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a b s t r a c t

Atomically precise metal nanoclusters (NCs) have been deemed as an emerging class of metal nanoma-

terials owing to fascinating size-dependent physicochemical properties, discrete energy band structure,

and quantum confinement effect, which are distinct from conventional metal nanoparticles (NPs). Never-

theless, metal NCs suffer from photoinduced self-oxidative aggregation accompanied by in-situ transfor-

mation to metal NPs, markedly reducing the photosensitization of metal NCs. Herein, maneuvering the

generic instability of metal NCs, we perform the charge transport impetus comparison between atomi-

cally precise metal NCs and plasmonic metal NPs counterpart obtained from in-situ self-transformation

of metal NCs in photoelectrochemical (PEC) water splitting reaction. For conceptual demonstration,

we proposed two quintessential heterostructures, which include TNTAs-Au25 heterostructure fabricated

by electrostatically depositing glutathione (GSH)-protected Au25(GSH)18 NCs on the TiO2 nanotube ar-

rays (TNTAs) substrate, and TNTAs-Au heterostructure constructed by triggering self-transformation of

Au25(GSH)18 NCs to plasmonic Au NPs in TNTAs-Au25 via calcination. The results indicate that photo-

electrons produced over Au25 NCs are superior to hot electrons of plasmonic Au NPs in stimulating the

interracial charge transport toward solar water oxidation. This is mainly ascribed to the significantly ac-

celerated carrier transport kinetics, prolonged carrier lifespan, and substantial photosensitization effect of

Au25 NCs compared with plasmonic Au NPs, resulting in the considerably enhanced PEC water splitting

performance of TNTAs-Au25 relative to plasmonic TNTAs-Au counterpart under visible light irradiation.

Our work would provide important implications for rationally designing atomically precise metal NCs-

based photosystems toward solar energy conversion.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Photoelectrochemical (PEC) water splitting provides an environ-

mentally friendly and sustainable method for the environmental

purification and solar energy conversion since the rapid increase

of global pollution and energy crisis [1–5]. Metal nanoparticles

(NPs) occupy an important sector in metal nanomaterials in the

past few decades and have been extensively utilized for multifar-

ious catalysis [6–8]. When the size of metal NPs drops to ultra-

small range, typically composed of a few to several hundred atoms

with diameter below 2nm, they are referred to as atomically pre-

cise metal nanoclusters (NCs), wholly distinct from conventional

metal NPs counterparts [9,10]. Atomically metal NCs are charac-

teristic of discrete energy band structure, which endows them

with molecular-like highest occupied molecular orbital-lowest un-

occupied molecular orbital (HOMO-LUMO) transition level [11–13].

∗ Corresponding author at: College of Materials Science and Engineering, Fuzhou

University, New Campus, Minhou 350108, China.

E-mail address: fxxiao@fzu.edu.cn (F.-X. Xiao).

Thus, these intriguing quasi-semiconductor metal NCs are able to

act as both photosensitizers and catalytically active centers for

multifunctional photoredox catalysis [14–16]. Nevertheless, photo-

induced self-oxidative aggregation of metal NCs resulting from

generic instability retards their wide-spread applications [17,18].

Compared with atomically precise metal NCs, plasmonic metal

NPs enable the occurrence of analogous photosensitization process

but dominated by distinct mechanism [19–21]. Caused by the lo-

calized surface plasmon resonance (LSPR) effect, plasmonic metal

NPs could efficiently drive the photoredox catalysis using photoex-

cited hot charge carriers (i.e., hot electrons and hot holes) to over-

come activation barriers [22–25]. Despite the merits of atomically

precise metal NCs and plasmonic metal NPs, reasonable, strict and

comprehensive comparison between these two crucial metal nano-

materials in terms of charge transfer characteristics has so far not

yet been carried out. Especially, essential roles of metal NCs and

plasmonic metal NPs in tuning of interfacial charge migration in
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Fig. 1. (a) Schematic illustration of construction of TNTAs-Au and TNTAs-Au25 heterostructured photoanodes. SEM images of (b) TNTAs, (d) TNTAs-Au25 and (f) TNTAs-Au

heterostructures with top-view images in the inset along with elemental mapping results for (h) TNTAs-Au25 and (i) TNTAs-Au. HRTEM images of (c) TNTAs, (e) TNTAs-Au25

and (g) TNTAs-Au heterostructures with low-magnified images in the inset.

photoelectrochemical (PEC) water splitting reaction have yet to be

unleashed.

Herein, we designed the TNTAs-Au25 heterostructure via a facile

electrostatic self-assembly strategy by depositing atomically pre-

cise glutathione (GSH)-protected gold nanoclusters [Au25(GSH)18]

NCs on the TiO2 nanotube arrays (TNTAs) framework. Subse-

quently, Au25(GSH)18 NCs were in-situ transformed to plasmonic

Au NPs via calcination, resulting in the plasmonic TNTAs-Au het-

erostructure. In the TNTAs-Au25 photoanode, Au25(GSH)18 NCs

function as photosensitizers, and the thus-excited photoelectrons

contribute to the considerably enhanced PEC performances relative

to blank TNTAs substrate.

However, hot electrons photoexcited over plasmonic Au NPs are

responsible for the PEC performances of TNTAs-Au heterostruc-

ture. It was unveiled that electrons photoexcited over Au25(GSH)18
NCs are superior to hot electrons of plasmonic Au NPs in pro-

moting the interfacial charge transfer efficiency toward PEC water

splitting. This is due to the markedly prolonged carry lifetime of

Au25(GSH)18 NCs relative to plasmonic Au NPs. Our work could re-

inforce the fundamental understanding on charge transfer mecha-

nism of metal NCs-based photosystems for solar energy conversion.

The flowchart for fabrication of TNTAs-Au25 and TNTAs-Au het-

erostructured photoanodes is depicted in Fig. 1a. Firstly, TNTAs

substrate grown on Ti foil was fabricated by a two-step electro-

chemical anodization method, as illustrated in Fig. S1 (Support-

ing information), giving rise to one-dimensional hierarchically or-

dered TiO2 nanotubes arrays. Polyhedral model of anatase TiO2 is

shown in Fig. S2 (Supporting information). Then, atomically precise

Au25(GSH)18 NCs were deposited on the TNTAs surface through an

electrostatic self-assembly approach. Subsequently, TNTAs-Au het-

erostructures were obtained via annealing the TNTAs-Au25 het-

erostructures, wherein Au25(GSH)18 NCs were self-transformed to

plasmonic Au NPs. Scanning (SEM) and transmission electron mi-

croscopic (TEM) measurements were carried out to probe the mor-

phologies of TNTAs, TNTAs-Au25 and TNTAs-Au heterostructures.

Fig. 1b and Fig. S3 (Supporting information) show that TNTAs sub-

strate is featured by hierarchically ordered tubular nanotube ar-

rays. As seen in the HRTEM image (Fig. 1c), inter-planar spacing

is measured to be 0.35nm corresponding to the (101) crystal face

of anatase TiO2 [25]. After electrostatic deposition of Au25(GSH)18
NCs, morphology of TNTAs-Au25 heterostructure is similar to blank

TNTAs, as reflected by the SEM image (Fig. 1d). Nevertheless,

from the TEM image (Fig. 1e), it is apparent that TNTAs sur-

face is uniformly decorated with Au25(GSH)18 NCs with ca. 2nm

in size, which is in faithful agreement with the size of pristine

Au25(GSH)18 NCs aqueous solution (Fig. S4 in Supporting informa-

tion). Note that no lattice fringe of Au25(GSH)18 NCs is observed

in the HRTEM image of TNTAs-Au25 heterostructure (Fig. 1e), and

this is mainly due to its intrinsic amorphous property. As displayed

in Fig. 1f, SEM image of TNTAs-Au heterostructure demonstrates a

rough surface, which is caused by Au NPs adornment stemming

from calcination induced self-transformation of atomically precise

ultra-small Au25(GSH)18 NCs to metallic Au NPs. Consistent with

the SEM image (Fig. 1f), TEM image of TNTAs-Au heterostructure

(Fig. 1g) confirms that Au NPs are uniformly deposited on the

TNTA framework. HRTEM image of TNTAs-Au (Fig. 1g) exhibits the

lattice fringe spacing of 0.24nm corresponding to the (111) crystal

plane of Au [26]. Besides, attachment of Au25(GSH)18 NCs and Au
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Fig. 2. (a) XRD patterns, (b) Raman spectra, (c) FTIR spectra and (d) DRS results of

TNTAs, TNTAs-Au25 and TNTAs-Au heterostructures. High-resolution (e) Ti 2p and

(f) Au 4f spectra of (I) TNTAs-Au25 and (II) TNTAs-Au heterostructures.

NPs to the TNTAs can be confirmed by the SEM elemental map-

ping images. As shown in Figs. 1h and i, elemental mapping re-

sults of both TNTAs-Au25 and TNTAs-Au heterostructures show the

homogeneous distribution of Ti, O, Au, and N signals throughout

the entire heterostructures, among which Ti and O are from TNTAs

substrate, Au and N from Au25(GSH)18 NCs and Au NPs.

X-ray diffraction (XRD) patterns of blank TNTAs, TNTAs-Au25

and TNTAs-Au heterostructures are shown in Fig. 2a. It is obvious

that XRD patterns of all the samples are similar, indicating that the

as-prepared samples possess the same anatase TiO2 (JCPDS No. 21–

1272) and metal Ti phase (JCPDS No. 44–1294) [27,28]. This is also

corrborated by the Raman results. As displayed in Fig. 2b, anatase

TiO2 phase is verified by the Raman peaks at around 143 (Eg), 392

(B1g), 514 (A1g +B1g) and 635 (Eg) cm−1 for blank TNTAs, TNTAs-

Au25 and TNTAs-Au heterostructures [29]. Notably, Raman signal

intensity of TNTAs-Au25 and TNTAs-Au is much lower than TNTAs

substrate, indicative of partial shielding effects of Au25(GSH)18 NCs

and Au NPs. Functional groups of TNTAs, TNTAs-Au25 and TNTAs-

Au heterostructures are detected by fourier transform infrared

spectroscopy (FTIR). As illustrated in Fig. 2c, all the samples exhibit

two identical regions ranging from 3000 cm−1 to 3500 cm−1 that

correspond to the surface −OH group, and 1385 cm−1 corresponds

to the Ti–O bond from TiO2 substrate [30]. For the FTIR spectrum

of TNTAs-Au25, the band at 1628 cm−1 is attributed to the stretch-

ing vibration mode of –COOH group from GSH ligand, implying

grafting of Au25(GSH)18 NCs on the TiO2 framework [31,32]. Note

that peak intensity of the –COOH functional group in the FTIR re-

sult of TNTAs-Au is greatly reduced compared with that of TNTAs-

Au25, which is caused by the self-transformation of Au25(GSH)18
NCs to Au NPs after calcination.

As displayed in the UV–vis diffuse reflectance spectra (DRS),

TNTAs-Au25 and TNTAs-Au heterostructures exhibit the substan-

tial absorbance in the visible region (Fig. 2d). The red-shift of

absorption band edge is observed in the DRS result of TNTAs-

Au25 compared with TNTAs, implying the photosensitization ef-

fect of Au25(GSH)18 NCs. After calcination, light absorption range

of TNTAs-Au is further extended as compared with TNTAs-Au25 ac-

companied by the appearance of a typical SPR peak (ca. 520nm) of

Au NPs, indicative of successful self-transformation of Au25(GSH)18
NCs to Au NPs [33]. Transformed plots based on the Kubelka-Munk

function vs. energy of light for TNTAs, TNTAs-Au25, and TNTAs-

Au (Fig. S5 in Supporting information) are utilized to estimate the

bandgap, which are roughly calculated to be ca. 3.16, 2.93 and

2.62 eV for TNTAs, TNTAs-Au25 and TNTAs-Au, respectively [34].

The result suggests that deposition of Au25(GSH)18 NCs and Au NPs

on the TNTAs can reduce the bandgap of TiO2 substrate, thereby

improving the light harvesting capability of composite photoan-

ode in the visible domain. Alternatively, as shown in the insets of

Fig. 2d, color change of the samples also proves the deposition of

Au25(GSH)18 NCs (brown) and self-transformation of Au25(GSH)18
NCs to Au NPs (black) on the TNTAs substrate.

XPS spectrum was utilized to analyze the surface chemical com-

position and chemical states of the samples. XPS results of pristine

TNTAs are provided in Fig. S6 (Supporting information) for spe-

cific comparison. Survey spectra (Fig. S7a in Supporting informa-

tion) of TNTAs-Au25 and TNTAs-Au reveal the presence of O, Ti,

N, C, S and Au elements. According to the high-resolution Ti 2p

spectra of TNTAs-Au and TNTAs-Au25 (Fig. 2e), Ti chemical state

is assigned to the Ti4+ state [35,36], consistent with TiO2 nan-

otube arrays. For the high-resolution Au 4f spectrum of TNTAs-

Au25 (Fig. 2f, I), the two peaks at 83.78 (Au 4f7/2) and 87.43 eV

(Au 4f5/2) are assigned to the Au0, and the other two peaks at

84.53 and 88.18 eV correspond to the Au+ species [37]. However, as

displayed in the high-resolution Au 4f spectrum of TNTAs-Au (Fig.

2f, II), only metallic Au0 species is detected, once again implying

the self-transformation of Au25(GSH)18 NCs to Au NPs. As shown

in Fig. S7bI (Supporting information), high-resolution C 1s spec-

trum of TNTA-Au25 can be de-convoluted to three peaks at around

284.8, 286.1, and 288.0 eV, which are ascribed to the C–C/C–H, C–

OH/C–O–C, and –COOH species resulting from GSH ligand encapsu-

lation on the Au25 surface, respectively [35]. Obviously, peak inten-

sities of C–OH/C–O–C and COOH species in TNTAs-Au are weaker

than those of TNTA-Au25 (Fig. S7bII in Supporting information),

suggesting the successful self-transformation of Au25(GSH)18 NCs

to Au NPs via calcination for removing GSH ligand. Consistently,

for the high-resolution O 1s spectra (Fig. S7c in Supporting in-

formation), the peaks of TNTAs-Au (Fig. S7cII in Supporting infor-

mation) at 530.13 and 531.38 eV are assigned to the Ti–O and Ti–

OH species [27]. However, high-resolution O 1s spectrum of TNTA-

Au25 (Fig. S7cI in Supporting information) displays three peaks at

529.78, 531.31 and 532.98 eV, which correspond to the Ti–O, Ti–OH

and O=C–OH species [38]. The absence of O=C–OH species in the

high-resolution O 1s spectrum of TNTA-Au implies removal of GSH

ligand on the Au25 NCs surface after calcination. Clear N signal is

observed in the high-resolution N 1s spectrum of TNTAs-Au25 (Fig.

S7dI in Supporting information), and it can be de-convoluted to

three peaks at 399.78, 401.18 and 401.92 eV, attributable to the –

NH2/–NH–, R3N and –NH3
+ species from GSH ligand [39], respec-

tively. Conversely, disappearance of N 1s signal in TNTAs-Au (Fig.

S7dII in Supporting information) is ascribed to the carbonization

of GSH ligand during the self-transformation of Au25(GSH)18 NCs

to metallic Au NPs via calcination.

As unveiled in Fig. S8a (Supporting information), dipping

time considerably influences the PEC performance of TNTAs-Au25.

Specifically, photocurrent of TNTAs-Au25 gradually increases with

increasing the dipping time from 0.5h to 3h, and subsequently, it

no longer increases upon further prolonging the dipping time to

12h, which is caused by the fact that amount of Au25(GSH)18 NCs
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Fig. 3. PEC water splitting performances of TNTAs, TNTAs-Au, and TNTAs-Au25 heterostructures in Na2SO4 aqueous solution (pH 6.69) under visible light irradiation (λ >

420nm) including (a) LSV results (5mV/s), (b) ABPE results, (c) on-off transient photocurrent responses (0.61V vs. RHE), (d) EIS results, (e) Mott-Schottky plots and (f) charge

density (ND), (g) open-circuit voltage decay (OCVD) and (h) electron lifetime (τ n), and (i) IPCE results.

deposited on the TNTAs is saturated. Fig. S8b (Supporting informa-

tion) shows that photocurrent of TNTAs-Au is not changed with

annealing temperature increasing from 100 °C to 200 °C, and then

decreases sharply upon further boosting the temperature, which is

attributed to the gradual self-transformation of Au25(GSH)18 NCs

to Au NPs for retarding the photosensitization effect of NCs. This

speculation can be corroborated by the color change of the sam-

ples (Fig. S8c in Supporting information). Therefore, the samples

dipped for 3h and then annealed at 200 °C for 1h was chosen as

the optimal sample for following studies.

In the linear sweep voltammetry (LSV) curves (Fig. 3a), opti-

mal sample of TNTAs-Au25 heterostructured photoanode displays

the superior photocurrent density under visible light irradiation

especially in the low-potential region, proving the photosensiti-

zation effect of Au25(GSH)18 NCs for producing the photoelec-

trons. When TNTAs-Au25 photoanode is annealed to trigger the

self-transformation of Au25(GSH)18 NCs to Au NPs, photocurrent of

TNTAs-Au photoanode is markedly decreased with the onset po-

tential positively shifted. Besides, blank TNTAs substrate demon-

strates negligible photocurrent under visible light irradiation owing

to the large bandgap. Consistently, ABPE (Fig. 3b) results calculated

by Eq. S2 (Supporting information) agrees with the LSV result. It is

worthwhile that TNTAs-Au exhibits enhanced photocurrent relatve

to blank TNTAs (Figs. 3a and c), which is ascribed to the plasmonic

photoexciation of Au NPs for producing hot charge carriers includ-

ing hot electrons and hot holes, resulting in plasmon-induced PEC

performances. Apparently, TNTAs-Au25 shows the considerably en-

hanced photocurrent in comparison with TNTAs-Au and TNTAs,

and they follow the order of TNTAs-Au25 > TNTAs-Au > TNTAs,

verifying the crucial roles of Au25(GSH)18 NCs and Au NPs as pho-

tosensitizers.

Electrochemical impedance spectroscopy (EIS) is also applied to

gain insights into the interfacial charge transfer process. As dis-

played in Fig. 3d, TNTAs-Au25 photoanode exhibits the more de-

creased semicircle arc radius at high frequency than TNTAs-Au and

bare TNTAs, thus manifesting the fastest charge transfer rate over

TNTAs-Au25 and TNTAs substrate. As shown in Table S2 (Support-

ing information), Rct values are extracted from the semicircle at

high frequency by fitting it according to a simple equivalent circuit

composed of a series resistance (Fig. 3d, inset). Apparently, TNTAs-

Au25 demonstrates the smallest Rct value (1.290×104 ohm) com-

pared with TNTAs-Au (1.731×104 ohm) and TNTAs (1.757×104

ohm), indicative of its lowest charge transfer resistance in the in-

terfacial region. Mott−Schottky plots of the samples (Fig. 3e) ex-

hibit the positive slope, suggesting that all the photoanodes are

n-type semiconductor. The linear slope of Mott–Schottky curves

for different samples follows the orders of TNTAs > TNTAs-Au >

TNTAs-Au25, indicating the increase in capacitance upon Au NPs

and Au25(GSH)18 NCs deposition [40]. Charge density (ND) value is

calculated based on Eq. S3 (Supporting information) (Fig. 3f), and

the results show that TNTAs-Au25 possesses the ND of 1.701×1018

cm−3 followed in turn by TNTAs-Au (1.24×1018 cm−3) and TNTAs

(0.981×1018 cm−3) .

Electron lifetime is explored by monitoring the open-circuit

voltage decay (OCVD) results upon turning off light to probe the

interfacial charge transfer kinetics. As mirrored in Fig. 3g, TNTAs-

Au25 exhibits the larger open-circuit voltage (Voc) together with

longer electron lifetime (τ n, Fig. 3h) relative to TNTAs-Au, and both

of them demonstrate remarkably enhanced Voc and τ n with re-

spect to blank TNTAs substrate, substantiating the higher charge

transfer efficiency between Au25(GSH)18 NCs and TNTAs. To eval-

uate the contribution of light wavelength to photocurrent genera-

tion, IPCE results at 0.61 VRHE, which probes the photocurrent of

photoanode as a function of incident wavelength, were probed. As

displayed in Fig. 3i, IPCE curves of pristine TNTAs is consistent with

the DRS results, which only exhibits photocurrent in the UV region

owing to the large bandgap of TiO2 substrate. According to Eq. S5

(Supporting information), TNTAs-Au25 photoanode exhibits IPCE of

ca. 11% at 365nm, which is almost 2 times larger than TNTAs (ca.

6%), confirming the important role of Au25(GSH)18 NCs in enhanc-

ing the photocurrent of TNTAs-Au25. For the TNTAs-Au photoan-

ode, photo-response range of IPCE result is slightly extended to

4



Q.-L. Mo, X.-C. Dai, Y. Xiao et al. Chinese Chemical Letters 34 (2023) 107901

Scheme 1. Schematic illustration depicting the charge transfer mechanism over

TNTAs-Au25 and TNTAs-Au heterostructured photoanodes.

visible light region accompanied by the appearance of a SPR peak

between 400nm and 600nm. Thus, IPCE results of TNTAs-Au25 and

TNTAs-Au substantiate the photosensitization and plasmonic effect

of Au25 and Au in boosting the PEC performances. Additionally, PEC

water oxidation activities of TNTAs-Au and TNTAs-Au25 under con-

tinuous visible-light irradiation are probed to evaluate the photo-

stability. As shown in Fig. S9 (Supporting information), TNTAs-Au25

demonstrates unfavorable photostability with photocurrent rapidly

decaying under long-term light irradiation owing to the loss of

photosensitization capability of Au25 NCs, while TNTAs-Au demon-

strates relatively stable photocurrent, which is attributed to the

fact that Au NPs are more stable than Au25(GSH)18 NCs.

Besides, photoluminescence (PL) spectrum is employed to eval-

uate the interfacial charge separation [41]. As shown in Fig. S10

(Supporting information), PL intensity of TNTAs substrate was

markedly decreased after Au25(GSH)18 NCs and plasmonic Au NPs

deposition. Moreover, TNTAs-Au25 demonstrates much lower PL in-

tensity with respect to TNTAs-Au. Hence, PL results concurrently

indicate the most efficient charge separation over Au25(GSH)18 NCs

than that over plasmonic Au NPs, which is in line with PEC water

splitting performances aforementioned.

On the basis of the above discussion, a tentative reaction mech-

anism for PEC water splitting over TNTAs-Au25 and TNTAs-Au was

proposed, as illustrated in Scheme 1 and Fig. S11 (Supporting in-

formation). Considering Au25(GSH)18 NCs are featured by HOMO-

LUMO gap, and thus it can act like a semiconductor with small

bandgap [39]. CV result of Au25@(GSH)18 NCs is exhibited in Fig.

S12 (Supporting information), based on which LUMO energy level

is determined as −0.44 V vs. NHE according to the bandgap (2.32

eV) and HOMO energy levels (1.88 vs. NHE) [39]. Specifically, when

TNTAs-Au25 heterostructure is irradiated by visible light, electrons

are photoexcited from the HOMO level to the LUMO level of

Au25(GSH)18 NCs to produce the electron-hole pairs, leaving holes

in the HOMO level. Combined with the M-S results and Tauc data,

it is apparent that Au25@(GSH)18 NCs and TNTAs substrate (TiO2)

demonstrate the favorable energy level alignment, that is, LUMO

potentials of Au25@(GSH)18 NCs is more negative than the CB of

TNTAs (−0.1V vs. NHE) [39]. In this way, electrons photoexcited

over Au25(GSH)18 NCs can be injected into the CB of TNTAs. Subse-

quently, the electrons flow to the photocathode to produce H2, re-

sulting in the efficient charge separation. Simultaneously, the holes

accumulating in the HOMO level of Au25(GSH)18 NCs oxidize the

water to produce O2, thereby leading to enhanced PEC water split-

ting performances. Unlike Au25(GSH)18 NCs, plasmonic Au NPs are

photoexcited under visible light irradiation to produce hot charge

carriers owing to SPR effect. The hot electrons then are injected

into the CB of TiO2 surpassing the Schottky junction, leaving ener-

getic hot holes for water oxidation, thereby fulfilling the plasmon-

induced PEC water splitting process.

In summary, we have successfully unleashed the superiority

of photoelectrons over Au25(GSH)18 NCs to the plasmon-induced

hot electrons over Au NPs in boosting interfacial charge trans-

fer in PEC system. The self-transformation of Au25(GSH)18 NCs

to plasmonic Au NPs under heat treatment lays a solid founda-

tion for comprehensive and systematic comparison between these

two distinct metal nanomaterials by judiciously maneuvering the

generic instability of metal NCs. Our work would further bridge the

gap between atomically precise metal NCs and plasmonic metal

nanocrystals in terms of charge transfer characteristic toward so-

lar energy conversion.
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