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ABSTRACT: Defect engineering in colloidal quantum dots (QDs), a typical photocatalytic material, is promising to tailor the
optoelectronic properties and achieve efficient solar-to-fuel energy conversion. However, understanding the effect of defect-
defect interaction on both charge carrier and catalytic dynamics is still challenging. Here, we report a class of defect-engi-
neered copper-deficient Zn-doped CulnS2 (ZCIS) QDs that synergistically utilize copper vacancy and Cu?* defect states to re-
alize efficient CO2 photoreduction. Steady and transient optical characterizations reveal that the density of copper vacancy
can manipulate the distribution of optically active Cu* and Cu?* defect states (appearing as Cun” and Cucu® species, respec-
tively), wherein the Cu* defect states suppress interband absorption and sharpen the Shockley-Read-Hall (SRH) recombina-
tion, while Cu?* defect states enables the prolonged exciton lifetime of QDs. In situ infrared spectroscopic investigations and
theoretical density functional calculation (DFT) demonstrate the photoactive Cu?* defect states nearby copper vacancy in ZCIS
QDs can effectively activate CO2 to the COOH* intermediates, leading to a remarkable photocatalytic CO production rate up to
532.3 umol g1 h'! (turnover number ~ 1963) after 120 h illumination.

1. INTRODUCTION

To build a sustainable future for human communities, the utilization of CO2 as carbon source and solar energy as driving force
to generate fuel is of great significance.!3 Efficient solar fuel generation relies on high-performance photocatalysts, which can
effectively absorb sunlight and utilize charge carriers for desirable chemical reaction.#> However, the entire photocatalytic
conversion processes include complex photo-physical and catalytic-chemical steps, bringing great challenge to design effi-
cient photocatalysts.t-7

The atoms form a regular lattice in crystalline materials, which is disrupted by defects. In this manner, various defect states
appear and strongly affect the band structure. For instance, oxygen vacancies in black TiO2 is able to broaden the light ab-
sorption range from ultraviolet to infrared.® Therefore, controlling defects in photocatalysts is essential yet complex.9-1° On
the one hand, defects can limit the transport of charge carriers, serving as Shockley-Read-Hall (SRH) recombination centers.!!
On the other hand, they are important for introducing sub-band states, tuning Fermi level and selectively capturing desirable
charge carriers.'? Besides, both steric configuration and electronic structure of photocatalysts are related to defects,'3-14 which
can affect the processes of photocatalysis including photo-physical carrier dynamics and catalytic-chemical interface dynam-
ics.15-16 Theoretically, there are many types of point defects in photocatalysts, including interstitial, antisite and vacancy with
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variable defect state charge, which are usually accompanied due to charge compensation and atomic conservation.!” Specifi-
cally, vacancies in the nonstoichiometric compounds have been commonly reported for solar energy conversion applica-
tions.18-1% However, the current research mainly focuses on vacancies themselves, ignoring other associated defects and de-
fect-defect interactions.13-16.18-20 Therefore, it is very important to delicately probe the effect of defect-defect interactions on
the charge carriers and photocatalytic processes.
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Figure 1. Manipulation of QDs’ defect states and their effect on the CO2 adsorption. (a) Schematic illustration for different
defect state types in stoichiometric and Cu-deficient QDs. Hypothetical CO2 adsorption configuration on (b) Type-A stoichio-
metric, (c) Type-B and (d) Type-C Cu-deficient QDs.

Colloidal quantum dots (QDs) are promising photocatalysts due to cost-effectiveness and tunable optoelectrical properties.?!-
22 Herein, we choose highly defect-tolerant I-I1I-VI2 CulnS: colloidal QDs as model photocatalysts, where the highly off-stoi-
chiometric composition allows for the clear distinction of varied defects.?3-26 To enhance the stability and increase the band
gap of narrow gap ternary CulnS; QDs, the Zn-doped CulnS; (ZCIS) QDs with varied Cu-to-(Zn+In) ratios are prepared, as
noted from 8/12ZCIS to 1/12ZCIS (Details in Supporting Information). In particular, the ratio of Cu-to-In is near
stoichiometric in 8/12ZCIS QD sample. As shown in Figure 1a, the prevailing defects are antisite Cun”-Incy** pairs in Type-A
stoichiometric QDs, as expressed by the following defect reaction equation according to the Kroger-Vink notations:25 27

Cucy + Iny, = Cup, +Ing, (1)
The copper defect (Cun”) is in the oxidation state of 1+,27 while decreasing the copper content can contribute to the generation
of Type-B Cu-deficient ZCIS QDs, promoting the formation of copper vacancies (Vcu.').24 Following the accumulation of copper

vacancies, the Cucu nearby copper vacancy transforms into Cu2* defect states (Cucu*) due to charge compensating in Type-C
Cu-deficient ZCIS QDs,?® illustrated by the following equation.

Null + Cug, = Ve, + Cug,  (2)

which were demonstrated by the electron paramagnetic resonance (EPR) and femtosecond transient absorption (fs-TA)
measurements. The fs-TA photodynamic analysis of ZCIS QDs reveals: i) Cu?* defect states promote interband absorption,
while Cu* defect states participate in the intraband transition. ii) adjacent Cuc.*-Vec.' defect pairs suppress the deep trap-
assisted SRH recombination and promote electron trapping to shallow trap states. iii) Cu-deficient QDs with Cu?* defect states
show stronger and longer-lived excited states absorption. In situ diffuse reflectance infrared Fourier transform spectra
(DRIFTS) measurements and density functional theory (DFT) calculations disclosed that the adjacent Cucu'-Veu' defect pairs
can serve as effective surface sites for CO2 adsorption and activation, leading to the accumulated COz" species on Cu-deficient
QDs with Cu?* defect states. Besides, the configuration of Cucu*-Veu' defect pairs can effectively reduce the reaction energy
barrier of the rate-limiting step from COz* species to COOH* intermediates. Benefiting from the synergetic defect-defect
interaction, the well-designed Type-C Cu-deficient ZCIS QDs achieved durable and efficient CO2 photoreduction to CO in
aqueous solutions, with a selectivity of 92% and a remarkable yield rate of 532.3 umol g! h! after 120 h illumination
(turnover number ~1963 based on the QDs). To further verify the practicability, the natural sunlight-driven CO:
photoreduction experiments are conducted in outdoor environment for one month, endowing the great promise in future
carbon neutrality.

2. RESULTS AND DISCUSSION

Theoretical simulations were first performed to predict the affinity between copper defect sites and CO2 molecules,?® wherein
the relevant electron transfer capacities of three ideal Cu defect states (Type-A, B, C, Figure 1b-d) in ZCIS QDs (Figure S1)

2



were investigated. The opimized sturcture parameters are given in Table S1. It reveals that Cu?* defect sites nearby copper
vacancy are more compatible with COz (0.015 e- per CO2 molecule), which exhibited more variation in bond length
(1.175~1.176 A) and bond angle (179.32°) toward the CO; than other Cu sites. In light of this finding, it is desirable to
synthesize Type-C Cu-deficient QDs containing Cucu'-Veu' defect pairs for CO2 photoreduction. Accordingly, we prepared the
Type-A stoichiometric colloidal QDs (denoted as 8/12ZCIS) with a Cu/In feed ratio of 1:1, whereafter the Cu-deficient QDs
with controlled composition including 4/12ZCIS, 2/12ZCIS and 1/12ZCIS were synthesized by reducing the content of Cu
precursor (Cul) during QDs’ synthesis. To gain the actual ratios of Cu/In in the QDs, inductively coupled plasma-optical
emission spectroscopy (ICP-OES) was performed, showing atomic Cu/In ratios of 0.97, 0.43, 0.26 and 0.13 in the 8/12ZCIS,
4/127CIS, 2/12ZCIS and 1/12ZCIS QDs (Table S2), respectively, which are almost consistent with the Cu-to-In feed ratios.
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Figure 2. Structure characterization of QDs. (a) XRD patterns and (b) EPR spectra of as-prepared ZCIS QDs. (c¢) TEM image,
(d) partial magnification of red triangle area in c, (e) intensity profile corresponding to the red arrow in d, (f) size statistics,
(g) structure model, (h) crystal plane parameters and (i) Fourier transform analysis of the white dotted area in c for Cu-
deficient 2/12ZCIS QDs.

X-ray diffraction (XRD) patterns of as-prepared ZCIS QDs in Figure 2a show a typical chalcopyrite phase of the QDs, wherein
the 8/12ZCIS QDs exhibited a main diffraction peak between the (112) plane of chalcopyrite CulnSz and the (111) plane of
sphalerite ZnS, which is attributed to the incorporation of zinc dopants into chalcopyrite CulnSz2 QDs.?-30 Notably, the
diffraction peak slightly shifts towards lower angles from stoichiometric 8/12ZCIS to Cu-deficient 1/12ZCIS QDs (Figure 2a),
which may be due to that Cu-deficient vacancy defects can create voids in QDs and result in increased lattice spacing.3! The
concentration of defects in the QDs was probed using electron paramagnetic resonance (EPR) spectra, which exhibited strong
signals around g=1.995, indicating the presence of copper vacancies (Figure 2b).1* Meanwhile, the tested highest EPR signal
intensity of the 2/12ZCIS sample indicate the most abundant vacancy defects among these QDs. Transmission electron
microscopy (TEM) characterization of the QDs showed a typical pyramidal shape with a high degree of uniformity based on
different orientations (Figure 2c and 2d), with line intensity profiles demonstrating the presence of abundant vacancies in
Cu-deficient 2/12ZCIS QDs (Figure 2e).32 As displayed in Figure 2f and S2, the measured average diameter of 3.2~3.4 nm is
in accordance with the crystallographic model of trigonal pyramidal six-layer metal atoms in size (Figure 2g, the model details
can be found in Figure S3). The di1z and dz20 spacings are measured to be 0.315 and 0.201 nm (Figure 2h), and the
corresponding dihedral angle of 35° matches well with the calculated angle between (112) and (220) planes by using the
following equation:
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where ¢, a, b and c are the dihedral angle and unit cell parameters, respectively, testifying the [114] orientation of as-
synthesized QDs, as further verified by the associated Fourier transform analysis in Figure 2i. The results demonstrate the
successful synthesis of the pyramidal ZCIS QDs along the [114] orientation with six-layer metal atoms and tunable Cu vacancy
concentrations.
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Figure 3. Identification of Cu defect states in QDs. (a) High-resolution XPS Cu 2p spectra of as-prepared QDs. (b) Cu K-edge
XANES data of 8/127ZCIS, 2/12ZCIS QDs and reference samples. (c) Cu K-edge EXAFS of oscillations shown in k3-weighted k-
space. (d) Cu K-edge EXAFS (lines) and the curve-fitting (dotted line) for 8/12ZCIS and 2/12ZCIS QDs shown in k3-weighted
R-space. The data are not phase-corrected. (e) Cu vacancy in tetrahedral coordinated chalcopyrite results in a structural
relaxation, thus local disorder increases the coordination number of nearby Cu atoms.

X-ray photoelectron spectroscopy (XPS) was carried out to study the Cu defect states in various QD samples (Figure 3a and
Figure S4-5). As compared to the 8/12ZCIS and 4/12ZCIS QDs, the peak of Cu 2ps,2 of 2/12ZCIS QDs shifts to higher binding
energies, which is indicative of the increased Cu valence state.33-3* The deconvoluted peaks centered at 931.4 eV (Cu 2p3/2)
and 951.2 eV (Cu 2p1/2) are assigned to Cu'*, whereas the additional peaks at 932.5 eV and 952.3 eV are ascribed to Cu?*
appeared in 2/12ZCIS QDs.1416.:35 More importantly, the Cu 2ps/2 satellite peak at 945.7 eV (defined as the presence of Cu?*
species) can reach the maximum proportion of 20% in 2/12ZCIS QD sample,¢ thus proving the existence of more Cu?* defect
states in the Cu-deficient 2/12ZCIS QDs. Cu K-edge X-ray absorption spectroscopy (XAS) was conducted to further identify
the local environment of Cu defect states. As shown in Figure 3b, the X-ray absorption near-edge structure (XANES) spectra
exhibit the sharp lines corresponding to the electron transition from Cu 1s to 3d orbitals.3” The absorption peaks appeared at
~8981 eV of 8/12ZCIS and 2/12ZCIS QDs indicate both QDs have the same Cu* species as Cuz0 reference sample. A slight
forward offset of peak for 2/12ZCIS QDs proves the increased Cu valence state.38 The similar Cu K-edge EXAFS of oscillations
shown in k3-weighted k-space suggest that both QDs have analogous local coordination geometry of Cu* ions (Figure 3c).
Notably, 2/12ZCIS QDs show more amplitude oscillations, suggesting the average coordination number of Cu atom increases
after introducing Cu vacancies. To examine the local coordination environment changes, we performed the extended X-ray
absorption fine structure (EXAFS) measurements and t specific fitting details are attached in Table S3 and Figure S6. The
curve fitting reveals that the coordination number of Cu-S for 2/12ZCIS QDs is 4.8+0.3 (Figure 3d), which is larger than that
of 8/12ZCIS QDs (3.8+0.2). As shown in Figure 3e, the formation of Cu vacancy could create a void with dangling bonds on
the nearby Cu atoms,3° hence we speculate that there would be more space and freedom for Cu atoms to interact with S anions.
These findings manifest that introducing Cu vacancies perhaps induced local structural relaxation of surrounded Cu* sites,
thus overcoming the limitation of tetrahedral coordination.
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Figure 4. Optical spectral analysis of photo-induced charge carriers. (a) UV-vis absorption (lines) and PL emission (colored
shading) spectra of ZCIS QDs. (b) Recognition of UV-vis absorption peaks. Insets: the absorption edge consists of features
from both the interband VB-CB transition (dotted line) and the intraband Cu-CB transition (dashed line). (c, d, e) 3D contour
plots of fs-TA spectra. The fs-TA spectra of (c, f) 2/12ZCIS, (d, g) 4/12ZCIS and (e, h) 8/12ZCIS QDs. The kinetic traces of GSB
(i) and ESA (j) signals. (k) Schematic depiction of charge carriers’ dynamics involved in ZCIS QDs with Cu!* (left) and Cu?*
(right) defect states. In both cases, emission originates from the transition involving a CB electron and a hole-like intragap Cu
defect states (black straight arrow), thus accounting for the large Stokes shift. In the case of the Cu'* defect, intragap Cu'*-CB
transition (Abs2) leads to an additional near band-edge feature compared with VB-CB transition (Abs1), while Cu?+ defect is
optically absorption-passive.

To further confirm the existence of Cu defect states and understand relevant charge kinetics in the QDs, ultraviolet-visible
(UV-vis) absorption, photoluminescence (PL) emission and fs-TA tests were conducted and shown in Figure 4. The band gap
(Eg) of QDs is calculated to be ~2.14-2.46 eV based on the minimum of the second derivative of the absorption spectra (Figure
S7), which represents the band-edge transition between conduction band (CB) and valance band (VB) in quantum-confined
semiconductor materials such as QDs.*? A large Stokes shift (380~490 meV) between PL emission and exciton absorption
peak of QDs is observed in Figure 4a, in which the Cu-related defects in the QDs are responsible for such large Stokes shift
due to intragap emission,?# 2741 as a result of both the emissive Cu'* and Cu?* defect states.?>27 However, these two defect
states cause distinct features on the absorption spectra. In particular, the Cul* defect states remain absorption-active as one
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of the 3d electrons can be excited into CB states from the 3d!° to 3d° configuration.?’ In contrast, no significant intragap
absorption feature is observed in the latter since the Cu?* defect states (induced by Vc.") have the 3d? configuration that can’t
be transformed into 3d® state, causing the band-edge absorption.?’” Therefore, in comparison to the band-edge absorption
(exciton transition peak fitted as Abs1),%* the Cu'*-CB transition is expected to exhibit an intragap absorption feature (a tail
absorption peak fitted as Abs2) in the near-band-edge region (Figure 4b). As summarized in Table S4, the band-edge
absorption is more apparent in the optical characterizations of Cu-deficient 2/12ZCIS QDs, revealing the presence of
dominant Cu?* defect states in this sample.

Ultrafast fs-TA measurements were performed to further figure out the details of these Cu defect states (excited at 387 nm
with power intensity of 14 pJ cm~2, under continuous stirring), as shown in Figure 4c-h. Note that the ground state bleaching
(GSB) signal recorded with Cu-deficient 2/12ZCIS QDs (Figure 4c and 4f) shows different spectral features such as a more
symmetrical and narrower bleaching signal compared to that of the 4/12ZCIS QDs, 8/12ZCIS or reported stoichiometric
samples.?4 42-43 In the case of the 4/12ZCIS QDs (Figure 4d and 4g), the asymmetrical and broad bleaching can split into two
components including band-edge (540 nm) and intragap (560 nm) transitions,?* which is consistent with the results of steady-
state absorption spectrum. Moreover, the splitting of GSB peak for stoichiometric 8/12ZCIS QDs is obvious and clear (Figure
4e and 4h), where different band-edge (600 nm) and intragap (640 nm) transitions can be observed. Conversely, we observed
asingle band-edge transition (530 nm) in the 2/12ZCIS QDs (Figure 4f), confirming that the Cu-deficient 2/12ZCIS QDs mainly
contains Cu?* defect states accompanied with copper vacancy as Cucu*-Veu' defect pairs. Furthermore, the charge carriers’
dynamics were investigated via kinetics fitting of GSB and excited-state absorption (ESA) signals to reveal the effect and
interaction of Cu defect states in the QDs, and the fitting parameters are listed in Table S5. The GSB signal is attributed to the
state filling of CB electron with negligible contribution from VB hole due to higher degeneracy of the hole levels, thereby
indicating the CB electron population decay.** The tri-exponential fitting recover features are spread out in Figure 4i: (i) The
short decay kinetics of 2/12ZCIS QDs with a time of ~10 ps (1) is faster than that of the 4/12ZCIS QDs (t1=34 ps) and
8/12ZCIS QDs (t1=39 ps), reflecting favorable electron trapping in shallow trap states (STS) near CB.? 404546 (ii) The following
hundreds of picoseconds (e.g., 121-196 ps) are traced to the exciton cooling.*® (iii) The longer delay up to nanoseconds (1.6-
2.2 ns in ZCIS QDs) refers to the nonradiative recombination of SRH recombination pathway.? Despite both the Cu?* and Cu*
defect states are deep trap states (DTS), the SRH recombination is distinct due to that the Cu?* defect as a hole-like state (3d?)
can recombine quickly with CB electron, while Cu* defect must capture a VB hole and restore its 2+ oxidation state (from 3d0
to 3d?) before completing the recombination processes.2’” Therefore, the SRH recombination is competitive to Cu* defect-
mediated radiative recombination due to similar hole capture mechanism, while the abundant Cu vacancies can effectively
remove the VB hole to suppress the nonradiative recombination in 2/12ZCIS QDs.2> 27 Eventually, the SRH recombination
decay time of 2/12ZCIS QDs (73=2.2 ns) is slower than that of the 4/12ZCIS QDs (GSB, 73=1.6 ns) and 8/12ZCIS QDs (GSB,
73=1.8 ns), indicating that the Cucu-Vcu" defect pairs are able to suppress nonradiative recombination and promote slow
exciton relaxation.#5 47

In addition, as shown in Figure 4j and Table S5, the slower decay of ESA signal of 2/12ZCIS QDs (tav= 41 ps) indicates the
higher possibility of active electron utilization and transfer to electron acceptors with respect to the ESA signal of 4/12ZCIS
QDs (Tav= 29 ps).#>48 This conclusion is further supported by measuring the fs-TA dynamics, wherein the benzoquinone (BQ)
molecules were used to remove the active electrons in QDs’ aqueous solution 449, As shown in Figure S8, the TA spectra of
2/127CIS-BQ complexes showed a faster recovery of the GSB signal with an average lifetime (1088 ps) compared to that
(1977 ps) of the 2/12ZICS QDs. Due to the limited time scale of the fs-TA experiment (up to 6 ns), further information about
the electron transfer processes on the nanosecond scale was obtained from time-resolved PL (tr-PL) of QDs. The electron-
transfer time (7et) is estimated by the following equation:>°

1/Tet = 1/Tav,100mM BQ — 1/Tav,OmM BQ (4)
A fairly fast electron transfer with et of 34 ns for 2/12ZCIS QDs is observed (Figure S9 and Table S6) among four types of QD
samples, which exactly benefits from the long-lived active excitons. To summarize, Figure 4i visually depicts the overall charge

dynamics involved in ZCIS QDs. Due to the presence of Cucu'-Veu' defect pairs, the Type-C Cu-deficient 2/12ZCIS QDs with
long-lived active charge carriers and inhibited nonradiative recombination are more promising for COz photoreduction.
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Figure 5. The CO2-CO photoreduction performance. (a) CO yield of the prepared QDs recorded every 24 h during 120 h solar
simulator illumination (380<A<780 nm, 100 mW cm2). (b) CO, CH4 and Hz evolution yield and the selectivity of CO for
2/127ZCIS QDs. (c) Cycle test of CO yield for 2/12ZCIS QDs. (d) GC-MS spectrum of gas-phase products of 13COz photoreduction
for 2/12ZCIS QDs. (e) Statistics of surface copper catalytic sites and (f) TON correlation between numbers of QDs and surface
copper atoms. (g) CO yield rates, TONgps (CO) and TONsurface cu (CO) of 2/12ZCIS QDs containing variable surface Cu
concentration. (h) Efficiency and durability benchmarks of the previously reported photocatalysts for CO2 photoreduction to
CO. The statistical performance parameters are shown in Table S10. (i) Natural sunlight-driven CO2z reduction performance
of 2/127ZCIS QDs in 28 days. Error bars are calculated from two runs; uncertainty is <5%.

The photocatalytic CO2 conversion performance of as-prepared QDs was examined without any cocatalysts or additional
photosensitizers and performed under solar simulator irradiation (380<A<780 nm, 100 mW cm2) in 5 mL of COz-saturated
pure water with ascorbic acid as sacrificial reagent. As shown in Figure 5a, the Type-C Cu-deficient 2/12ZCIS QD sample
exhibits a remarkable CO yield up to 12.2 pumol after light illumination of 120 h, which is nearly 24-fold and 4-fold higher than
those of Type-A stoichiometric 8/12ZCIS QDs (0.5 umol) and Type-B Cu-deficient 4/12ZCIS QDs (3.1 umol), respectively. The
band structure of the synthesized QDs was estimated by using UV photoelectron spectroscopy (UPS, Figure S10-11), whereas
both the VB/CB edges for all QDs are quite similar. The favorable conduction band minimum (CBM) for the 1/12ZCIS,
2/127CIS, 4/127ZCIS and 8/12ZCIS QDs is -0.85, -0.68, -0.83 and -0.90 V vs. RHE, respectively, thus the photogenerated
electrons in CBM can be transferred to CO: for reduction reactions (Figure S12). These similar band structures of QDs imply
that the observed diverse photocatalytic COz conversion performance is principally derived from different intrinsic copper-
related defect states rather than band position variation.

In the case of 2/12ZCIS QDs, the production of CO increases rapidly and is nearly linear with the irradiation time (Figure 5b),
suggesting considerable photocatalytic durability up to 120 h. Except for Hz and trace CHas, no other byproducts were detected
during CO2 photoreduction and a high CO selectivity of 92% was eventually achieved. Moreover, the 2/12ZCIS sample can
maintain about 70% initial activity in a long-term test even up to 360 h after renewing the reaction atmosphere and adding
sacrificial agent again (Figure 5c). To verify the carbon source of the produced CO, the isotopic tracking was conducted using
13CO2 (Figure 5d) and a characteristic fingerprint of m/z = 29 (13CO) is clearly detected as the product by gas chromatography-
mass spectrometry (GC-MS). Besides, negligible products were generated in the absence of either QDs or light irradiation,
implying the main contribution of CO from CO: photoreduction (Table S9). To prove that electrons were supplied by the AA
during catalytic reaction cycle, additional PL quenching experiments were conducted on the 2/12ZCIS QD sample. As shown
in Figure S13a, the intensity of PL emission was gradually quenched after introduction of AA into the system. The kinetic
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emission decay of the QDs became faster as well, which is consistent with the decreasing emission intensity (Figure S13b).
Fitting results show that the average lifetime of 2 /12ZCIS QDs dropped from 71.1 ns to 30.9 ns with AA concentrations of 400
mM (Table S8), corresponding to a calculated hole transfer rate (2.6 x 10* s"lmM-1) from QDs to AA (Figure S13c).

To evaluate the turnover number (TON) per single QD or surface copper atom, we calculated the proportion of surface copper
atoms in a typical QD model proposed in Figure 2g and Figure S3. As exhibited in Figure 5e and Figure 5f, around 80% of
copper exists in the form of surface states and a single QD contains about 24 surface copper atoms. After further optimization
of surface-Cu concentration (i.e., optimizing the QD catalysts concentration), the 2/12ZCIS QDs ultimately produce CO with a
TONgps of 4319 and a TONsurface cu Of 178, respectively, and a prominent mass ratio yield of 140,544 pumol g can be achieved
after the longest irradiation of 360 h (Figure 5g).

In comparison to the recent reported state-of-the-art CO2 photoreduction systems (Figure 5h), we found that both mass
activity (~500 umol g'*h'') and durability (120 h) of our QD samples were competitive even without any organic solvent.>1-54
Meanwhile, as shown in Figure S14, the AQYs of 2/12ZCIS QDs were respectively determined to be 0.32% (400 nm), 0.25%
(450 nm), 0.11% (500 nm) and 0.05% (550 nm), which were competitive to that of other reported heterogeneous
photocatalysts (Table S10). The lower AQY in the longer irradiated wavelengths is ascribed to the decreased ability of visible
absorption for longer wavelengths. Inspired by the superior performance,we further conducted outdoor CO2 photoreduction
experiments under natural sunlight and ambient temperature, as shown in Figure 5i. Remarkably, continuous and stable CO
generation was realized in 28 days with a wide temperature range (2~23 “C), suggesting that natural sunlight can be
efficiently utilized for carbon neutralization by using our QDs system, paving the way for future potential industrial
manufacturing.
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Figure 6. In situ DRIFTS and DFT calculations for photocatalytic CO2-to-CO conversion. In situ DRIFTS of COz and H:20
interaction with (a) 2/12ZCIS and (b) 4/12ZCIS QDs under constant simulated solar illumination. (c) Calculated free energy
of the main reactions in photocatalytic CO2 reduction using Type-A, B and C ZCIS QDs. (d) Key reaction configurations of CO2
photoreduction to CO for Type-C Cu-deficient 2/12ZCIS QDs. The PDOS of (e) Cu-deficient ZCIS QDs. (f) The PDOS of Cu-3d
for Cu-deficient and stoichiometric ZCIS QDs. (g) Electronic location function results of CO2 molecule on the surface of Type-
A (top), Type-B (middle) and Type-C (bottom) QD samples.

To elucidate the underlying mechanism for the superior performance of 2/12ZCIS QDs from CO2 photoreduction to CO, the
surface CO2 adsorption, activation, and conversion processes were investigated by using in situ DRIFTS characterizations.
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Figure 6a shows that the reaction intermediates on 2/12ZCIS QD samples are dynamically detected during 25 min light
irradiation. Notably, the wide absorption bands (1800~1200 cm!) reflected the CO2-derived species.>> As shown in Figure 6a
and Table S7, the monodentate carbonate (m-C0Os2, symmetric COs stretching vibration (vs(C03)): 1520~1453 cm1),28 55-60
bidentate (b-CO3%, asymmetric COs stretching vibration (vas(C03)): 1579 and 1540 cm1,28 46,55-56,59-61 y;(C03)): 1366 cm1)55 61
and chelating-bridged carbonate (c-CO3%, v(C-0): 1771, 1736 and 1700 cm1)?8 46.55-56,58 gre apparent and strengthened with
a prolonged illumination time. Further observation of bicarbonate HCO3~ (6(CHO): 1434~1397 and 1340 cm~1)28 55 60-62 agnd
carboxylate COz- species (vs(0-C-0): 1679~1618 and 1288 cm1)%> 56 63 confirm the surface-bound interaction between
2/12ZCIS QDs and the adsorbed CO2. Most importantly, the peaks of COOH* (1750 and 1558 cm-1)28 57.60,64 and CO* (1714
cm1)28 intermediates (deemed as the crucial species for production of CO) became sharp with enhanced intensity, whereas
the peaks of CH2* (2923 cm-1)28 and CH30* (2851 cm™1)?8 were negative and suggest the consumption of intermediates for
hydrocarbons, which is consistent with the observed results of the trace CH4 product (Figure S15). Additional peaks assigned
to b-COs? appear and the intensity of b-COs? rather than COz" peak accounts for the largest proportion in 4/12ZCIS QDs
(Figure 6b).>> 61 This is the essential fact that unavoidable accumulation of b-CO3% species occurs due to the weak conversion
of COz to CO2- on the surface of 4/12ZCIS QDs. Carboxylate COz- species were usually regarded to be activated easier for
CO: reactant.s3 65 These results suggest that the unique Cucu’-Veu' defect pairs involved in 2/12ZCIS QDs have a tremendous
influence on CO:z conversion. On the basis of the in-situ DRIFTS results, we propose the CO2 photoreduction pathways as
follows:

CO, +* - CO," (5)
CO," + e + H* > COOH" (6)
COOH* + e~ + H* - CO* +H,0  (7)
CO* > COT+ = (8)

where the asterisks denote active sites, such as Cu-related defect states in this work, and the vertical arrows represent the
release of the gas product.

To further support this conclusion, we conducted DFT calculation studies for CO2 conversion in our QD systems. According to
the calculated Gibbs free energy (AG) in Figure 6¢, it is revealed that the formation of COOH* intermediates is the rate-limiting
step for all samples, due to the endergonic process with high energy input.62 66-67 The initial hydrogenation pathway from CO>
to COOH* requires overcoming a crucial activation energy barrier, whereas the Type-C Cu-deficient QDs have a lower COOH*
formation energy of 1.11 eV than other QD samples, which might be ascribed to the abundant adjacent Cucu*-Vcu' defect pairs.
As shown in Figure 6d and Figure S16, the introduction of Vcu' defects can result in charge enrichment on the nearby surface
Cu and In atoms of QDs such as the Cucy* sites,'* % which serve as photoexcited electron transfer centers for the activation of
COz. Meanwhile, the Vc.' sites capture the VB hole to suppress the charge recombination, promoting the formation of COOH*
species. Afterwards, the Cuce® and nearby In atoms can stabilize the rate-limiting COOH* intermediates with the Cu-In dual
sites for effective COz photoreduction®?, We further investigated the partial density of states (PDOS) reflecting d-band center
(ed), which demonstrated that the d-band has main contribution from Cu-3d, as shown in Figure 6e.5°-7° Specifically, the €4,cu
(-1.98 eV) of Cu-deficient samples move further towards the Fermi level (Er) than that of the stoichiometric samples (€d,cu=-
2.13 eV) and the eqn upshifts from -4.16 eV to -3.91 eV (Figure 6f and Figure S17). According to the theory of Ngrskov, the
adsorbate-metal interaction becomes stronger when the &q shifts closer towards the Er,38 6% 71 implying that the Cu and In
sites close to Vcu' sites enables the enhanced adsorption ability. The electronic location function results (Figure 6g) further
verified this hypothesis, wherein the stoichiometric reaction domain (Type A, top) exhibits less variation in band angle and
CO2 molecule bending than other two reaction domains of Cu-deficient samples.?8 55 In comparison, we can observe vital
interactions between the Cucu.*-Vec.' defect pairs and the adsorbed CO2 molecule in Cu-deficient reaction domain (Type C,
bottom), confirming the superiority of the Cucu-Vecu' defect sites as an efficient COz adsorption and activation model.
Combining the previous calculation in Figure 1d, a larger number of electron transfer is recorded with the Type-C Cu-deficient
reaction domain (0.015 e-per COz molecular). Hence, our DFT calculations manifest the reaction mechanism and clarify the
defect-defect interaction of ZCIS QDs photocatalysts for efficient CO2 photoreduction to CO.

3. CONCLUSION

In summary, a model of highly reactive domains in Cu-deficient colloidal ZCIS QDs was rationally constructed by precisely
manipulating the intrinsic Cu-related defect states. Through tailoring the non-stoichiometric Cu content, the reactive domains
of the Cu?* defect states accompanied by copper vacancy (i.e., Cucu"-Veu' defect pairs) are constructed in the ZCIS QDs for high-
efficiency CO2 photoreduction. The fs-TA and tr-PL spectra demonstrated that such Cucu*-Veu' defect pairs in ZCIS QDs can
optimize the photogenerated charge carrier kinetics, thus favoring the long-lived active charge separation/transfer and
suppressing the nonradiative SRH recombination. The combination of in situ DRIFTS experiments and DFT calculations
enables the understanding of dynamic intermediate-determining COz photoreduction processes at molecular level. As aresult,
the Cu-deficient 2/12ZCIS QDs with abundant Cucu*-Veu' defect pairs exhibited a high photocatalytic activity for CO2 reduction
to CO with a rate of 400~500 pumol g h'l. This work demonstrates that manipulating the intrinsic Cu-related defect states
can tune both the photo-physical properties and catalytic-chemical processes for highly efficient CO2 photoreduction, paving
the way for precise defect states engineering for high-efficiency solar-to-fuel energy conversion.
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