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Abstract

Heavy-metal-free ternary Cu-In-Se quantum dots (CISe QDs) are promising
for solar fuel production because of their low toxicity, tunable band gap, and
high light absorption coefficient. Although defects significantly affect the
photophysical properties of QDs, the influence on photoelectrochemical
hydrogen production is not well understood. Herein, we present the defect
engineering of CISe QDs for efficient solar-energy conversion. Lewis acid-base
reactions between metal halide-oleylamine complexes and oleylammonium
selenocarbamate are modulated to achieve CISe QDs with the controlled
amount of Cu vacancies without changing their morphology. Among them,
CISe QDs with In/Cu = 1.55 show the most outstanding photoelectrochemical
hydrogen generation with excellent photocurrent density of up to 10.7 mA
cm 2 (at 0.6 Vxyp), attributed to the suitable electronic band structures and
enhanced carrier concentrations/lifetimes of the QDs. The proposed method,
which can effectively control the defects in heavy-metal-free ternary QDs,
offers a deeper understanding of the effects of the defects and provides a
practical approach to enhance photoelectrochemical hydrogen generation.
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1 | INTRODUCTION

Photoelectrochemical (PEC) hydrogen production'® is a
simple, sustainable, environmentally friendly, and cost-
effective way to produce clean hydrogen.”'* Conven-
tionally, metal-oxide semiconductors, including TiO,,
BiVO,, and WO, have been extensively used as PEC
photoelectrodes because of their appropriate electronic
energy levels (i.e., higher conduction band position than
the redox potential of H,/H,O (0 Vyyg), lower valence
band position than that of O,/H,0 (1.23 Vygg), and high
stability during water splitting.">'®* However, these
materials can only absorb light within a limited energy
range because of their wide band gaps, which limits their
overall solar-to-hydrogen efficiency. For example, TiO,, a
representative oxide semiconductor material used for
solar-energy conversion, has a band gap of 3.2eV.'"*%°
This limits the light absorbed by this material to the
ultraviolet region, which is approximately 4% of the
overall sunlight. To overcome this limitation, a strategy
for fabricating heterojunctions with absorbers with
narrower band gaps was proposed.’’** The second
absorber can produce additional charge carriers by
absorbing longer wavelengths (i.e., visible and/or near-
infrared light), which most oxide semiconductors cannot
utilize. These photogenerated carriers are then trans-
ferred to the oxide semiconductors, leading to enhanced
hydrogen generation.

Semiconductor quantum dots (QDs) have unique
optical and electronic properties, such as tunable band
gap and band alignment* ®* and long carrier lifetime of
hot electrons.”® Therefore, QD sensitization of metal-
oxide semiconductors is currently regarded as a promis-
ing method for effective PEC hydrogen genera-
tion.*”®?*>2732 To date, QD/metal-oxide junctions have
been widely used for various applications, such as solar
cells,?*  photodetectors,>>** and light-emitting
diodes.*”*® Despite the superior optical properties of
semiconductor QDs, most of the previous studies have
been performed using toxic Cd-chalcogenide®® or Pb-
chalcogenide QDs. As an alternative, heavy-metal-free
I-III-VI QDs have recently emerged as promising
candidates for solar-energy conversion because of their
low toxicity, band gap enabling absorption up to the
near-infrared range, and high light extinction
coefficient.*>*! Recently, researchers have begun apply-
ing these materials for PEC hydrogen production,
demonstrating promising results. However, these initial
studies focused on the fabrication process of QD
photoanodes (e.g., core-shell structure,** metal doping,**
morphology,** etc.) to explore the applicability of
I-II1-VI group QDs for PEC,*™*® and extensive research
is required to gain a fundamental understanding of the

material design principles for efficient PEC hydrogen
generation.

Defects in semiconductor materials significantly
affect their electrical and photophysical properties, such
as free carrier mobility and carrier lifetime.**~>* Further-
more, this effect is even more complicated for semi-
conductors with multiple elements because they have
various types of point-defect types. For example, intrinsic
defects, including vacancies (Vcy, Vi, and Vg,), intersti-
tial defects (Cu;, In;, and Se;), and anti-site defects (Cuyy,
Inc,, etc.), have been observed in Cu-In-Se (CISe) thin
films (even without impurity atoms).>*>* Therefore, the
changes in stoichiometry in CISe thin films modify the
type and density of intrinsic defects, determining the type
of major carriers, carrier lifetime, and carrier concentra-
tions.” > The influence of the defects is stronger for
smaller crystals because of their high surface-to-volume
ratio and limited crystal size.’®>” A recent study revealed
that the photoluminescence of CISe QDs can be
significantly varied, even with minor changes in the
atomic configuration of the QDs,”®>® emphasizing the
importance of defect control. However, the effects of the
defects in these CISe QDs on their photophysical
properties, including the resulting PEC properties, are
underexplored owing to the difficulties in controlling the
defects during the synthesis of ternary semiconductor
QDs. For example, the size of the nanocrystals affects the
stoichiometry of CISe QDs; as the size of the QD
decreases, the In/Cu molar ratio increases.’®®! In other
words, the composition of CISe QDs, which is one of the
most effective ways of controlling defects in ternary
semiconductor materials, cannot be independently con-
trolled without affecting their size and shape.

Herein, we report tunable defect engineering of
ternary Cu-In-Se (CISe) QDs for PEC hydrogen genera-
tion by regulating the reactivity of metal precursors in
the QD synthesis process. The Lewis acid-base reactions
between metal halide-oleylamine complexes and oley-
lammonium selenocarbamate were controlled by adjust-
ing the relative strengths of the acids, producing CISe
QDs with a wide range of In/Cu ratios without changing
their size and shape. This enabled a detailed study of the
effect of the defects on the optical and electrical
properties of the QDs. The QDs were subsequently used
as solar energy harvesters in QD-sensitized photoanodes,
and the effects of defects on PEC hydrogen generation
were systematically investigated. Furthermore, the per-
formance of the QD-sensitized solar cells (QDSCs) was
optimized by modifying the QD composition, and the
mechanisms underlying the enhanced performance of
the solar-energy conversion systems using the QDs were
clarified. Our results demonstrate a simple and effective
way to control the defects in eco-friendly ternary QDs
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and highlight their potential as an alternative for toxic
conventional QDs in high-efficiency solar-energy
conversion.

2 | EXPERIMENTAL SECTION

2.1 | Materials

Copper (I) chloride (99.999%), copper (I) bromide
(99.998%), copper (I) iodide (99.998%), indium (III)
chloride (99.999%), indium (III) bromide (99.99%), and
indium (IIT) iodide (99.999%) were purchased from Alfa
Aesar. Dichloromethane (99.8%), oleylamine (OAm,
technical grade), oleic acid (OA, technical grade),
trioctylphosphine (TOP, 97%), selenium (Se) powder
(99.99%), titanium diisopropoxide bis (acetylacetonate)
(75 wt%), tetraethyl orthosilicate (98%), Zn(NO3),-6H,0
(98%), and sodium sulfide (Na,S) were purchased from
Sigma-Aldrich. Anhydrous ethanol (EtOH), butanol
(BuOH, 99%), acetonitrile (99.5%), and sodium sulfite
(Na,SOs3;, 97.0%, anhydrous) were purchased from
Samchun Chemicals. NH,OH (25% solution) was pur-
chased from Daejung Chemicals & Metals. The OAm was
dried under vacuum for 2 h before use. Carbon monoxide
(CO) gas was purchased from Sumitomo Seika Chemi-
cal Co.

2.2 | Synthesis of defect-engineered
CISe QDs

Defect-engineered CISe QDs were synthesized through
the Lewis acid-base reactions between metal
halide-OAm complexes and oleylammonium selenocar-
bamate. A metal halide-OAm complex®® solution was
prepared by heating the metal halide precursors in OAm
under vacuum (120°C, 30 min). The final cation precur-
sor solution contained 0.5 mmol of CuX-OAm complexes
and 0.5mmol of InX;-OAm complexes in 15.0 mL of
OAm (X=CI", Br, or I"). To control the In/Cu ratio of
the final QDs, various combinations of metal
halide-OAm complex solutions were used. For example,
the combinations of Cul-OAm/InCl;-OAm, Cul-OAm/
InBr;—OAm, Cul-OAm/Inl;-OAm, CuBr-OAm/Inl;-OAm,
and CuCl-OAm/Inl;~-OAm were used for the synthesis of
CISe 1, 2, 3, 4, and 5, respectively. The Se precursor solution
was prepared by reacting 5.0 mmol of Se powder in 10.0 mL
of OAm with CO gas at 80°C for 1h, producing
oleylammonium selenocarbamate.”> 1.0 mmol of oleylam-
monium selenocarbamate was rapidly injected into the
metal halide-OAm solution at 70°C. The reacting mixture
was heated to 190°C (heating rate: 15°C min~") and was
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kept at this temperature for 20 min. The CISe QDs produced
were precipitated by the standard centrifugation with excess
anhydrous ethanol (total two cycles). For the first cycle of the
centrifugation, a drop of TOP was added to anhydrous
ethanol to remove any residual Se precursor. The resulting
products were used for further applications or characteriza-
tion, either in powder form or as a solution dispersed in
dichloromethane.

2.3 | Preparation and characterization
of photoanodes using CISe QDs

Photoanodes were prepared using modified methods
from our previous work on CISe QDSCs.”** Typically,
fluorine-doped tin oxide (FTO) glass (TEC-A7; Pilking-
ton) was cleaned by sonification (25 min for acetone and
ethanol) and UV/O; treatment (20 min). For the coating
of a dense TiO, thin layer onto the FTO glass, 7.5 wt%
solution of titanium diisopropoxide-bis(acetylacetonate)
in n-butanol was spin-cast, followed by annealing in air
(475°C, 15min). A commercial TiO, paste (Ti-Nanoxide
T/SP; Solaronix) was further coated using the doctor
blade technique and subsequently annealed in air
(525°C, 35min). For sensitization with CISe QDs, the
annealed TiO, film on the FTO glass was soaked in a
solution of colloidal CISe QDs dispersed in dichloro-
methane for 6h. The CISe QDs/TiO, film was then
washed with dichloromethane and dried under a
nitrogen (N,) gas flow. For surface passivation, the
surface of the CISe QDs/TiO, film was coated with zinc
sulfide (ZnS) using a conventional successive ionic layer
adsorption and reaction method (three cycles), providing
inorganic passivation layers for enhanced stability with
the suppressed surface charge recombination. The CISe
QDs/TiO, film was alternatively dipped in a 0.05M
ethanolic solution of Zn(NO;),-6H,O and a 0.05M
solution of Na,S in deionized water/methanol (1:1, v/v)
for 1 min each. Additional SiO, passivation layers were
deposited by chemical bath deposition (CBD) according
to a previously reported procedure for QDSCs.> The
ZnS-coated CISe QDs/TiO, film was immersed in an
ethanolic solution containing 0.01 M tetraethyl orthosi-
licate and 0.1 M NH,OH for 70 min, followed by washing
with deionized water and drying in air.

The PEC performance was evaluated in a quartz cell
with a three-electrode system using a potentiostat (Multi
Autolab M204; Metrohm). The CISe QDs/TiO, film, Pt
mesh, and mercury/mercury oxide (Hg/HgO) electrodes
were used as the working, counter, and reference electrodes,
respectively. The electrolyte for the PEC measurement was
composed of 0.25M sodium sulfide (Na,S) and 0.35M
sodium sulfite (Na,SOs) in deionized water (pH ~12.8). For
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the experiments without sacrificial agents, a 0.5M
Na,SO, aqueous solution (pH ~6.0) was used. The active
area of each cell (0.25+0.03cm?) was measured using a
CCD camera (Moticam 1000). The hydrogen evolution was
determined under one-sun illumination (100 mW cm™2)
using a 100-W xenon lamp (LCS-100; Oriel) with an AM
1.5 G filter. A potentiostat (VSP; Bio-Logic) was used to apply
an external bias to the PEC system during chronoampero-
metry tests. The evolved hydrogen was analyzed by gas
chromatography (GC) (7890 B; Agilent) using a packed
MoleSieve 5A column (6ft. length and 2.1mm inner
diameter). Further experimental details are provided in the
Supporting Methods.

3 | RESULTS AND DISCUSSION

3.1 | Synthesis of CISe QDs with
controlled In/Cu ratios

CISe QDs with a tunable In/Cu ratio were synthesized using
a facile hot-injection method by controlling the Lewis
acid-base reactions between metal halide-oleylamine com-
plexes and oleylammonium selenocarbamate (Figure 1A and
Section 2). Based on the Lewis acid-base theory, oleylam-
monium selenocarbamate (Se precursor) is considered as a
Lewis base, and reactive copper (I) halide (CuX)-oleylamine

(A)

Cu precursor

In precursor

Lewis Acid-Base Reaction

(OAm) and indium (IIT) halide (InX3)-OAm complexes are
considered as Lewis acids. Changing the halide anion
(X=CI, Br, or I) results in different Lewis acidic strengths
of metal halide-OAm complexes, resulting in different
reactivities with Se precursors. The Lewis acidic strengths
of CuX-OAm complexes are in the order of Cul > CuBr >
CuCl, while the order for InX;~OAm complexes is Inl; >
InBr; > InCls. The chemical composition of CISe QDs can be
fine-tuned by adjusting the combinations of CuX and InX;
using their relative Lewis acidic strengths to balance the
reactivity between Cu® and In**, which is a key factor for
achieving defect control in I-III-VI QDs.

Figure 1B-F shows the as-synthesized CISe QDs with
different combinations of Cu and In precursors (labeled
as CISe 1-5 with In/Cu molar ratios of 1.29, 1.33, 1.55,
1.60, and 1.83, respectively). The QDs are quasi-spherical,
with a narrow size distribution (Figure S1). No noticeable
changes in the morphology and size are observed for any
of the combinations of precursors, which is beneficial for
studying the effect of the composition on the structural
and photophysical properties of QDs. The chemical
composition of the QDs was determined using induc-
tively coupled plasma optical emission spectroscopy. As
shown in Figure S2A and Table 1, the CISe QDs were
synthesized with a wide range of In/Cu molar ratios from
1.29 to 1.83. This indicates that the synthesis method is
suitable for modulating the composition of QDs by

)

/ / \
Cu—-In-Se QDs

1Cul— Cly 1Cu|— Br,

e

l Cl=Inl,

FIGURE 1 Synthesis of CISe QDs with controlled In/Cu ratios. (A) Schematic of the method for controlling Lewis acid-base reactions
to synthesize CISe QDs with controlled In/Cu ratios. Oleylamine was omitted in the illustration for simplicity. (B-F) Transmission electron
microscopy images of CISe QDs with various In/Cu molar ratios, labeled as CISe 1 (In/Cu = 1.29), CISe 2 (In/Cu =1.33), CISe 3 (In/Cu=1.

55), CISe 4 (In/Cu =1.60), and CISe 5 (In/Cu = 1.83).
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TABLE 1 Synthesis of CISe QDs with controlled In/Cu ratios.

Cu-In Size
Samples precursor In/Cu (ICP)* (TEM) (nm)®
CISe 1 Cul-InCl; 1.29 +0.03 43+0.5
CISe 2 Cul-InBr; 1.33 +0.03 43+04
CISe 3 Cul-Inl; 1.55+0.03 41+0.5
CISe 4 CuBr-Inl; 1.60 + 0.04 4.2+0.5
CISe 5 CuCl-Inl; 1.83 +0.06 43+04

Abbreviations: CISe, Cu-In-Se; QD, quantum dot; TEM, transmission
electron microscopy.

#n =5 (from five different reaction pots).

%% =200 (from 200 QDs in TEM images) for the statistical data.
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simply changing the metal precursors without corre-
sponding changes in the QD size. We selected a series of
4-nm-diameter QDs as model materials for this study
because of their excellent light absorption and ability to
transfer charge to TiO,, as demonstrated in previous
studies on CISe QDSCs.%%%*

3.2 | Structure characterization of
CISe QDs

X-ray diffraction (XRD) analysis confirmed that all QDs
had a tetragonal chalcopyrite CulnSe, crystal structure,
regardless of the In/Cu molar ratio (Figure 2A). The

A B
A (112)  (220) (312) ( L In K-edge (Cl Cu K-edge ClSe 5
1(204 ; 5
] (204) 416) (008) 316) | 3 g
3 | /Mcises/: 1(400)/(332) [ = =
] f ! R - w w
P ACI&M A, _3 _g-
o A\ /1 \/1\ © ©
| , S S
] i 2 =2
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FIGURE 2 Structural characterization of CISe QDs. (A) XRD patterns, (B) In K-edge, and (C) Cu K-edge XANES spectra of CISe 1-5.
(D) Two proposed crystal models for In-rich CISe QDs: (i) formation of Cu vacancies and (ii) formation of interstitial or anti-site In atoms.
(E) In K-edge and (F) Cu K-edge k*-weighted EXAFS oscillations of CISe 1-5. (G) In K-edge and (H) Cu K-edge FT spectra of CISe 1-5. Solid
lines and circled patterns correspond to the fitted and experimental data.
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positions of the main peaks in the XRD patterns are
similar regardless of the composition (Table S1 and
Figure S2), suggesting that changes in the In/Cu ratio do
not change the basic crystal structure of QDs. Although
the composition of CISe QDs is between that of
a-CulnSe, and $-Culn;Ses, the tetragonal distortion of
the QDs is almost similar to that of a-CulnSe,,°®
implying that the changes in the composition of the
QDs are caused by defect formation rather than the
formation of a different crystal phase. In addition, the
binding energies of the Cu 2ps,; and Cu 2p,/, in X-ray
photoelectron spectroscopy (XPS) spectra correspond to
the Cu™ oxidation state, while those of In 3ds,, and In
3d,,, correspond to the In** oxidation state (Figure S3).
X-ray absorption near-edge structure (XANES) spectra
show consistent results (Figure 2B,C). The findings
indicate that the QDs synthesized in this study have a
pure chalcopyrite crystal structure and do not contain
byproducts such as Cu,Se and In,Se, which can be easily
formed during the synthesis of CulnSe,.®”%®

To investigate the atomic arrangement in CISe QDs,
we conducted X-ray absorption fine structure (EXAFS)
analysis. When the In/Cu ratio changes for In-rich QDs,
we can expect two different changes in the atomic
arrangement in the crystal lattice (Figure 2D). First, Cu
vacancies (V) are formed in the crystal (case i). Second,
excessive In atoms occupy the interstitial sites (In;) or
anti-sites (Incy) (case ii). Irrespective of the In/Cu ratio,
all QDs show similar k*weighted Cu K-edge and In
K-edge EXFAS oscillations (Figure 2E,F). The Cu K-edge
and In K-edge EXAFS oscillations and their Fourier-
transformed (FT) spectra are well fitted with the bulk
a-CulnSe, (Figure 2G,H), implying that the local
environment of the Cu atoms (and In atoms) in the
QDs is similar to that of the bulk chalcopyrite structure.
A prominent peak in the Cu K-edge and In K-edge FT
spectra of the QDs corresponds to the first-neighboring
shell of Se atoms from the Cu atoms and In atoms,
respectively.

If the excessive In atoms form interstitial (In;) or anti-
site defects (Inc,) (case ii), additional peaks correspond-
ing to In-In; and Cu-In; (from In;), or Inc,—Se (from
Inc,) would appear near the first neighboring shell in the
In K-edge and Cu K-edge FT spectra. However, the
present experimental FT spectra show a sole peak of
tetrahedral In-Se or Cu-Se (Figure 2G,H). In contrast,
the Cu vacancies (case i) would not affect the first
neighboring shell of Se atoms from the In atoms (or Cu
atoms), and the local atomic structure of In atoms (or Cu
atoms) is retained regardless of the stoichiometry. This
assumption (i.e., case i) is consistent with the present
experimental EXAFS results. Bond lengths estimated by
curve fitting with an ideal chalcopyrite structure show no

significant change as a function of the In/Cu ratio
(Tables S2 and S3), suggesting that the local environment
of each cation is similar regardless of the stoichiometry.
Thus, the formation of interstitial (In;) or anti-site defects
(Incy) is negligible in these QDs, and the stoichiometry of
the QDs is controlled by the formation of Cu vacancies.

3.3 | Optical and electrical properties of
defect-engineered CISe QDs

We investigated the optical properties and band
alignment of CISe QDs with a controlled amount of
Cu vacancies. Figure 3A shows the absorption spectra of
CISe 1-5 dispersed in dichloromethane. All absorption
spectra have similar features in the visible and near-
infrared range (with optical band gap energy, E; = ~1.35
eV), regardless of the In/Cu ratio, which is favorable for
solar-energy conversion because the materials can
compensate for the narrow absorption range of TiO,
by taking advantage of a wider region of the solar
spectrum (Figure S4). Figure 3B shows the band
alignment of the as-prepared CISe QDs with different
Cu-vacancy densities obtained by combining cyclic
voltammetry (CV) and absorption spectra results. The
conduction band minimum (CBM) of the CISe QDs was
determined by the first reduction peak position of the
CV plots (Figure S5). The details are summarized in
Table S4. Independent of the stoichiometry of CISe QDs,
the energy level of CISe 1-5 was located between those
of CulnSe, and Culn;Ses. The position of their CBM is
almost similar (—4.29 eVy,cqum) and appropriate for
photogenerated carrier separation and electron transfer
from the CISe QDs to TiO, (CBM = — 4.33 eVyacuum)->’
To gain insight into the photoexcited -carrier
dynamics in CISe QDs with various Cu-vacancy densi-
ties, time-resolved photoluminescence (TRPL) spectra
were obtained from CISe QDs in dichloromethane
(Figure 3C and Supporting Methods 1.1). The photo-
luminescence (PL) lifetime consists of three main parts:
the short lifetime (r;) (related to the nonradiative
recombination process), moderate lifetime (z,) (related
to carrier transitions with intragap states), and long
lifetime (73) (related to the recombination process with
donor-acceptor states) (Table S5). The fitting coefficient
of the short lifetime (a;) value is related to surface traps,
and first decreases (from CISe 1 to CISe 3) and then
increases (from CISe 3 to CISe 5) with increasing Cu-
vacancy density. In addition, it was observed that CISe 3
(In/Cu=1.55) has the longest average carrier lifetime
(tavg) among the synthesized CISe QDs, indicating the
highest probability of electron transfer from the CISe
QDs to TiO,.
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FIGURE 3 Optical and electrical properties of defect-engineered CISe QDs. (A) Absorption spectra of CISe 1-5. (B) Band alignment of

CISe 1-5 determined by cyclic voltammetry and absorption spectra. Dashed blue and red lines show the calculated energy band levels of
CulnSe, and CulnsSes with a size of 4.2 nm, respectively. (C) Time-resolved photoluminescence (TRPL) curves of CISe 1-5 in toluene
(excited at 371 nm). Inset: schematic of the PL emission mechanism of CISe QDs. (D) Mott-Schottky curves of CISe 1-5. (E) Acceptor
concentration (N,) and trap density (n.,p) of CISe 1-5. The acceptor concentration was determined from the Mott-Schottky curves, while
the trap density was calculated from the space charge limited current (SCLC) plots of the electron- and hole-only devices. (F) Electron
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of ITO/PEDOT: PSS/CISe QDs/Ag.

To assess how the Cu vacancies affect the electrical
properties of CISe QDs, Mott-Schottky (M-S) analysis
was performed for the CISe QDs with various In/Cu
ratios under dark conditions (Supporting Methods 1.1).
As shown in Figure 3D and Table S6, the M-S plots
of all samples have negative slopes, corresponding
to typical p-type semiconductors with holes as the
major charge carriers. The calculated acceptor concen-
tration (N,) values for CISe 1, 2, 3, 4, and 5 are
4.73x10", 6.32x10", 1.25x10%°, 7.82x10", and
5.14x 10" cm™?, respectively. This is consistent with
the fact that, in the bulk CISe film, the carrier
concentration (N) is tuned by the densities of Cu
vacancies’®”!; a small concentration of Cu vacancies
can generate free holes.”*”?

To further elucidate the charge transport char-
acteristics of the CISe QDs in the QD-semiconductor
system, we fabricated electron- and hole-only devices
with defect-engineered CISe QDs and evaluated the
trap density (n.p) and carrier mobility (u) using the

space charge limited current (SCLC) method obtained
from their dark current density-voltage (Jp-V) curves
(Supporting Methods 1.1), as shown in Figures S6
and S7. The electron-only device consists of indium
tin oxide (ITO)/CISe QDs (104 nm)/zinc oxide (ZnO,
25 nm)/silver (Ag, 90 nm), while the hole-only device
consists of ITO/poly(3,4-ethylenedioxythiophene)-
poly(styrenesulfonate) (PEDOT: PSS, 30nm)/CISe
QDs (104 nm)/Ag (90 nm). The resulting trap density
and carrier mobility are shown in Figure 3E,F and
listed in Table S7. The SCLC curves show three
different parts: the linear ohmic response, the fast
trap-filled region, and the quadratic child phase.
Because all of the devices had the same relative
dielectric constant of the semiconductor (&), vacuum
permittivity (go), elementary charge (e), and film
thickness of the QD (L) values, the trap density is
determined by trap-field limit voltage (VrrpL), the
intersection voltage between the ohmic and trap-filled
regions of the curve. For both the electron- and
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hole-only devices, the trap density is minimized for
CISe 3 (Figure 3E). This is also consistent with the
longer carrier lifetime of CISe 3, observed in TRPL.
The carrier mobility (u) of the CISe QDs can be
assessed in the quadratic child phase. Both electron
mobilities (u.) of the electron-only devices and hole
mobilities (u,) of the corresponding hole-only are
maximum for CISe 3. The superior charge carrier-
transport capability of CISe 3 is mainly attributed to
the presence of fewer traps and increased carrier
concentration. These results indicate that a low trap
density and high carrier mobility can be obtained by
optimizing the Cu-vacancy density.

3.4 | PEC properties of CISe QDs/TiO,
photoanodes

The prepared defect-engineered CISe QDs were used for
PEC hydrogen production, and the influence of the Cu-
vacancy density (which controls their optical and
electronic properties) on the PEC performance was
examined. CISe QDs were used to sensitize mesoporous
TiO, films for use as photoanodes for PEC hydrogen
production (Figure 4A and Section 2). The conformal and
uniform coating of the CISe QDs was confirmed by
scanning electron microscopy and elemental analysis
(Figure S8). CISe QDs/TiO, films with ZnS passivation

(A) (B) 12
&
€ 101
(3]
£ 8
2 61
(7]
[=
3 4 ---ClSe 2
= — ---ClSe 3
& 2l — ---ClSe 4
£ — ---ClSe5 __
= oD i 5
O o . . pusillo =S oo
03 00 03 06 09 1.2
Potential (Vgg)
(C)12 —aise 1] (D)100 = Ciset s (E)1s0 —— ClSe 1
| —— ClISe 2 N = —=— ClSe 2
10 —ClSe 3 80 gry” el 15 1PY- —— ClSe 3
8 SSed M ——---Cises| § o —— CISe 4
—~ 81 — e —_ )
S <60 | 03 E —=— ClISe §
s s ; -d
Ww 6 W <« g
o 40 63 s
< 4 e i '\II 501 R, R
) 20| 35 | |
= CPE
0 . . . . 0+ . r —— SR o T -
03 00 03 06 09 1.2 300 400 500 600 700 0 50 100 150
Potential (Vgue) Wavelength (nm) Z' (Q cm?)
(F) 15757 (G) (H) eo0 140
o 3 — ClSe 1 OCalculated H, Production -
ClSs.2 1021 —— ClSe 2 = 50{-e- Observed H, production [120g
6‘12- Clse 8 < CiSe 3 g -+ Faradaic efficiency 2
E |—cises 2 | —cises 5 40 1ng
O 9{ ——Cises A 101{ — ClSe 5 s 80 O
L. 2 - = 30 =
> Z8~ i o? E g 160 5
:,6 ;g/ 0/0/ o T 20 o
—~~ = 0. [e] 40 3
% —o—? ©10°1 = o
O =4 [ Q. <
31 9 w ~ 10 20 —
T 0.6 Ve =
% N o o4 Electrode Area 0.2 cm? |
0.2 00 02 04 06 08 1.0 015 000 015 030 045 0 1 2 3 4
Potential (Vgye) Potential (Vgye) Time (h)

FIGURE 4 PEC hydrogen generation using photoanodes with defect-engineered CISe QDs. (A) Schematic of the PEC hydrogen
evolution reaction using a CISe QDs/TiO, photoanode. (B) J-V curves, (C) ABPE curves, (D) IPCE spectra and integrated current density
measured at 0.6 Vryg, and (E) Nyquist plots of the photoanodes measured at 0.6 Vyyg under AM 1.5 G illumination. The inset shows the
equivalent circuit model used for fitting the impedance spectra. (F) Mott-Schottky plots and (G) electron lifetimes as a function of V¢
measured from the OCVD curves. (H) Hydrogen production over time measured at 0.6 Vryg for 4 h, calculated theoretical hydrogen yield,

and calculated faradaic efficiency of the CISe 3/TiO, photoanode.
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TABLE 2 Summary of J,, of CISe QDs/TiO, photoanodes (at
0.6 Vyyp) With various In/Cu ratios.

Samples Jon (mA cm™?)
CISe 1 6.3+0.2

CISe 2 6.4+0.2

CISe 3 104+0.3

CISe 4 7.7+ 0.1

CISe 5 6.3+0.4
Champion cell (CISe 3) 10.7

Note: For the statistical data (i.e., average and standard deviation), n =5 for
CISe 3 and n =3 for the other samples.

Abbreviations: CISe, Cu-In-Se; QD, quantum dot.

layers were used as photoanodes, and hydrogen was
generated in the platinum (Pt) cathode compartment.

Figure 4B compares the representative J-V curves of
the photoanodes with various In/Cu ratios, which were
obtained under both dark and light conditions. Addi-
tional J-V curves for photoanodes using CISe QDs with
various compositions are shown in Figure S9 and the
results are summarized in Tables 2 and S8, confirming
the excellent reproducibility of our experiments. The
photoanodes using CISe 1, 2, 3, 4, and 5 generated
average photocurrent density (J,n) values of 6.3, 6.4, 10.4,
7.7, and 6.3 mA cm™2 at 0.6 Vryg, respectively, and the
champion cell using CISe 3 showed a high J,, of
10.7 mA cm ™2 (0.6 Vgxyg). The trend in Jpn as a function
of the Cu-vacancy density agrees well with the trends in
the electronic and optical properties discussed above.
CISe 3 QDs, which have the highest N, and carrier
mobility with the lowest trap density, have a particularly
high J,, which is superior to (or comparable with) most
of the reported photoanodes using heavy-metal-free QDs
(Table S9).

Photoanodes without QD sensitization showed low
photocurrent density (Figure S10), demonstrating that
the majority of photo-excited charge carriers were
produced by QDs. In addition, PEC performance without
sacrificial agents was very low (Figure S11), because the
valence band position of CISe QDs is comparable with
the water oxidation potential, resulting in poor hole
transfer from QDs. The photoanode without QDs (TiO,/
ZnS) showed J,, of 0.69 mA cm™2 at 0.6 Vgyg, which was
very similar to that of the photoanode with QDs
(0.67mAcm™® at 0.6Vgyg). This suggests that the
contribution from CISe QDs is negligible in the absence
of sacrificial agents. Furthermore, typically, in the
sacrificial-agent-free system, metal chalcogenide QDs
show much lower PEC performances and suffer signifi-
cant photocorrosion, primarily due to slower transfer of

CARBON ENERGY-WI LEY—L 2o

photogenerated holes. Therefore, there have been only a
few studies investigating the overall water-splitting
performances of metal chalogenide QDs in the absence
of sacrificial agents, which have reported low J,, values
(0.2-2.0mA cm™ at 0.6 Vgyg) using QDs such as CdSe,
CdTe, or CdS.*¥7+7°

Figure 4C shows the corresponding applied bias
photon-to-current efficiency (ABPE) curves from J-V
curves (Supporting Methods 1.2). CISe 3 shows the highest
Jon and ABPE, as well as the most negative onset potential.
The outstanding PEC performances of photoanodes using
CISe 3 can be attributed to several synergistic effects:
(1) appropriate electronic energy levels accelerate electron
transfer from QDs to TiO, and suppress photogenerated
electron-hole recombination and (2) high carrier concen-
tration and fast carrier mobility in CISe 3 increase the
chance of electron transfer. In addition, the lower trap
density can minimize the nonradiative recombination
associated with QDs and reduce interfacial electron
recombination with the electrolyte.**””

Figure 4D shows the incident photon-to-current
conversion efficiency (IPCE) spectra and integrated
current density measured at 0.6 Vgyg as a function of
the In/Cu ratios of the CISe QDs. The trend in the
integrated current density from the IPCE agrees well
with that of the J,,;, values obtained from the J-V curves
due to the similar spectral absorption range of all QDs.
The highest IPCE values over the entire spectral range
are obtained for photoanodes with CISe 3. This is
attributed to the higher electron injection and collection
efficiencies’”® in this photoanode compared with the
other samples, considering the similar optical E, of
all QDs.

To better understand the relationship between the
electronic properties of the QDs and the resulting PEC
properties, EIS analysis was performed using the CISe
QDs/TiO, photoanodes (Supporting Methods 1.2).
Figure 4E shows Nyquist plots of the CISe QDs/TiO,
photoanodes with various In/Cu ratios. The equivalent
circuit model is shown in the inset of Figure 4E, which
contains a series resistance (R;) and an RC circuit
representing the charge-transfer properties at the inter-
face between the photoanodes and redox couples in the
electrolyte.*””? In particular, the interfacial charge-
transfer resistance (R.) in the RC circuit is related to
the charge-transfer rate at the photoanode-electrolyte
interface. The fitting parameter R.; decreases in the order
of CISe 5>1>2>4>3 (Table S10). This order is the
same as that for the impedance data obtained under dark
conditions (Figure S12). Based on the TRPL results and
the trends in the electronic properties, it can be
concluded that the QDs with higher carrier lifetime
and carrier mobility show more efficient charge
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separation and hole transfer to the redox couples in the
electrolyte, leading to superior PEC performance.®

To estimate the carrier concentration (N) and flat-band
potential (Vrg) of each photoanode, M-S analysis was
performed (Figure 4F). All photoanodes yielded M-S plots
with a positive slope, which is attributed to the n-type
behavior of TiO,. The evaluated donor concentration (Ny)
and Vgp values for CISe QDs/TiO, photoanodes with
various In/Cu ratios are listed in Table S11. Photoanodes
with CISe 3 have the highest Ny and the most negative Vg
among the five QDs, indicating more efficient charge
separation and transport of the photogenerated elec-
trons® > compared to the other samples. These observa-
tions are attributed to reduced nonradiative recombination,
and interfacial electron recombination with the electrolyte
for the photoanodes with CISe 3, which is in good
agreement with the results of the J-V curves and EIS
analysis discussed earlier.

The electron lifetime (z.) value in each photoanode
was evaluated using the open-circuit voltage decay
(OCVD) method (Supporting Methods 1.2), and the
decay of open-circuit voltage (Voc) caused by electron
recombination at the photoanode-electrolyte interface
after stationary illumination (AM 1.5G condition) was
abruptly switched off (Figure S13). The highest 7. value
was obtained for photoanodes with CISe 3 among the
photoanodes with 5 different CISe QDs (Figure 4G).
Because the surface traps of QDs are one of the major
pathways for interfacial electron recombination between
the photoanode and the oxidized form of the redox
couple,””®® it can be presumed that QDs with a lower
trap density have slower interfacial electron
recombination with the electrolyte, leading to a longer
7. in the photoanode. In summary, the J-V curves, EIS
data, M-S plots, and OCVD curves all indicated the same
trend; that is, the higher carrier mobility and lower trap
density of CISe QDs lead to more efficient charge
separation and transport in the photoanodes with CISe
3, eventually resulting in superior PEC hydrogen
production performance.

The actual hydrogen production was tested for CISe
3/TiO, photoanodes at 0.6 Vyyg for 4h, and hydrogen
was collected in the headspace of the PEC reactor
(Section 2). The evolved hydrogen was quantified by GC
during the reaction (Figures 4H and S14). The Faradaic
efficiency was retained at ~90%, suggesting that most of
the current measured during the PEC reaction induces
hydrogen production. A degraded Faradaic efficiency
was expected because it is difficult to account for all of
the produced gas; some of the evolved gas can be trapped
on the electrode or dissolved in the electrolyte.”® In
addition, corrosion of QDs can occur, caused by the
accumulation of photogenerated holes on the QDs during

the 4h chronoamperometry test, which contributes to
measurement uncertainties to some degree.®’

The degradation process was examined by XRD and
XPS analyses on the photoanodes working for 0min,
10min, 2h, and 4h of the chronoamperometry test
(Figure S15). There was no significant shift in the
position of the (112) peak of CISe in the XRD pattern,
which confirms that the crystal structures of QDs were
maintained. All XPS peaks were observed to shift
towards higher binding energies with increasing test
time, and the intensity of the oxidized S peaks increased
significantly, which can be assigned to the partial surface
oxidation of CISe QDs and ZnS layers.*® Consequently,
the stability of photoanodes can be further enhanced by
the introduction of additional passivation layers.®
For example, CISe 3/TiO, photoanodes with ZnS/SiO,
passivation layers showed improved stability (Figure S14;
see Figure S16 for their J-V and ABPE curves and the
Experimental Section for the SiO, passivation method).
The result is comparable to previous studies using heavy-
metal-free QDs (Table S9), although further improve-
ments are required to match those using Cd-based
QDs (e.g., maintaining 83% of its initial value after four
hours in a representative previous work).*® From the
results, it was clear that the total amount of hydrogen
generation increased (Figure S17), despite the slightly
lower Jp, at 0.6 Vrge (9.9 mA cm™2 on average for n =3,
Figure S16A).

Surprisingly, the same trends were observed for
QDSCs fabricated based on CISe QDs/TiO, photoanodes
(Supporting Methods 1.3 and Figure S18). The resulting
photovoltaic parameters are summarized in Figure S19
and Table S12. QDSCs with CISe 3 show the highest
short-circuit current density (Jsc) and conversion effi-
ciency (). The influence of the Cu-vacancy density on
the interfacial electron recombination and 7. in the
photoanodes of QDSCs was examined using EIS
(Figure S20).*° The inset of Figure S20A shows the
equivalent circuit model used to fit the EIS curves of the
QDSCs, which includes Ry, an impedance at the interface
of the electrolyte/Cu,S counter electrode (Rcg and CPE)),
and impedance at the electrolyte/photoanode interface
(R and CPE,).***° QDSCs with CISe 3 have the highest
R.¢ values, implying that the interfacial electron
recombination between the photoanode and the electro-
lyte is relatively low for these QDSCs. This is attributed to
the relatively low surface trap density. However, the C,
values are almost similar to each other, indicating that
the CBM potential of TiO, is not affected by the Cu-
vacancy density of the adsorbed QDs. As a result, the 7
values, which were determined as the product of R, and
C, values, are higher for CISe 3 (Figure S20C), resulting
in the superior photovoltaic properties of QDSCs. The
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results highlight that the superior electronic properties
achieved through defect engineering are advantageous
for both solar-to-chemical and solar-to-electrical energy
conversion.

4 | CONCLUSION

In summary, eco-friendly CISe QDs with controllable
concentrations of Cu defects were prepared by a hot-
injection method using various metal precursor combi-
nations and used as light absorbers to improve the H,
generation performance of TiO, photoanodes. The Lewis
acid-base reaction between metal halide-oleylamine
complexes and ammonium selenocarbamate was regu-
lated considering the relative strengths of the acids,
producing CISe QDs with a wide range of In/Cu ratios
but a similar size and shape. XRD and EXAFS results
showed that the QDs have a chalcopyrite structure with
Cu vacancies, and the density of Cu vacancies can be
controlled by the In/Cu ratio. The energy levels, carrier
concentrations, and lifetimes of CISe QDs were tuned by
modifying the Cu-vacancy density. The CISe QDs with
an In/Cu ratio of 1.55 had the highest carrier concentra-
tion and longest lifetime among all QDs. Benefiting from
this, a photoanode using CISe QDs with an In/Cu ratio of
1.55 achieved a high photocurrent density of 10.7 mA
cm™2 at 0.6 Vgxyg for PEC hydrogen production. The
same trends were observed for CISe QDSCs, supporting
its general impact on solar-energy conversion. The
improved carrier dynamics in QDs with Cu vacancies
leads to efficient separation and transport of photogen-
erated carriers. Our study suggests that defect engineer-
ing of nontoxic ternary QDs can be systematically
achieved by controlling colloidal synthesis. Although
significant effort is required in future work to enhance
the stability of QD-based photoanodes, the resulting QDs
have significant potential as efficient solar absorbers for
solar-driven optoelectronic devices.
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