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Bandgap engineering through single-atom site binding on semiconducting photocatalyst can boost the
intrinsic activity, selectivity, carrier separation, and electron transport. Here, we report a mixed-valence
Ag(0) and Ag(I) single atoms co-decorated semiconducting chalcopyrite quantum dots (Ag/CuFeS, QDs)
photocatalyst. It demonstrates efficient photocatalytic performances for specific organic dye (rhodamine
B, denoted as RhB) as well as inorganic dye (Cr(VI)) removal in water under natural sunlight irradiation.
The RhB degradation and Cr(VI) removal efficiencies by Ag/CuFeS, QDs were 3.55 and 6.75 times higher
than those of the naked CuFeS, QDs at their optimal pH conditions, respectively. Besides, in a mixture
of RhB and Cr(VI) solution under neutral condition, the removal ratio has been elevated from 30.2% to
79.4% for Cr(VI), and from 95.2% to 97.3% for RhB degradation by using Ag/CuFeS, QDs after 2 h sun-
light illumination. The intrinsic mechanism for the photocatalytic performance improvement is attributed
to the narrow bandgap of the single-atomic Ag(l) anchored CuFeS, QDs, which engineers the electronic
structure as well as expands the optical light response range. Significantly, the highly active Ag(0)/CuFeS,
and Ag(l)/CuFeS; effectively improve the separation efficiency of the carriers, thus enhancing the photo-
catalytic performances. This work presents a highly efficient single atom/QDs photocatalyst, constructed
through bandgap engineering via mixed-valence single noble metal atoms binding on semiconducting
QDs. It paves the way for developing high-efficiency single-atom photocatalysts for complex pollutions
removal in dyeing wastewater environment.

© 2021 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia
Medica, Chinese Academy of Medical Sciences.

Inorganic heavy metal ions and organic dye pollutants are se-
vere pollution sources in dyeing wastewater, which causes many
negative impacts on human health and natural environment [1].
Among all the different types of dyes, inorganic Cr(VI) and or-
ganic RhB given the various dye wastewater treatment technolo-
gies, photocatalysis has attracted broad attention due to its eco-
nomic feasibility and high efficiency [2]. Among the different types
of photocatalysts, single-atomic semiconductor-based photocatalyst
has become one of the most promising photocatalytic materials
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due to its maximum atom utilization and excellent redox catalytic
properties, which has been developed very fast in clear energy
catalysis recently and need to be urgently explored for wastewater
treatment [3]. To construct a high efficient single-atomic semicon-
ducting photocatalyst, engineering the single-atomic metal homo-
geneously dispersed on a high efficient semiconductor is of cru-
cial importance. Among all the reported semiconducting materials,
CuFeS, quantum dots (QDs) are a kind of promising ultraviolet-
visible-infrared (UV-vis-NIR) semiconductor photocatalytic mate-
rial with a tunable bandgap, size-dependent quantum confine-
ment effect, high surface area, as well as “mixed redox-couple of
Cu(I)—S—Fe(Ill)” in its crystal structure [4]. It has been widely used
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in the field of photodetection [5], fluorescence labeling [6,7], elec-
trocatalysis [8,9], and photocatalysis [10,11]. It can be activated by
photons with energy greater than the bandgap (Eg) to produce
electron-hole pairs. These photogenerated electron-hole pairs can
be further separated and migrated to the surface of the QDs and
undergo a strong reduction/oxidation reaction with an electron ac-
ceptor/donor adsorbed on the catalyst surface [12]. At present, the
photocatalytic performance of the photocatalysts is frequently lim-
ited by the fast recombination of the photogenerated electron-hole
pairs. To overcome this disadvantage, various strategies have been
developed, including the deposition of noble metal [13,14], con-
struction of heterojunctions [15], as well as the sensitization of the
semiconductor with adsorbed dye molecules [16]. Besides, intro-
ducing active single atoms to strengthen the metal-support inter-
actions is a widely used strategy that can maximize the atomic ef-
ficiency, change the adsorption and desorption properties of the
surface, optimize the intrinsic activity of catalysts, and reduce the
cost of noble metal catalysts [17]. Single atoms deposited on sup-
port surface act as electron acceptor to provide highly efficient
electron transfer channels, hence prevent the fast recombination of
the photogenerated electron-hole pairs, greatly boost the photocat-
alytic activity [18]. The selectivity and catalytic activity of the cat-
alyst can be modulated by monatomic modification to selectively
remove harmful substances in wastewater. However, studies on the
formation and catalytic mechanism of single-atomic photocatalysts
for environmental pollutant treatment are still rare up to now [19].

In this work, mixed-valence single-atomic Ag(I) and Ag(0)
co-decorated CuFeS, QDs (Ag/CuFeS, QDs) are reported firstly
with a high Ag loading of 3.63 wt%. Based on the characteriza-
tion results of aberration-corrected high-angle annular dark-field
scanning transmission electron microscopy (HAADF-STEM), X-ray
diffraction (XRD), and X-ray photoelectron spectroscopy (XPS), we
confirm that mixed-valence single-atomic Ag is uniformly dis-
tributed on the surface of the CuFeS, QDs. Benefited from the for-
mation of the mixed-valence single-atomic Ag/CuFeS,, the bandgap
of CuFeS, has been significantly lowered down to 1.21 eV. With the
significant electron capture capability of metallic Ag single atoms,
the charge carrier separation efficiency has been improved dramat-
ically. The narrower bandgap of Ag/CuFeS, promotes the photocat-
alyst performance by extending its absorption light spectrum up
to the near-infrared (NIR) light range. Further, combine the den-
sity functional theory (DFT) calculations, the formation and cat-
alytic mechanisms of monatomic catalysts are illustrated, which
suggests that the introduction of Ag atoms can facilitate the en-
gineering of the CuFeS, QDs bandgap. Contributed from its small
particle sizes and low surface states [20], this mixed-valence Ag(0)
and Ag(l) single-atom co-decorated semiconducting photocatalyst
exhibits a stronger reduction power with its photoexcited elec-
trons, which can give impetus to the photocatalytic treatment of
diverse environmental pollutions in complex environmental media
such as dyeing wastewater.

High-purity dark purple CuFeS, QDs were prepared through
a colloidal synthesis approach [4]. The Ag/CuFeS, catalyst was
prepared via the photoreduction method at room tempera-
ture, as shown in Text S1 (Supporting information). The ob-
tained Ag/CuFeS, catalysts showed a high metal loading of
3.63 wt% determined by inductive coupled plasma mass spec-
trometry (ICP-MS) (Table S1 in Supporting information). To
investigate the crystal structure and electronic structure of
Ag/CuFeS,, a series of characterizations, including XRD, XPS, and
ultraviolet-visible diffuse reflectance spectra (UV-vis DRS) have
been employed. Fig. 1a depicted the XRD patterns of CuFeS,
and Ag/CuFeS, QDs. The predominant diffraction peaks in both
samples were located at 20 values of 29.3°, 33.8°, 48.6° and
57.8°, which could be assigned to the diffraction peaks from
(112), (200), (220) and (400) lattice planes of the tetragonal
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phase CuFeS, (JCPDS No. 37-0471). This observation indicated
that CuFeS, was crystallized in the tetragonal crystal system with
a space group of [-42d [21]. Moreover, no characteristic diffrac-
tion peaks of the metallic Ag were observed in Ag/CuFeS, QDs,
which supported that the Ag atoms were uniformly dispersed on
CuFeS, QDs support, and no particular-sized Ag was formed within
Ag/CuFeS, QDs. XPS was further used to study the valence state of
Ag. As shown in Fig. 1b, characteristic peaks of Ag have been ob-
served, the two doublet 3d peaks in the high-resolution XPS spec-
trum of Ag 3d (Fig. 1c) indicated that there were two different
chemical states for Ag species. The Ag 3ds;, and Ag 3ds;, peaks
with binding energies of 367.7 and 373.7 eV could be ascribed to
mono valence state of Ag(I); while the other doublet at 368.2 and
374.2 eV for Ag 3ds), and Ag 3ds),, respectively, could be assigned
to the metallic Ag(0) [22,23]. The relative content of metallic Ag(0)
to Ag(l) was calculated to be 43.2%. These results suggested that
Ag single atoms were located on QD surfaces as a mixed-valence
state. Beyond that, the Cu 2p level in Ag/CuFeS, QDs has been split
into 2p;p, and 2pyj, peaks at 932.0 and 951.8 eV; while Fe 2ps),
was characterized with binding energies of 711.6 eV; the Fe 2p;,
peak was with binding energies of 723.9 eV. These observations
suggested that the valence state of Cu in Ag/CuFeS, remained as
+1 state [24], and the Fe could be described with a +3 valence
state (Figs. S1a and b in Supporting information) [25]. No variation
in the valence states of Cu and Fe indicated that there was no re-
dox reaction occurred after single-atomic Ag decorating on CuFeS,
QDs.

In terms of photocatalysis performance, bandgap engineering
and charge-carriers have a significant influence on the perfor-
mance of the semiconducting photocatalyst. As shown in Fig. 1d,
the pure tetragonal phase CuFeS, QDs exhibited a bandgap of
134 eV, when single Ag atoms were introduced, the bandgap
of the material decreased to 1.21 eV. Furthermore, Mott-Schottky
(MS) measurements, as shown in Fig. 1e indicated that the CuFeS,
and Ag/CuFeS, QDs were both n-type semiconductors. It could
conclude that the experimental flat-band potential of Ag/CuFeS,
was —0.07 V (vs. NHE). Furthermore, it was generally known that
the bottom of the conduction bands in many n-type semicon-
ductors was more negative by about —0.2 V than the flat-band
potential, which indicated that the conduction band bottom of
Ag/CuFeS, was —0.27 V (vs. NHE) [26]. As the conduction band
of CuFeS, QDs was located at —0.11 V (vs. NHE) as shown in Fig.
S1c (Supporting information), the conduction band of Ag/CuFeS,
was much more negative than that of the CuFeS,, which theoreti-
cally indicated that the Ag/CuFeS, material was characterized with
an enormous reduction potential. Moreover, the surface carrier-
migration efficiencies could be characterized via electrochemical
impedance spectroscopy (EIS) [27]. As shown in Fig. 1f, the semi-
circle diameter of the EIS Nyquist plot of Ag/CuFeS, was smaller
than that of CuFeS, QDs, suggesting that the introduced Ag single-
atomic species could lower the interfacial charge-transfer resis-
tance, which could facilitate the separation and migration of the
carriers. The above results suggested that Ag/CuFeS, showed supe-
rior carriers separation ability and faster charge transfer efficiency.

The morphology together with the chemical composition in
Ag/CuFeS, was detected by high-angle annular dark-field (HAADF)
image and energy-dispersive X-ray spectroscopy (EDS) under scan-
ning transmission electron microscopy mode (STEM). The HAADF-
STEM image of Ag/CuFeS, in Fig. 2a indicated that the as-
synthesized QDs were with a homogenous size distribution of an
average diameter of ca. 6.8 nm. Individual Ag atoms in catalysts
could be distinguished in the aberration-corrected HAADF-STEM
images. As shown in Fig. 2b, Ag single atoms (marked with the
white circles) were uniformly dispersed on the surfaces of CuFeS,
QDs, which revealed that only Ag single atoms were present; there
were no Ag nanoparticles formed. The enlarged HAADF-STEM im-
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Fig. 1. Crystal structure and electronic structure characterization of CuFeS, and Ag/CuFeS, QDs. (a) XRD patterns. (b) XPS survey spectra. (c¢) High-resolution XPS spectra of
Ag 3d (d) Bandgaps. (e) Mott-Schottky curves. (f) EIS Nyquist plots of QDs electrodes measured under the open-circuit potential with natural light irradiation.
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Fig. 2. Morphology characterizations of Ag/CuFeS,. (a) HAADF-STEM image of
Ag/CuFeS,;. (b) Aberration-corrected HAADF-STEM image (left) of Ag single atoms
(white dots in the circles) on CuFeS, QD support and magnified HAADF-STEM im-
age (right) of the square marked with red dots. STEM-EDS mapping of element dis-
tribution within (c) Ag/CuFeS,; (d) Fe; (e) Cu; (f) S; (g) Ag.

age (right) in Fig. 2b showed that the Ag/CuFeS, had a lattice spac-
ing of 0.304 nm, which corresponding to the d—spacing of the
crystallographic (112) plane of tetragonal phase CuFeS, QDs. The
elemental compositions of Fe, Cu, S, and Ag were homogeneously
distributed within the catalyst as verified by the STEM-EDS map-
ping images in Figs. 2c-g.

It was of great interest to further probe the accurate local struc-
ture of Ag single atoms on CuFeS, QDs. Thus the highly-sensitive
electronic and local coordinational structure probing techniques,
such as the extended X-ray absorption fine structure (EXAFS) and
X-ray absorption near-edge structure (XANES) spectroscopy were
further used to confirm the valence state and local coordinational
environment for Ag [28]. As shown in Fig. 3a, the Ag K-edge XANES
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Fig. 3. X-ray absorption spectroscopy characterization of Ag/CuFeS,. (a) Ag K-edge
XANES spectra of Ag foil, Ag,S and Ag/CuFeS,. (b) Fourier transform of k3-weighted
Ag K-edge EXAFS fitting curve in R-space. (c) Wavelet transforms analysis of Ag foil,
Ag,S and Ag/CuFesS,.

of Ag/CuFeS, was located between Ag foil and Ag,S, which dou-
ble confirmed the mixed-valence Ag(l) and Ag(0) in Ag/CuFeS, and
was consistent with the XPS observation. Moreover, Fig. 3b showed
the Fourier transforms (FTs) of the k3-weighted EXAFS oscillations
of the as-prepared Ag/CuFeS,, together with the standard refer-
ences of Ag,S and Ag foil. According to the EXAFS fitting results, no
Ag-Ag coordination peak at 2.87 A was observed, demonstrating
that Ag in Ag/CuFeS, did exist in the isolated single-atomic state,
and there was no Ag nanoparticle formed. Moreover, the atomic
distance of Ag-S in Ag/CuFeS, was ~2.48 A, which was similar to
the Ag-S bond distance of ~2.51 A in Ag,S, indicating that part of
the single-atomic Ag(I) was coordinated with S in Ag/CuFeS, (Ta-
ble S2 in Supporting information). Furthermore, an intensity maxi-
mum at 5.8 A-! can be observed from the wavelet transform (WT)
contour plots of Ag/CuFeS, (Fig. 3c), which can be assigned to
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Fig. 4. DFT calculations of band structure and density of state. (a) Adsorption sites
(left) of Ag on CuFeS, (112) surface and top view (right) of Ag/CuFeS, (112) surface.
(b) Band structure of tetragonal phase CuFeS, and Ag/CuFeS,. (c) DOS of Ag/CuFeS,.
(d) PDOS of Ag/CuFeS,.

Ag-S coordination without an Ag-Ag signal. Therefore, it can be
concluded that the single atomic Ag/CuFeS, QDs were successfully
synthesized.

To further understand the electronic structure of Ag/CuFeS,,
DFT calculations were employed. We have considered three dif-
ferent adsorption sites (Fe, Cu, S) for Ag to investigate the ef-
fects of single Ag adsorption on the CuFeS, (112) surface struc-
tures, as shown in Fig. 4a. The adsorption energies of single Ag
atom adsorption on the CuFeS, (112) plane of the three sites were
negative (Table S3 in Supporting information), indicating that the
whole process was spontaneous exothermic transformation [29].
Besides, we have found the lowest adsorption energy was at the
S center site; thus, we hypothesized that Ag was most likely to
bind with S atoms to form Ag-S [30,31]. As shown in Fig. 4b, the
calculated band structure showed that Ag/CuFeS, was an indirect
bandgap semiconductor with a bandgap of 0.522 eV, which was
narrower than the 0.681 eV bandgap of CuFeS, QDs. Due to the
introduction of Ag single atoms, the conduction band minimum
(CBM) edge moved to lower energy, which could contribute to a
narrowing overall energy gap in Ag/CuFeS, [32]. This tendency was
consistent with the observed results from the Mott-Schottky curve
and ultraviolet-visible (UV-vis) spectra. Moreover, an obvious im-
purity energy level between valence band maximum (VBM) and
CBM in Ag/CuFeS, could be observed, which was beneficial for the
electron transition from the valence band (Eyg) to the conduction
band (Ecg) and further promoted the separation of photogenerated
electron-hole pairs. As shown in Figs. 4c and d, the orbital interac-
tion between Ag atoms and Ag/CuFeS, (112) plane was further in-
vestigated by the density of states (DOS) and the partial density of
states (PDOS). After the introduction of Ag atoms, S 3p orbital and
a hybrid orbital of Ag 4d, Fe 3d, Cu 3d contributed to the VBM,
while the density state at the CBM was mainly attributed to Fe
3d and S 3p orbitals. Moreover, compared with CuFeS, QDs (Fig.
S2 in Supporting information), a hybrid state density appeared at
the forbidden band. The PDOS showed that the hybrid density was
formed via the hybridization of Ag 5s and Fe 3d orbitals. Hence,
the theoretical calculation results suggested that the bandgap re-
duction could enhance the light absorption capacity in Ag/CuFeS,,
and the presence of impurity energy levels formed a new charge
transfer channel to improve the efficiency of the carrier separation,
which was expected for the improvement of the photocatalytic ac-
tivity [27].
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Considering the narrower bandgap feature within Ag/CuFeS,, it
would be interesting to employ this material for environmental
pollutants removal. The optical response spectrum range as well
as the carrier separation efficiency, are expected to be enhanced
compared to the original CuFeS, QDs. Herein, RhB, which is a typ-
ical organic dye in dyeing wastewater [33], have been employed
in the experiment. Prior to the degradation experiment, the ini-
tial pH value of the solution could influence the adsorption and
degradation efficiency by affecting the surface complexation and
the electrostatic interactions between the adsorbate and the QDs
surface [34]. The degradation efficiencies of Ag/CuFeS, were in-
vestigated under a broad range of pH from 2, 4, 6, 8 to 10. Un-
der each pH, the reaction time was set to be 60 min. It has been
observed that the fastest degradation rate occurred when the ini-
tial RhB solution (5 mg/L) was at pH 6, as shown in Fig. S3a
(Supporting information). RhB is a cationic dye; the faintly acidic
is favourable for the disassociation of protons, which facilitating
the adsorption and photocatalytic degradation of RhB. Based on
these pre-experimental results, the degradation performance of the
Ag/CuFeS, was investigated under the optimal reaction conditions.
As shown in Fig. 5a, under the optimal pH condition, the degra-
dation efficiency of Ag/CuFeS, reached as high as 90% within the
first 10 min, which was 3.55 times higher than that of CuFeS,
QDs. The decrease of concentration was evident by the reduction
of the peak intensity at 554 nm in the UV-vis absorption spectra
of RhB solution in the experiments (Figs. S3b and c in Supporting
information). To understand the reaction kinetics, both the pseudo-
first-order and pseudo-second-order kinetic models were applied
to simulate the reaction process [35]. According to the fitting re-
sults, the pseudo-second-order kinetic model (Fig. 5b) was more
suitable for describing the degradation process compared with the
pseudo-first-order kinetic model (Fig. S3d in Supporting informa-
tion) under different catalyst conditions. The fitting parameters in-
dicated that Ag/CuFeS, had a faster degradation rate (Table S4
in Supporting information). This could be attributed to a variety
of interactions in the adsorption process, including the electro-
static interaction as well as the hydrogen bonding [36]. To further
identify the active species and explore the photocatalytic mecha-
nism of the high activities in Ag/CuFeS, [37,38], a series of species
quenchers, including isopropanol (IPA, 1 mmol/L), benzoquinone
(BQ, 1 mmol/L), and bicarbonate (NaHCO3;, 1 mmol/L) were em-
ployed to scavenge the active species, such as hydroxyl radicals
(*OH), superoxide radicals (O,"~), and photon-generated holes (h™).
The degradation curve (Fig. 5¢) indicated that h™ was the main
reactive species in the degradation process, and the addition of
BQ to capture O, also slightly inhibited the degradation effi-
ciency, while *OH could be ignored. Considering the variation of
the positions of the conduction band and valence band, a possi-
ble electron and hole transfer process could be further explored.
As the conduction band of Ag/CuFeS, was more negative than the
E(02/0,°~) = —0.046 V; therefore, the electrons in the conduction
band could react with the oxygen dissolved in water to form O,'~.
However, the potential of the Ag/CuFeS, valence band was more
negative than that of the Ey(*OH/H,0) = +2.68 V, so h* could not
be oxidized to generate ‘OH [39]. According to the structural mech-
anism of Ag/CuFeS,, the active species in the photocatalytic system
were mainly h* and O,*~, which was consistent with the conclu-
sion obtained from the free radical quenching experiments. Com-
bining with the active species explored, the photocatalytic mech-
anism could be described by the following equations (Egs. 1-4):

Catalysts + hv — h* + e~ (1)

RhB + h* — CO, + H,0
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Oy+e™ — 0y (3)

RhB + 03~ — CO; + H,0 (4)

Besides organic dye, Cr(VI) salts are typical inorganic dyes that
have also been frequently used in the leather industry [40]. They
can easily enter into industry dyeing wastewater and causing heath
problems severely. Benefited from the existence of the mixed
redox-couple Cu(I)-S-Fe(lll) inside the tetragonal phase CuFeS,
crystal structure, together with the rise of the CBM resulting in
a larger reduction potential in Ag/CuFeS, QDs, the efficiency and
mechanism of Ag/CuFeS, QDs on Cr(VI) removal has been studied.
As shown in Fig. S4a (in Supporting information), Cr(VI) reduction
under various initial pH values (pH 2, 4, 6, 8, 10) were explored.
The results showed that the highest photocatalytic reduction effi-
ciency for Cr(VI) was at pH 2. The removal rate was 95.7% within
250 min, as shown in Fig. 5d. The fast reaction was benefited from
the acidic conditions, as sufficient protons (H*) could promote the
transformation of Cr(VI) to Cr(Ill) of the Ey(Cr(VI)/Cr(Ill)) = +1.33 V
[41]. The mechanism of the reduction of Cr(VI) by Ag/CuFeS, QDs
could be explained by the following Egs. 1, 5, 6:

Cr,0% + 14H" + 6e~ — 2Cr** + 7H, (5)

CrO2™ + 4H,0 + 3¢~ — 2Cr(OH)3 + 50~ (6)

Moreover, comparing the performance of CuFeS, QDs with the
Ag/CuFeS, QDs, the Cr(VI) removal efficiency of Ag/CuFeS, QDs in
the first 10 min was approximately 6.75 times higher than that of
the CuFeS, QDs. As the reaction progressed, the reaction rate was
slower than that of the CuFeS,. The possible explanation was that
the reaction rate of Ag/CuFeS, was very high in the initial reaction
period that led to the consumption of a large number of photoelec-
tron (e”) and thus resulted in the accumulation of h* in the va-
lence band, so the process of the reaction was hindered [42]. Com-
paring the two fitting curves by the kinetic models, the pseudo-
second-order kinetic model (Fig. 5e) was more suitable than the
pseudo-first-order fitting model (Fig. S4b in Supporting informa-
tion) for the description of the removal process under different
catalytic conditions. The fitting parameters were listed in Table
S5 (Supporting information). To evaluate the active species during
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the reaction process, the radical quenching experiments were con-
ducted under the optimal conditions (Fig. 5f). Based on the conse-
quence of the quenching experiments, e~ and O,'~ were identified
to be the main active species in Cr(VI) reduction [43], as molecular
oxygen was found to consume part of the photogenerated electrons
to produce O,"~. Thus the elimination of O,"~ significantly sup-
pressed the photoreduction of Cr(VI), indicating that O,'~ medi-
ated indirect reduction should govern the photoreduction of Cr(VI)
[44]. The addition of NaHCO3 increased the pH, which inhibited
the photocatalytic reaction efficiency, while the reaction rate was
increased by adding IPA to capture "OH. Because *OH had oxida-
tion property, the as-formed Cr(Ill) during the reaction could be
re-oxidized to Cr(VI), which was not conducive to the removal of
Cr(VI); thus the reduction of ‘OH by IPA increased the reaction
rate. Moreover, the ‘OH species may be generated by other path-
ways, because the potential of the Ag/CuFeS, valence band was
found to be more negative than that of Ey(*OH/H,0) = +2.68 V,
so h* could not be oxidized to generate ‘OH. The experimental re-
sults were also consistent with the structural mechanism.
Combined with the above reaction mechanism study, we fur-
ther employed Ag/CuFeS, QDs for the simultaneous Cr(VI) reduc-
tion and RhB degradation to reasonably use the photogenerated
electron-hole pairs and maximization of the photocatalytic effi-
ciency. As shown in Fig. S5a (Supporting information), the reduc-
tion efficiency of Cr(VI) and the degradation efficiency of RhB were
significantly improved at neutral pH in the Cr(VI)/RhB mixture so-
lution, in comparison with single pollutant systems at the same
pH. In a single pollutant system that only contained RhB or Cr(VI),
95.2% of RhB and 30.2% of Cr(VI) were removed by Ag/CuFeS, af-
ter 2 h natural light radiation. However, in a mixture pollutants
solution with both RhB and Cr(VI), the removal efficiencies for
RhB and Cr(VI) in 2 h were as high as 97.3% and 79.4%, respec-
tively, because the degradation of RhB could accelerate the sepa-
ration of photogenerated electron-hole pairs to avoid the carriers
aggregation and thus improve the reduction efficiency of Cr(VI).
The quenching experimental results (Figs. S5b and c in Support-
ing information) indicated that O,"~ and h* were the main active
species in the catalytic process. Moreover, EPR spectra exhibited
high-intensity signals of O,*~, which was generated in the photo-
catalytic process (Eq. 3). The production of O, depended on e,
and the number of e~ was closely related to h*, thus the primary
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Fig. 6. Mechanism of simultaneous Cr(VI) reduction and RhB degradation over
Ag/CuFesS,.

function of h* was the degradation of RhB, whereas the consump-
tion of h* accelerated part of the electrons to migrate to the sur-
face to carry the Cr(VI) reduction and the other part would react
with O, to form O, to facilitate RhB degradation. Based on the
analysis mentioned above, it could be concluded that Ag/CuFeS,
could synergistically promote the photocatalytic efficiency of the
Cr(VI) reduction and RhB degradation.

Furthermore, we used river water and tap water to simulate the
environmental-related industrial dyeing wastewater to test the cat-
alytical performance of Ag/CuFeS, in real dyeing wastewater treat-
ment applications. As shown in Fig. S6 (Supporting information),
the efficiency of the Cr(VI) reduction and RhB degradation was
similar to that in deionized water, which indicates that the com-
plex contaminants such as dissolved organic matter, inorganic ions
within tap water or natural river water would not significantly
influence the photocatalytic performance of Ag/CuFeS,. Moreover,
Fig. S7 (Supporting information) showed a well consistent activity
remain by employing Ag/CuFeS, for six consecutive catalytic cy-
cles in Cr(VI)/RhB mixture solution. After six cycling catalytic tests,
Cr(VI) removal efficiency was well preserved, which confirmed the
excellent stability of Ag/CuFeS,. Fig. S5d (Supporting information)
presented the XRD patterns of Ag/CuFeS, before and after the pol-
lutant removal reaction, where the prominent diffraction peaks of
Ag/CuFeS, remained invariable. Moreover, XPS spectra of Ag (Fig.
S8 in Supporting information) after the reaction demonstrated that
the valence states of Ag atoms were still mixed-valence (Ag(0) and
Ag(I)), which were steadily deposited on CuFeS,, suggesting signif-
icant phase stability of Ag/CuFeS,.

The mechanism of synergistic Cr(VI) reduction and RhB degra-
dation over Ag/CuFeS, was illustrated in Fig. 6. At different re-
action stages, the Ag atom acted as an effective electron shutter
to accept or release electrons [45]. Under sunlight irradiation, the
electrons could be excited quickly from VBM to CBM of the CuFeS,
QDs. Subsequently, the electron transfer from the excited CuFeS,
QDs into Ag created an interfacial charge equilibrium and electron
accumulation on Ag, which was beneficial for the photocatalysis
reaction with contaminants. Also, it was demonstrated by the DFT
results that the formation of the impurity level contributed to car-
rier separation. The excited electrons could be transferred from the
CBM of CuFeS, QDs to Ag(0), followed by the reaction with ad-
sorbed on the surface of Ag/CuFeS, to produce O, ~. The photo-
generated holes left on the VBM of CuFeS, QDs could react directly
with the pollutants. According to the above discussion against the
experimental results as well as theoretical calculation, a possible
photocatalytic mechanism of the enhanced photocatalytic activity
was proposed based on the energy band structures of Ag/CuFeS,
as follows: (1) With the reduction of the bandgap, the material
could be excited by natural UV-vis-NIR light, which improved the
efficiency of photon utilization; (2) the mixed-valence Ag(0) and
Ag(I) single atoms formed in Ag/CuFeS, could effectively sepa-
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rate photon-generated carriers; (3) the metallic Ag(0) had excel-
lent electrical conductivity, which could accelerate the movement
of free-electron onto the semiconductor surface, which further en-
hanced the separation of photogenerated carriers, and thus more
free electrons and holes could be obtained to react with the target
contaminants; (4) the specific surface area of the spherical CuFeS,
QDs was relatively large, which could absorb more targeted pol-
lutants, accelerating the reaction between photocarriers and target
molecules to improve the photocatalytic efficiency.

In this work, we developed a novel single-atomic Ag/CuFeS,
semiconducting photocatalyst for dyeing wastewater treatment.
The catalyst consists of the tetragonal phase CuFeS, QDs deco-
rating with uniformly dispersed mixed-valence Ag single atoms.
We discovered that the introduction of single-atomic Ag atoms
could facilitate the engineering of the bandgap of CuFeS, QDs,
which is conducive for synergistically reduce the Cr(VI) and ox-
idize RhB in dyeing wastewater. Combined with the experimen-
tal results as well as DFT calculations, the formation and catalytic
mechanisms of monatomic catalysts were illustrated. The narrow
bandgap of Ag/CuFeS, (1.21 eV) promotes the extension of the ab-
sorption spectrum from UV-vis to NIR. Meanwhile, the as-formed
mixed-valence Ag(0) and Ag(I) single atoms in Ag/CuFeS, can ef-
fectively separate photon-generated carriers, thus enhancing the
photocatalytic activity toward the degradation of organic dye or
the reduction of inorganic dye. These findings provide new insights
into the design of single-atomic catalysts for dye removal in dyeing
wastewater.
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