom substitution [14-16]. This

signifies that alloy NCs show great potential for exploring photo-

electrochemical (PEC) systems for water oxidation [17-21].

Bismuth vanadate (BiVO4) is considered as an emerging pho-

toanode considering its beneficial light absorption, high oxida-

tion, and enriched active sites [22,23]. However, BiVO4-involved
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PEC systems suffer from rapid charge recombination and sluggish

charge transport kinetics. Therefore, it remains challenging to con-

struct robust and stable BiVO4 photoanodes for PEC water oxida-

tion. Combining BiVO4 with alloy NCs may offers an applicable

route to solve the bottlenecks of BiVO4 given their favorable energy

level alignment that facilitates the directional charge transfer. Be-

sides, intrinsic photosensitization capability of alloy NCs may also

increase the carrier intensity and enhance the charge separation of

composite photosystems [24-26]. As such, rationally coupling alloy

NCs with BiVO4 would create novel high-efficiency PEC photosys-

tems.

Herein, l-glutathione (GSH)-capped gold-platinum alloy NCs

(Au1-xPtx@GSH) were electrostatically self-assembled on the BiVO4

(BVO) substrate to construct Au1-xPtx/BVO hybrid photoanode for

PEC water oxidation. It was found that alloy NCs surpass the

homo-metallic NCs in promoting the photosensitization of BiVO4,

while reinforcing the photostability. The Au1-xPtx/BVO hybrid pho-

toanode exhibits the considerably improved PEC water oxidation

activities compared with BVO and Aux/BVO counterparts, which is

caused by the Pt atom doping into the Aux NCs for elevating the

photosensitivity and boosting the stability. This work unveils the
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Scheme 1. Schematic diagram depicting the self-assembly of Au1-xPtx/BiVO4 pho-

toanodes.

Fig. 1. FESEM images of (a) BVO and (b, c) Au1-xPtx-4/BVO. TEM and high-resolution

TEM images of (d-f) Au1-xPtx-4/BVO with (g, g1-g7) elemental mapping results.

charge transport characteristics of alloy NCs-based photosystems

for solar energy conversion.

Scheme 1 shows the flowchart for fabricating BiVO4 and alloy

NCs/BiVO4 composite photoanodes. Firstly, BiVO4 photoelectrode

was prepared by an electrochemical deposition method. Subse-

quently, tailor-made Au1-xPtx NCs were electrostatically deposited

on the BVO surface. Notably, atomically precise alloy NCs are

capped by GSH ligands which contains various deprotonated car-

boxyl groups (-COO-), generating the negatively charged surface,

as evidenced by the zeta potential result (Fig. S1b in Supporting

information). This favors the deposition of alloy NCs on the BVO

substrate via electrostatic interaction at ambient conditions.

As shown in Fig. 1a, BVO substrate shows a porous nanostruc-

ture. As displayed in Figs. 1b and c, the morphology of BVO does

not change apparently after loading Au1-xPtx NCs, and it is diffi-

cult to observe the deposition of Au1-xPtx NCs on the BVO sur-

face in the SEM image of Au1-xPtx-4/BVO (abbreviated as AuPt-

4/BVO), which is mainly caused by the ultra-small size of alloy NCs

(∼1.35nm) (Figs. S1c and d in Supporting information). To deter-

mine the distribution of alloy NCs in Au1-xPtx-4/BVO, TEM (Fig. 1d)

and HRTEM (Figs. 1e and f) images were probed. As exhibited in

Fig. 1f, a large quantity of Au1-xPtx NCs are uniformly deposited

on the BVO substrate surface. Furthermore, the crystal structure

of the BVO is well defined with a distinguishable lattice stripe of

∼0.31nm, which corresponds to the (121) crystal plane of mon-

oclinic scheelite BiVO4 [27]. However, no lattice fringe of Au1-xPtx
NCs is visualized, which is due to the unique atomic stacking mode

of alloy NCs. Moreover, the uniform deposition of Au1-xPtx NCs on

the BVO can also be corroborated by the elemental mapping re-

sults of Au1-xPtx-4/BVO. Figs. 1g and g1-g7 show the distribution

pattern of Bi, V, O, S, N, Au and Pt signals for Au1-xPtx-4/BVO het-

erostructure, wherein N & S signals originated from GSH ligand

and Au & Pt signals from Au1-xPtx-4 NCs are uniformly distributed

the entire framework of BVO substrate.

As displayed in Fig. 2a, XRD results of Au1-xPtx-4/BVO, Au1-xPtx-

3/BVO, Aux/BVO and BVO are similar with diffraction peaks accu-

rately indexed to the monoclinic scheelite BiVO4 (JCPDS No. 14–

0688). The peaks from FTO are indicated by black dots. No peaks

assignable to Au1-xPtx@GSH and Aux@GSH are observed in the

XRD patterns of nanocomposites, which is due to the low depo-

sition amount of metal NCs [28]. Similarly, Raman spectra (Fig. S2

in Supporting information) also exhibit the featured BiVO4 peaks

without the peaks of Au1-xPtx@GSH and Aux@GSH. As shown in

Fig. 2b and Table S1 (Supporting information), FTIR result of blank

BVO demonstrates the peaks at 3426.1, 703 & 1057 and 476 cm−1,

which are corresponding to the -OH group, V-O and O-Bi bonds

from BVO, respectively [29]. In comparison with FTIR spectrum of

BVO, besides the vibration band of BVO, another two peaks at 2920

and 2850 cm−1 are seen in the FTIR spectra of Aux/BVO, Au1-xPtx-

3/BVO and Au1-xPtx-4/BVO, which correspond to the -CH2 group

from the GSH ligands of metal NCs [19], confirming the successful

deposition of Aux@GSH NCs, Au1-xPtx-3@GSH NCs and Au1-xPtx-

4@GSH NCs on the BVO substrate [19]. As shown in Fig. 2c, DRS

results of BVO, Aux/BVO, Au1-xPtx-3/BVO and Au1-xPtx-4/BVO in-

dicate that their light absorption band edge is located at 480nm,

which originates from the band-gap-photoexcitation of BVO sub-

strate. This suggests that Aux@GSH NCs, Au1-xPtx-3@GSH NCs and

Au1-xPtx-4@GSH NCs deposition on the BVO does not alter the op-

tical properties of metal NCs/BVO composite photoanodes, which

is due to the overlapping light absorption of BVO with metal NCs

in the visible spectrum region. The result is reasonable considering

the UV–vis absorption spectra of Aux@GSH NCs, Au1-xPtx-3@GSH

NCs and Au1-xPtx-4@GSH NCs (Fig. S1a in Supporting information).

Furthermore, the slight enhancement in light absorption within

the 500–800nm can be attributed to the inherent light absorption

properties of BVO. Moreover, band gap of BVO by transformed plots

according to the Kubelka-Munk function vs. the energy of light is

roughly calculated to be ∼2.46 eV (Fig. S3 in Supporting informa-

tion). As shown in Fig. S4 (Supporting information), Aux@GSH and

Au1-xPtx-4@GSH NCs demonstrate the similar light absorption pro-

file, suggesting that Pt atom doping fails to alter the optical prop-

erties of Aux@GSH NCs.

As exhibited in Fig. S5a (Supporting information), survey spec-

trum of Au1-xPtx-4/BVO demonstrates the presence of Bi 4f, V 2p,

O 1s, N 1s, Au 4f, and Pt 4f signals, among which Au 4f, O 1s, N 1s

and Pt 4f elements arise from Au1-xPtx-4@GSH NCs. As shown in

Figs. 2d and e, high-resolution V 2p and Bi 4f spectra of Au1-xPtx-

4/BVO (Ⅱ) and BVO (Ⅰ) correspond to the Bi3+ and V5+species [30],

respectively. The result implies that Au1-xPtx NCs deposition does

not change the elemental chemical states of BVO substrate. As re-

vealed in Fig. 2f, the peaks at ca. 529.7, 531.13 and 532.4 eV in the

high-resolution O 1s spectrum of Au1-xPtx-4/BVO (Ⅱ) are attributed

to the Bi-O, -OH and carboxyl group (C=O) [31], respectively. Com-

pared with the high-resolution O 1s spectrum of BVO (Ⅰ), the ap-

pearance of carboxyl group in Au1-xPtx-4/BVO strongly verifies the

self-assembly of Au1-xPtx-4 NCs on the BVO substrate. It should

be emphasized that the characteristic peaks of Bi 4f, V 2p and O
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Fig. 2. (a) XRD patterns, (b) FTIR spectra and (c) DRS results of Au1-xPtx-4/BVO, Au1-xPtx-3/BVO, Aux/BVO and BVO. High-resolution (d) Bi 4f, (e) V 3p, (f) O 1s, (g) N 1s, (h)

Au 4f and (i) Pt spectra of (I) BVO and (II) Au1-xPtx-4/BVO.

1s spectra for Au1-xPtx/BVO markedly move to the higher energy

level compared with blank BVO substrate [32]. These results evi-

dence the robust interaction between Au1-xPtx NCs and BVO, re-

sulting in the efficient electron transfer at the Au1-xPtx /BVO hybrid

interface. High-resolution N 1s spectra (Fig. 2g) of Au1-xPtx-4/BVO

demonstrate the peaks at 399.67, 400.05 and 401.67 eV, which are

corresponding to the -NH2/-NH-, -NH
3+ and N–C=O species from

the GSH ligands of Au1-xPtx NCs [19,28], respectively. Consistently,

as displayed in Fig. S5b (Supporting information), the peaks at

284.6, 286.4 and 288.08 eV in the high-resolution C 1s spectrum

of Au1-xPtx-4/BVO are indexed to the C–H, C–OH/C–O-C, and-COO-

species from the GSH ligands capped on the surface of Au1-xPtx
NCs [19,28]. Fig. 2h shows two 4f peaks in the high-resolution Au

4f spectra of Au1-xPtx-4/BVO, which correspond to the Au0 and

Au+ species in the Au1-xPtx-4@GSH NCs, once again confirming

the successful attachment of metal NCs on the BVO substrate. For

the high-resolution Pt 4f spectrum, there are two characteristic

peaks at 72.8 (Pt 4f7/2) and 76.1 eV (Pt 4f5/2), respectively (Fig. 2i),

and the 4f7/2 peak can be further divided into two components

with binding energy of 72.57 and 73.0 eV, belonging to the Pt(I)

and Pt(II) species, respectively. The results manifest that almost

all the Pt atoms form Pt-S bonds with the sulfhydryl groups on

GSH ligand and are distributed on the peripheral surface of the

nucleus. The above results indicate that Au1-xPtx-4@SSH NCs are

mainly composed of Au(0) in the core and Au(I), Pt(I) and Pt(II)

on the surface [33-35]. Therefore, we deduce the structural model

of Au1-xPtx@GSH NCs as shown in Fig. S6 (Supporting information).

For comparison, Table S2 (Supporting information) summarizes the

chemical bonding species versus binding energy for Au1-xPtx-4/BVO

heterostructure.

PEC water oxidation performances of the photoanodes are

probed under simulated solar light irradiation. The loading amount

of metal NCs was mediated by the dipping time. As shown in

Fig. S7a (Supporting information), photocurrents of metal NCs/BVO

photoanodes are substantially affected by the dipping time of

BVO in metal NCs aqueous solution. Specifically, photocurrents of

Au1-xPtx-4/BVO-X (X=4, 6, 8 h) demonstrate no apparent change

and tends to saturate as the dipping time increases from 2h to

6h, based on which the optimal dipping time of 2h was thus de-

termined and utilized to fabricate other counterparts. As shown

in Fig. S7b (Supporting information), alloy metal NCs photosensi-

tized BVO photoanodes demonstrate the optimal PEC performance

when the molar ratio of Au to Pt is controlled to be 1:0.8, and

thus Au1-xPtx-4/BVO heterostructure was harnessed as the optimal

sample for the following systematic investigation.

Fig. 3a shows that linear sweep voltammetry (LSV) results

of metal NCs/BVO composite photoanodes are closely related

to the Pt doping. The boosted photocurrents of Au1-xPtx-4/BVO

and Au1-xPtx-3/BVO relative to BVO reveals the crucial role of

Au1-xPtx@GSH NCs in boosting the PEC performances. Among

them, Au1-xPtx-4/BVO and Au1-xPtx-3/BVO deliver a photocurrent

of 1.6 and 1.3mA/cm2 at 1.23V vs. RHE, representing a two-fold

enhancement compared with blank BVO (0.8mA/cm2). This is as-

cribed to the photosensitization effect of Au1-xPtx@GSH NCs and

formation of applicable type II energy level alignment between

BVO and Au1-xPtx@GSH NCs, which improves the electrons transfer

3
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Fig. 3. PEC water oxidation activities of BVO, Aux/BVO, Au1-xPtx-3/BVO and Au1-xPtx-4/BVO heterostructures under simulated solar light irradiation (AM 1.5G) including (a)

LSV, (b) ABPE, (c) transient photocurrents (I-t) (1.23V vs. RHE), (d) EIS results, (e) Bode curves, (f) M-S plots, (g) charge density (Nd), (h) OCVD, and (i) electron lifetime (τ n).

from Au1-xPtx@GSH NCs to BVO. It is noteworthy that Aux@GSH

NCs photosensitized BVO as a control sample exhibits gradually

decreased photocurrent, which is related to the poor stability of

Aux@GSH NCs. Based on the LSV results, applied bias photon-to-

current efficiency (ABPE, η) results of the photoanodes were cal-

culated. As displayed in Fig. 3b, Au1-xPtx-4/BVO shows the optimal

η of 0.17%, followed by Au1-xPtx-3/BVO, BVO and Aux/BVO with η
of 0.16%, 0.06% and 0.13%, respectively. The result is consistent with

the LSV results, and it is after 1.0V vs. RHE that instability of metal

NCs starts to exerts a profound effect on the overall photocurrent

magnitude of the metal NCs/BVO composite photoanode. Fig. 3c

shows that Au1-xPtx-4/BVO demonstrates the most enhanced pho-

tocurrent compared with BVO, Au1-xPtx-3/BVO, and Aux/BVO coun-

terparts, indicative of its most efficient charge separation.

Electrochemical impedance spectroscopy (EIS) results under

light irradiation (AM 1.5G) were probed to evaluate the interfacial

charge transport resistance of photoelectrodes [36]. As displayed in

Fig. 3d, Au1-xPtx-4/BVO (890.7 ohm) shows the smallest semicircu-

lar arc radius under light irradiation relative to BVO (1157 ohm),

Au1-xPtx-3/BVO (1100 ohm), and Aux/BVO (1691 ohm), manifest-

ing its lowest interfacial charge transfer resistance, which agrees

with the LSV and I-t results. In addition, Bode plot representing

the frequency response of the PEC system was probed to assess

the electron lifetime (τ e) of photoelectrodes. As shown in Fig. 3e,

τ e of Au1-xPtx-4/BVO demonstrates the longest electron lifetime

of 0.05 s, which is longer than those of Au1-xPtx-3/BVO (0.0283 s),

Aux/BVO (0.0283 s) and BVO (0.0416 s). Mott-Schottky (M-S) re-

sults were probed to unveil the charge carrier density (Fig. 3f)

[37]. As displayed in Fig. 3g, carrier density (Nd) of Au1-xPtx-4/BVO,

Au1-xPtx-3/BVO, Aux/BVO and BVO are determined as 5.09×1019,

3.87×1019, 1.56×1019 and 1.90×1019 cm−3, respectively. Consis-

tently, Au1-xPtx-4/BVO still demonstrates the optimal carrier den-

sity followed by Au1-xPtx-3/BVO, BVO and Aux/BVO. As reflected

by Fig. 3h, Au1-xPtx-4/BVO demonstrates the largest photovoltage.

Additionally, electron lifetime of photoelectrodes calculated by the

photovoltage is shown in Fig. 3i, which suggests that Au1-xPtx-

4/BVO demonstrates the longest electron lifetime, indicating its

most efficient charge separation efficiency [38].

To highlight the key role of Au1-xPtx@GSH NCs in improving

the charge separation efficiency of composite photoanodes, charge

injection (ηinj) and separation efficiency (ηsep) of Au1-xPtx-4/BVO

were further tested. As displayed in Fig. 4a, based on the LSV re-

sults of Au1-xPtx-4/BVO and BVO with and without adding sodium

sulfite (Na2SO3), ηinj and ηsep of the photoanode were calculated.

As shown in Fig. 4b, ηsep of Au1-xPtx-4/BVO is almost twice as

much as that of BVO. The higher charge separation efficiency pro-

motes the water oxidation reaction and improves the PEC per-

formance. It is noteworthy that Au1-xPtx-4/BVO also demonstrate

improved ηinj relative to pure BVO (Fig. 4c), which implies that

the Au1-xPtx NCs possess a favorable photo-sensitizing effect as

well as advantageous energy level alignment between BVO and

Au1-xPtx@GSH NCs [39]. Stability of Au1-xPtx/BVO photoanode was

probed. As shown in Fig. 4d, Au1-xPtx-4/BVO demonstrates the fa-

vorable photostability without adding additional sacrificial reagent

with small photocurrent decay, verifying the good stability of

Au1-xPtx NCs. This is caused by the heteroatomic metallic Pt atom

4
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Fig. 4. (a) LSV results of Au1-xPtx-4/BVO with (dash line) and without (solid line)

adding Na2SO3 (0.01mol/L) in Na2SO4 aqueous solution (0.5mol/L, pH 6.69) under

simulated solar light irradiation (AM 1.5G). Charge (b) separation and (c) injection

efficiency of Au1-xPtx-4/BVO. (d) Photostability of Au1-xPtx-4/BVO in Na2SO4 aqueous

solution under simulated sunlight irradiation (AM 1.5G).

Scheme 2. Schematic illustration of the PEC water oxidation mechanism of

Au1-xPtx-4/BVO heterostructure.

doping in the motif of Aux NCs. The synergy of gold and platinum

atoms protect the gold core from rapid oxidation, improving the

photostability and accelerating the surface charge transfer kinetics.

This speculation is proved by the SEM image of Au1-xPtx-4/BVO af-

ter reaction. As shown in Fig. S8 (Supporting information), no ag-

glomeration of Au1-xPtx-4@GSH NCs on the Au1-xPtx-4/BVO surface

is observed, which evidences the good photostability of alloy NCs.

PEC water splitting mechanism of Au1-xPtx/BVO photoanode

was depicted in Scheme 2. According to the previous work [35],

Aux@GSH NCs are featured by HOMO-LUMO gap and are able to

serve as quasi-semiconductor with small bandgap. Based on the

UV–vis absorption (Fig. S9a in Supporting information) and CV re-

sults (Fig. S9b in Supporting information), HOMO and LUMO lev-

els of Aux@GSH NCs were determined as −2.13 eV vs. NHE and

0.63V vs. NHE, respectively. Similarly, HOMO and LUMO levels of

Au1-xPtx-4@GSH NCs were determined as −1.78 eV vs. NHE and

0.98V vs. NHE, respectively (Figs. S9d and e in Supporting in-

formation). The diagrams showing the HOMO and LUMO levels

of Aux@GSH and Au1-xPtx-4@GSH NCs are shown in Figs. S9c

and f (Supporting information), from which it is apparent that

Pt atom doping changes the HOMO position of Aux@GSH NCs,

that is, HOMO potential of Aux@GSH NCs is much higher than

that of Au1-xPtx-4@GSH NCs. Thus, PEC water oxidation mecha-

nism of Au1-xPtx-4/BVO photoanode is proposed and illustrated in

Scheme 2. When Au1-xPtx-4/BVO was irradiated by simulated sun-

light, Au1-xPtx-4@GSH NCs are photoexcited to produce electrons

and holes in the LUMO and HOMO, respectively. It has been well

established that LUMO potential of Au1-xPtx-4@GSH NCs is more

negative than the conduction band (CB) potential (−0.03V vs. NHE)

of BVO (Fig. S10 in Supporting information), while HOMO locates

above the valence band (VB) potential of BVO (2.43V vs. NHE). In

this regard, electrons in the LUMO of Au1-xPtx-4 NCs can readily

transfer to the CB of BVO by virtue of intimate interfacial integra-

tion and suitable energy level alignment [40]. Then, the electrons

flow to the photocathode to produce hydrogen and generate pho-

tocurrent, and meanwhile holes at the photoanode oxidize water

to oxygen, fulfilling the PEC water oxidation reaction.

In conclusion, we elaborately engineered the Au1-xPtx/BVO het-

erostructured by self-assembling atomically precise alloy NCs of

Au1-xPtx on the BiVO4 substrate under ambient conditions. It was

disclosed that the Au1-xPtx/BVO composite photoanodes show con-

siderably enhanced PEC water oxidation activities and improved

photo-stability compared with homogeneous Aux NCs photosen-

sitized BVO and pristine BVO. This is caused by the doping of

hetero-atomic metallic Pt atoms on the exterior surfaces of the Aux

NCs. The synergistic action of Au and Pt atoms safeguards the gold

core from rapid oxidation, enhancing photostability and accelerat-

ing surface charge transfer kinetics. Furthermore, the mechanism

of PEC water oxidation facilitated by Au1-xPtx/BVO heterostructures

was elucidated. Our work would significantly fill the long-term

blank in unlocking the charge transfer characteristic of alloy NCs

for solar energy conversion.
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