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A B S T R A C T   

Lead halide perovskites (LHPs) photoelectrodes for photoelectrochemical (PEC) water splitting are promising 
candidates for solar-to-fuel conversion. However, the poor stability of LHPs in aqueous electrolyte media, 
together with the toxicity of lead, restricts the practical application of LHP photoelectrodes. Herein, we report 
the first-ever colloidal synthesis of quaternary Cu1.4Ag0.6BiI5 nanocrystals (NCs), a new lead-free perovskite- 
inspired nanomaterial, by a facile hot injection method. The Cu1.4Ag0.6BiI5 NCs exhibit an extraordinary water 
resistance, due to the well-defined coverage of hydrophobic ligands on the surface of NCs with unique layered 
cation disordered structure. Together with their high structural stability, the Cu1.4Ag0.6BiI5 NCs-based photo
anode displays a maximum photocurrent density of 4.62 mA cm− 2 at 1.23 V vs. reversible hydrogen electrode, 
and an applied bias photo-to-current efficiency of 2.94% without any protective layer. Our study highlights the 
great potential of lead-free Cu1.4Ag0.6BiI5 NCs-based photoelectrodes for a wide range of low-cost, eco-friendly, 
and high-performance PEC applications.   

Solar water splitting is one of the most promising techniques to 
convert and store the abundant solar energy into hydrogen [1,2]. Of the 
diverse types of water splitting systems, photoelectrochemical (PEC) 
water splitting is of great interest for hydrogen generation [3,4]. Just 
over the last few years, lead (Pb) halide perovskites (LHPs) have been 
considered as attractive photoelectrodes for PEC reactions [5–7], due to 
their high light absorption coefficient (~105 cm–1), long charge diffu
sion length (>1 µm), and high charge carrier mobility (1–10 cm2 V − 1 s 
− 1) [8–11]. To date, the solar-to-hydrogen conversion efficiency of 
LHP-based photoelectrodes has surpassed 11% [12]. Although enor
mous efforts have been made to design and fabricate various types of 
LHP-based photoelectrodes, the strict fabrication environment, partic
ularly the need of insulate the LHP active layer from water and oxygen 
with the help of protective catalytic layers [5,13,14], has still limited the 
application of LHP-based PEC water splitting. The considerable insta
bility weakness of LHPs, accompanied with the high toxicity of Pb 
element, makes the discovery of stable Pb-free alternatives for efficient 
PEC reactions highly desirable. 

Pb-free perovskite-inspired materials (PIM) [15] such as copper or 
silver pnictohalides with a typical structure AxByXx+3y (A = Cu+, Ag+; B 
= Bi3+, Sb3+; X = I− ), e.g., CuBiI4, Cu2BiI5 and Ag3BiI6 [16], have gained 
growing attention for diverse optoelectronic and photocatalytic appli
cations [17–20], owing to their low toxicity, various structural dimen
sionality, and wide tunability of band gap. Recently, ternary copper 
pnictohalides (e.g., CuBiI4) have been found to exhibit a metastable 
phase that can decompose to CuI and BiI3 even at room temperature 
[21]. To tackle this phase stability issue, the quaternary Cu-Ag-Bi-I 
system has been investigated with a focus on Cu2AgBiI6 [22], demon
strating a direct band gap (2.06–2.10 eV) [23,24] with a very high ab
sorption coefficient (>1 × 105 cm–1) that is comparable to that of LHPs. 
So far, Cu2AgBiI6 thin film has only been employed in the photovoltaic 
and photodetector applications [23], showing moderate power conver
sion efficiencies of 1.3% under 1 sun condition and 4.7% under indoor 
illumination (~1000 lx) [24]. The reported good optical properties and 
high structural stability of lead-free quaternary Cu-Ag-Bi-I semi
conductor along with its suitable band gap (~2 eV) may open up another 
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possibility to be favorable for the PEC water splitting. On the other hand, 
very few studies on robust and water-resistant halide perovskites or 
PIMs for PEC applications without any protective or encapsulation 
layers, have been reported [25,26]. 

Herein, we report the colloidal synthesis of lead-free quaternary 
Cu1.4Ag0.6BiI5 NCs for the first time. The NCs exhibit an exceptional 
water resistance, which we ascribe to the well-defined coverage of hy
drophobic ligands on the surface of NCs with layered cation disordered 
structure. The as-synthesized Cu1.4Ag0.6BiI5 NCs demonstrate a rela
tively long photoluminescence (PL) lifetime of ~48 ns with a middle 
direct band gap of 2.19 eV and band structures well aligned with the 
redox potentials of water splitting reaction. For a proof-of-concept 
application, the simplified PEC cell, fabricated with the Cu1.4Ag0.6BiI5 
NCs film as the photoanode in the absence of a protective layer, exhibits 
–0.05 VRHE (RHE = reversible hydrogen electrode) onset potential and a 
maximum photocurrent density of 4.62 mA cm–2 at 1.23 VRHE, as well as 
an applied bias photon-to-current efficiency (ABPE) of 2.94%. We 
further investigate the reaction dynamics of photogenerated charge 
carriers in Cu1.4Ag0.6BiI5NCs with water molecules by conducting ul
trafast transient absorption (TA) measurements, revealing that the 
population of electrons in Cu1.4Ag0.6BiI5 NCs dominates the charge 
carrier (electron-hole) recombination during the water splitting 
reaction. 

The Pb-free quaternary Cu-Ag-Bi-I NCs were synthesized according 
to a modified hot injection method (see the synthesis details in the 
Supporting Information, SI) [27,28]. It is noteworthy that the produc
tion yield is quite high (>95%) upon the injection of TMS-I into the 
metal acetate-based precursor, suggesting that the separation of the 
halide source (I–) from the metal cation source (Cu+, Ag+, and Bi3+) is 

more favorable for the swift formation of nuclei compared to the con
ventional metal-oleate injection method. The X-ray diffraction (XRD) 
pattern (Fig. 1a) of the as-synthesized Cu-Ag-Bi-I NCs reveals the for
mation of a trigonal structure with a space group of R3m, in agreement 
with the reported reference patterns of Cu2BiI5 single crystals and bulk 
crystals [29], hinting that as-formed Cu-Ag-Bi-I NCs demonstrate a 
featured structure of defect spinel-type A2B1×5 material16 with partial 
occupancy of Ag+ at A site. It is noted that the adjoining characteristic 
peaks at 2θ = 41.7◦ and 42.1◦ in the reference pattern of Cu2BiI5 single 
crystals merge into one wider peak at 2θ = 42.0◦ in the pattern of 
Cu-Ag-Bi-I NCs, which is also observed in the case of reported Cu2BiI5 
bulk crystals, likely due to the reduced crystallinity in the form of bulk- 
and nanocrystals compared to their analogous single crystals. One minor 
characteristic peak is detected in the XRD pattern of Cu-Ag-Bi-I NCs, i.e., 
26.8◦, attributed to the residual or decomposed BiI3 impurities [29]. 
Besides, there is no clear shift in the Bragg angles of Cu-Ag-Bi-I NCs 
compared to those of the reference pattern (i.e., Cu2BiI5 single crystals), 
suggesting that the involvement of Ag+ with Cu+ at A site hardly alters 
the lattice constants, owing to the similarity of Cu+ (0.5 Å) and Ag+ (0.6 
Å) ionic radii [30]. We, thus, defined our quaternary Cu-Ag-Bi-I NCs as 
Cu2-xAgxBiI5. To further determine the x value for the Ag content, we 
conducted the elemental analysis including the energy-dispersive X-ray 
spectroscopy (EDS) and inductively coupled plasma mass spectroscopy 
(ICP-MS). The EDS mapping images in Fig. 1b validate the homogeneous 
distribution of Cu, Ag, Bi, and I elements in Cu2-xAgxBiI5 NCs. The EDS 
analysis confirms the actual elemental ratios of Cu:Ag:Bi:I as 
1.29:0.43:1.01:5.00, while the ICP-MS analysis further verifies the 
molar ratio of metal cations, i.e., Cu:Ag:Bi = 1.20:0.53:1.32 (Table 1). 
Thus, we determined the x = 0.6 by averaging the bulky elemental ratios 

Fig. 1. (a) XRD pattern of as-synthesized Cu-Ag-Bi-I NCs compared with the XRD pattern of the reported reference patterns of Cu2BiI5 bulk crystals (BCs)[29] and 
single crystals (SCs, JCPDS#00–046–0608). (b) EDS mapping images of Cu-Ag-Bi-I NCs. (c) TEM and (d) High-resolution TEM (HRTEM) images of Cu1.4Ag0.6BiI5 NCs. 
A size distribution histogram in (b) shows an average diameter of 86.2±23.5 nm. (e) SAED pattern for the TEM image of Cu1.4Ag0.6BiI5 NCs. (f) Cu 2p1/2, (g) Ag 3d, 
(h) Bi 4f, and (i) I 3d XPS spectra of Cu1.4Ag0.6BiI5 NCs. 

M. Liu et al.                                                                                                                                                                                                                                      



Electrochimica Acta 462 (2023) 142734

3

of Cu:Ag extracted from both EDS and ICP-MS results, leading to the 
stoichiometry of Cu1.4Ag0.6BiI5. This indicates that ~70% of Cu+ cations 
have been successfully alloyed with ~30% of Ag+ cations at A site to 
form a layered cation mixed structure. It is notable that the elemental 
ratio (1.3) of (Cu+Ag)/Bi is fairly lower than the nominal value (2.0) 
based on the ICP-MS data, plausibly due to the partial replacement of 
surface Cu+ and Ag+ by the organic cations such as oleylammonium ions 
(OAm+), which has been widely reported for the observed deficiency of 
Cs+ cation in the ratio (<1) of Cs/Pb in the lead-based perovskite NCs (e. 
g., CsPbX3 NCs) [31]. 

The transmission electron microscopy (TEM) image presented in 
Fig. 1c shows that the Cu1.4Ag0.6BiI5 NCs are in a prism-like shape with 
an average diameter of 86.2±23.5 nm. The high-resolution TEM 
(HRTEM) image (Fig. 1d) demonstrates a highly crystalline structure 
with a lattice D-spacing of 0.351 nm, which is assigned to the (102) 

crystal plane, in agreement with the crystalline direction determined 
from the selected area electron diffraction (SAED) pattern (Fig. 1e). All 
these together with the previous XRD data (Fig. 1a) further verify a 
trigonal crystal structure. To gain insight into the surface chemistry of 
Cu1.4Ag0.6BiI5 NCs, we conducted the X-ray photoelectron spectroscopy 
(XPS) measurements. Only one chemical state was resolved for Cu (Cu 
2p1/2 at 952.0 eV), Ag (Ag 3d5/2 at 367.9 eV), Bi (Bi 4f7/2 at 159.0 eV) 
and I (I 3d5/2 at 619.2 eV), which can be attributed to Cu+, Ag+, Bi3+ and 
I–, respectively [32] (Fig. 1f-i). 

We further investigated the optical properties of as-synthesized 
Cu1.4Ag0.6BiI5 NCs, e.g., band gap, which is crucial to evaluate the po
tential for the photocatalytic activity. Our Tauc analysis for the ab
sorption spectrum (Fig. 2a) indicates the nature of direct band gap 
obtained for Cu1.4Ag0.6BiI5 NCs, consistent with the Cu2BiI5 bulk case 
reported previously [29]. The extracted band gap (2.19 eV) of 
Cu1.4Ag0.6BiI5 NCs is larger than those reported 1.53–1.74 eV and 
2.06–2.10 eV for the Cu2BiI5 thin films[29] and Cu2AgBiI6 thin films 
[22,23], respectively, which is also higher than the required minimum 
band gap (1.23 eV) for potential water splitting reaction [33]. The 
corresponding PL spectrum of Cu1.4Ag0.6BiI5 NCs (Fig. 2a) demonstrates 
an absolute PL quantum yield (PLQY) of 1.1%, with a relatively broad 
(full width at half maximum, FWHM = 430 meV) and tilted spectral 

Table 1 
Elemental analysis for Cu2-xAgxBiI5 NCs.  

Analytical method Element 
Cu Ag Bi I 

EDS 1.29 0.43 1.01 5.00 
ICP-MS 1.20 0.53 1.32 –  

Fig. 2. (a) PL and PL excitation (PLE) spectra of Cu1.4Ag0.6BiI5 NCs in suspension, excited at 405 nm and monitored at 695 nm, along with the Tauc plot of the steady- 
state absorption spectrum of Cu1.4Ag0.6BiI5 NCs. (b) Time-resolved PL (TRPL) decay of Cu1.4Ag0.6BiI5 NCs in suspension, excited at 405 nm. The solid line shows the 
fitting result with a stretched exponential function: I = I0e− (t/τ)α

. (c) Cyclic voltammograms of Fc/Fc+ standard (dotted line) and Cu1.4Ag0.6BiI5 NCs film coated on 
FTO substrate (solid line) as working electrode (WE) in 0.1 M Bu4NPF6 electrolyte in dichloromethane, while a Pt wire and Ag/AgCl electrode are the counter 
electrode (CE) and reference electrode (RE), respectively. The reduction potential (Ve) and oxidation potential (Vh) positions of Cu1.4Ag0.6BiI5 NCs film are high
lighted with red dashed lines while the redox potential peaks of Fc/Fc+ are highlighted with blue dashed lines. (d) Potential level diagram of Cu1.4Ag0.6BiI5 NCs film 
in aqueous solution at pH 7. The reduction potential of hydrogen generation and the oxidation potential of oxygen generation from water are also presented [36]. 
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shape as well as a long PL tail beyond 1.4 eV The observed large redshift 
of PL peak position (1.78 eV) compared to the first excitonic peak (2.42 
eV) is ascribed to the formation of self-trapped excitons (STEs), which 
has been previously claimed for quaternary Cu-Ag-Bi-I bulk materials 
[23,34]. This may also possibly explain the mismatch between PL 
excitation (PLE) spectrum and absorption spectrum (Fig. 2a), hinting 
that the Cu1.4Ag0.6BiI5 semiconductor can absorb and convert sub-band 
gap light due to the existence of STE states. To determine the lifetime of 
Cu1.4Ag0.6BiI5 NCs in their excited state, we measured the time-resolved 
PL (TRPL) decay for Cu1.4Ag0.6BiI5 NCs in suspension (Fig. 2b), which 
was excited at 405 nm and monitored at 695 nm. The TRPL decay was 
fitted with a stretched exponential function: I = I0e− (t/τ)α

, where α is the 
distribution coefficient and τ is the effective lifetime when the PL in
tensity drops to I0/e [22]. The fitting (α = 0.32 and τ = 6.9 ns) yields an 
average lifetime (τavg) of 48.3 ns, which is even longer than the reported 
(33 ns) for quaternary Cu-Ag-Bi-I in the form of bulk crystals [22]. This 
may suggest that, compared to the bulk phase, the trap distribution on 
the Cu1.4Ag0.6BiI5 surface is more homogeneous in the form of NCs with 
the help of surface ligands, leading to the extension of radiative 
recombination lifetime [35]. The key optical properties of Cu1.4Ag0.6BiI5 
NCs are summarized in Table 2. 

The appropriate band position, i.e., conduction band minimum 
(CBM) and valence band maximum (VBM), plays a significant role in 
realizing an efficient photocatalytic system. We, thus, clarified the band 
structures of Cu1.4Ag0.6BiI5 NCs by conducting electrochemical mea
surements (i.e., cyclic voltammetry) in a three-electrode cell system [37, 
38] (see the experimental details in the SI). The redox potential of 
Cu1.4Ag0.6BiI5 NC film on an FTO substrate as the working electrode 
(WE) can be determined based on the recorded cyclic voltammograms 
by comparing with a ferrocene/ferrocenium (Fc/Fc+) standard in 
Fig. 2c. The reduction potential (Ve) and oxidation potential (Vh) irre
versible peaks for the Cu1.4Ag0.6BiI5 NCs film were extracted as − 0.78 
and 1.23 V, respectively. The energy level of Fc/Fc+ standard was 
determined as − 4.8 eV vs. vacuum [38]. We then calculated the con
duction band (Eec

CB) and valence band (Eec
VB) as Eec

CB = − [Ve− V(Fc/Fc+)+
4.8]eV = − [− 0.78− (0.1 + 0.3)/2 + 4.8]eV = − 3.82 eV, and Eec

VB =

− [Vh− V(Fc/Fc+)+4.8]eV = − [1.23− (0.1 + 0.3)/2 + 4.8]eV = − 5.83 
eV, thus the electrochemical band gap can be estimated as Eec

g =

(5.83− 3.82) eV = 2.01 eV It is noted that the Eec
g (2.01 eV) is lower than 

the Eopt
g (2.19 eV) determined by the Tauc analysis. Due to the observed 

large STE states that dominate the band-edge optical transitions, the 
Tauc analysis may overestimate the optical band gap, therefore, the Eec

g 

(2.01 eV) is more reliable to describe the direct band-to-band transition 
for the Cu1.4Ag0.6BiI5 NCs. All the evaluated electrochemical properties 
of Cu1.4Ag0.6BiI5 NCs are also included in Table 2. Fig. 2d depicts the 
calculated band structures of Cu1.4Ag0.6BiI5 NCs with respect to the 
standard redox potentials for the water splitting reaction, confirming 
that Cu1.4Ag0.6BiI5 NCs have suitable energy level alignments (VB and 
CB) to realize the photooxidation for oxygen evolution as well as the 
photoreduction for hydrogen evolution. 

It is crucial to meet the stability requirements for metal halide 
perovskites-based photoelectrode for their PEC water splitting 

application, since most of halide perovskite materials can quickly 
decompose after immersing in aqueous electrolytes. Therefore, a water- 
resistant and conductive layer is generally coated atop the halide 
perovskite photoelectrode as a protective layer in the PEC cell [13,14]. 
We investigated the solvent stability of Cu1.4Ag0.6BiI5 NCs film by 
immersing in different solvents, namely water, methanol, ethanol, and 
2-propanol (see Fig. S2 in the SI). Surprisingly, the Cu1.4Ag0.6BiI5 NCs 
film can sustain well only in water while dissolving swiftly in other 
solvents within 10 min after immersing. This is possibly due to the 
insolubility of hydrophobic capping ligands in water that in turn can be 
dissolved in alcohol solvents. The NC film showed no obvious change in 
the appearance even up to 7 h of immersion in water (see the inset 
photos in Fig. 3a), also as evident by the nearly identical XRD patterns 
(Fig. 3a) that confirm the superior structural stability of Cu1.4Ag0.6BiI5 
NCs film in water. The surface hydrophobicity of Cu1.4Ag0.6BiI5 NCs film 
was further clarified by measuring the water contact angles (mean =
85.6 ◦) of glass/Cu1.4Ag0.6BiI5 NCs sample (Fig. 3b), which are much 
larger than the reported CA (<57.6◦) for quaternary Cu-Ag-Bi-I bulk film 
without capping ligands [23]. We thus attribute the unique 
water-resistant property to the well-defined coverage of water-insoluble 
capping ligands, i.e., OA and OAm, on the surface of Cu1.4Ag0.6BiI5 NCs 
with layered cation disordered structure (see the hypothesized scheme 
in Fig. 3c and surface analysis in Fig. S1a-b in the SI). It is also noted that 
the strong C–C/H peak in the XPS spectra can be partially assigned to 
the capping ligands (OA and OAm), which contain long C–C chains by 
showing high surface concentration of carbon (76.3 at.%). To quanti
tatively assess the amount of organic capping ligands (OA and OAm) on 
the NC core, we conducted the thermogravimetric analysis (TGA) 
measurements for the as-synthesized Cu1.4Ag0.6BiI5 NCs (see the TGA 
curve in Fig. S1c in the SI). We note two distinguishable stages for the 
weight loss in the TGA curve. We attribute the stage I to the loss (~68.9 
wt% until 420 ◦C) of the organic binder, i.e., organic capping ligands 
(OA and OAm), and the stage II to the decomposition (~30.4 wt% until 
845 ◦C) of the inorganic Cu1.4Ag0.6BiI5 cores. We can thus estimate the 
molar ratio between organic capping ligands (OA and OAm) and inor
ganic cores (Cu1.4Ag0.6BiI5) as approximately 10:1, based on their cor
responding weight losses. This indicates that ten parts of OA and OAm 
molecules are required to effectively stabilize one part of Cu1.4Ag0.6BiI5 
NC cores. On the other hand, it has been reported that a super
hydrophobicity can be achieved through the adsorption of atmospheric 
volatile organic compounds (VOCs) on the micro/nanostructured metal 
oxide nanocrystal surfaces [39]. This provides significant hints for our 
work that the unique layered nanostructured Cu1.4Ag0.6BiI5 NC surfaces 
may govern efficient adsorption of VOCs from the atmosphere, which 
also favors the high water-resistant property. Moreover, the air stability 
of Cu1.4Ag0.6BiI5 NCs film was monitored by measuring the XRD pat
terns of the same NCs sample in its fresh and aged cases (Fig. S3), 
respectively. The intensity of the primary characteristic peak at 25.3◦

can retain above 85% of the initial value after 36 days of storage in air 
(RH~40%), indicating a relatively high structural stability of 
Cu1.4Ag0.6BiI5 NCs in ambient conditions. 

Inspired by the observed high water-resistant characteristic and 

Table 2 
Optical and electrochemical properties of as-synthesized Cu1.4Ag0.6BiI5 NCs.  

NCs a)
λabs 

/eV 

b)
λPL 

/eV 

c)FWHM 
/meV 

PLQY 
/% 

d)Eopt
g 

/eV 

e)Eec
g 

/eV 

Eec
CB 

/eV 
Eec

VB 
/eV 

f)τavg 

/ns 

Cu1.4Ag0.6BiI5 2.42 1.78 430 1.1 2.19 2.01 3.82 5.83 48.7  

a) First exciton peak 
b) Emission peak 
c) Full width at half maximum. 
d) Optical band gap. 
e) Electrochemical band gap. 
f) Average PL lifetime. 
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structural stability of Cu1.4Ag0.6BiI5 NCs film, we fabricated simplified 
PEC cells with n-i-p configuration comprising FTO/TiO2/Cu1.4Ag0.6BiI5 
NCs (see the cell schematic in Fig. 3d) without any protective layer (see 
the fabrication details in the SI), aiming to realize the direct photo- 
oxidation for oxygen generation. Following the current density (J)– 
applied potential difference (V) curve in Fig. 3e, the photocurrent gen
eration of 4.62 mA cm− 2 was recorded under 1-Sun illumination (100 
mW cm–2) at +1.03 VAg/AgCl (equal to +1.23 VRHE), with an onset 

potential of –0.25 VAg/AgCl (i.e., –0.05 V VRHE). To quantitively assess the 
actual oxygen evolution reaction performance, the ABPE was calculated 
by the following Equation (1)[41]: 

ABPE(%) =

(
JP × (1.23 − Vb)

Pin

)

× 100% (1)  

where JP is the photocurrent density (mA cm− 2) at the applied bias Vb 
(V), and Pin is the incident light intensity (mW cm–2). The maximum 

Fig. 3. (a) Comparison of XRD patterns of Cu1.4Ag0.6BiI5 NCs film before and after immersing in water for 7 h (b) Water contact angles (CAs) of Cu1.4Ag0.6BiI5 NCs 
film coated on glass. (c) Schematic illustration of water-insoluble ligands (oleic acid (OA) and oleylamine (OAm))-capped Cu1.4Ag0.6BiI5 NC with layered cation 
disordered structure. (d) Scheme of water oxidation of Cu1.4Ag0.6BiI5 NCs-based photoanode for PEC oxygen evolution. A side photo shows a typical assembling of 
one PEC cell. (e) Current density (J)–applied potential difference (V) of a Cu1.4Ag0.6BiI5 NCs-based photoelectrode under 1 sun illumination (AM 1.5 G, 100 mW 
cm–2) or in dark. The data were recorded by sweeping the applied potential difference from +1.4 V to –0.6 V vs. Ag/AgCl. The area of the photoelectrode that was 
exposed to the electrolyte is 0.785 cm2. (f) Time course of current density of the Cu1.4Ag0.6BiI5 NCs-based photoanode for oxygen generation under continuous 1 sun 
illumination and 0.8 V bias. Inset presents the linear projection of the stability trend to extract the T50% lifetime (~310 min) of the photoelectrode, which corresponds 
to the time when the current density decreases to half of the initial value. 
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ABPE of our Cu1.4Ag0.6BiI5 NCs-based PEC cells is 2.94% at 0.14 VAg/ 

AgCl, to the best of our knowledge, which is the highest value among all 
reported Pb-free perovskites- or PIMs-based photoanodes for oxygen 
evolution (Table S1). This suggests that the water-resistant semi
conducting Cu1.4Ag0.6BiI5 NCs are energetically suitable as the photo
electrode for efficient PEC water splitting reaction. On the other hand, 
the obtained ABPE (2.94%) of our Cu1.4Ag0.6BiI5 NCs-based PEC cells is 
still far behind the state-of-the-art value (9.16%) [40] achieved from the 
lead halide perovskites (bulk crystals)-based photoelectrodes, possibly 
due to the long alkyl chain capping ligands (e.g., OA) on the surface of 
NCs which can hinder the charge transfer for efficient oxidation reac
tion. This, in turn, requests further ligand engineering on the surface of 
Cu1.4Ag0.6BiI5 NCs to optimize the charge transfer while still maintain
ing the high water-resistance. We then investigated the stability of the 
Cu1.4Ag0.6BiI5 NCs-based PEC cell by measuring the time course of 
current density of the NCs-based photoanode for oxygen generation 
under continuous 1 sun illumination and 0.8 V bias (Fig. 3f). We 
extracted an estimated T50% lifetime of ~310 min that corresponds to 
the time when the current density decreases to half of the initial value, 
based on a linear projection of the stability trend from the peak current 
density point (see the inset in Fig. 3f). We achieve one of the longest 
reported lifetimes when compared to other studies on both Pb-based and 
Pb-free perovskites or PIM nanocrystal-based photoelectrodes [26,41, 
42]. 

To gain further insights into the reaction dynamics of photo
generated charge carriers (i.e., electrons and holes) in Cu1.4Ag0.6BiI5 

NCs with water molecules, we conducted a series of ultrafast TA mea
surements for the Cu1.4Ag0.6BiI5 NCs film under various conditions. 
Fig. 4a shows the TA spectra of Cu1.4Ag0.6BiI5 NCs film in air, which was 
excited at 400 nm. Two negative bands centered at ~450 and ~550 nm, 
correspond to the ground state bleaching (GSB) at the second and first 
excitonic bands. The strong GSB signal with 550 nm peak interrupts a 
broad positive photoinduced absorption (PIA) band from ~500 nm to
wards beyond 740 nm, with the latter wavelength being the limitation of 
our visible range detector. We attribute this broad PIA band to the STEs 
in their excited state, which has also been observed for other types of Pb- 
free perovskite NCs [28,43]. In comparison, as shown in Fig. 4b, the TA 
spectra of Cu1.4Ag0.6BiI5 NCs film in water exhibit an additional PIA 
band at ~700 nm after 1 ps delay, possibly ascribed to the fact that the 
trapped electrons dominate the TA spectra in the range of 600–800 nm, 
which has been observed for the conventional TiO2 photocatalyst [36]. 
This indicates that the photogenerated holes within the Cu1.4Ag0.6BiI5 
NCs can first react with the water molecules for oxygen evolution. 
Fig. 4c compares the TA decays for the Cu1.4Ag0.6BiI5 NCs film measured 
in air and in water, respectively, monitored at 600 nm. The decays were 
fitted well with a bi-exponential function and the fitting results are 
summarized in Table S2. A clear acceleration of the decay was observed 
for the NCs film in water with a slow component lifetime of 203 ps 
compared to that (≫5000 ps) of the case in air, indicating the existence 
of a fast (hundreds of ps) water oxidation reaction component. To 
further clarify the hole dynamics, we recorded the TA decay of 
Cu1.4Ag0.6BiI5 NCs film in the presence of Ag+ ions (provided by AgNO3) 

Fig. 4. Ultrafast TA spectra of Cu1.4Ag0.6BiI5 NCs film (a) in air and (b) in water, excited at 400 nm with an excitation power of 200 µW. Comparison of TA decays of 
Cu1.4Ag0.6BiI5 NCs film (c) in air and in water, and (d) in the presence of 2 mM AgNO3 aqueous solution and on FTO in 0.1 M LiClO4 aqueous solution with a bias 

application of +0.5 V vs. Ag/AgCl, respectively, monitored at 700 nm. Solid lines present the fitting results with a bi-exponential function: ΔO.D. = A1exp
(
− t

τ1

)
+

A2exp
(
− t

τ2

)
. 
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as an electron scavenger in solution as well as under a positive bias 
(+0.5 V or above)[37] for the creation of an oxidized state (Fig. 4d). 
Interestingly, a rapid hole decay was observed in AgNO3 solution, likely 
attributed to the accelerated nongeminate electron-hole recombination 
upon the excess electrons accumulated in the CB of Cu1.4Ag0.6BiI5 NCs. 
On the other hand, the charge recombination dynamics are effectively 
suppressed under the application of a + 0.5 V bias, as similarly reported 
for TiO2 photoanode-based water oxidation [36]. Our observations hint 
that the charge carrier (electron-hole) recombination is mainly influ
enced by the population of electrons in Cu1.4Ag0.6BiI5 NCs. In other 
words, the photoinduced electron density is supposed to be higher than 
the hole density, indirectly hinting that the as-synthesized Cu1.4Ag0.6BiI5 
NCs possess an n-type semiconductor nature. 

In summary, we have reported the first-ever synthesis of 
Cu1.4Ag0.6BiI5 NCs. Benefiting from the energetically suitable band 
structures and highly water-resistant property, we fabricated a 
Cu1.4Ag0.6BiI5 NC-based photoanode without any protective layer for 
the proof-of-concept PEC water splitting reaction. The Cu1.4Ag0.6BiI5 NC 
photoanode exhibited an onset potential of –0.05 VRHE and maximum 
photocurrent density of 4.62 mA cm2 at 1.23 VRHE, with a 2.94% ABPE, 
which is the highest record among all reported lead-free perovskites or 
PIMs-based PEC cells for oxygen evolution. Moreover, our ultrafast 
transient absorption studies imply that the control of photogenerated 
electron-hole recombination rates dominates the water oxidation and 
reduction reactions. We believe that these findings highlight the po
tential of lead-free semiconducting Cu1.4Ag0.6BiI5 NCs for the future 
development of low-cost, eco-friendly, and high-performance PEC 
devices. 

Appendix A. Supplementary data 

Supporting information to this article can be found online at https:// 
doi.org/xxx 
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