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ABSTRACT: A deep understanding of distinct functional differences of
various defects in semiconductor materials is conducive to effectively control
and rationally tune defect-induced functionalities. However, such research
goals remain a substantial challenge due to great difficulties in identifying the
defect types and distinguishing their own roles, especially when various
defects coexist in bulk or nanoscale material. Hereby, we subtly selected a
molecular-type semiconductor material as structural mode composed of
supertetrahedral chalcogenide Cd−In−S nanoclusters (NCs) with intrinsic
vacancy point defect at the core site and antisite point defects at the surface of
supertetrahedron and successfully established the correlation of those point
defects with their own electrochemiluminescence (ECL) behaviors. The multi-
channel ECL properties were recorded, and the corresponding reaction mech-
anisms were also proposed. The predominant radiation recombination path of
ECL emission peak at 585 nm was significantly distinguished from asymmetrically broad PL emission with a peak at 490 nm.
In addition, the ECL performance of the coreless supertetrahedral chalcogenide nanocluster can be modulated by atomically precise
doping of monomanganese ion at the core vacant site. A relatively high ECL efficiency of 2.1% was also gained. Actually, this is the first
investigation of ECL behavior of semiconductor materials based on supertetrahedral chalcogenide nanocluster in aqueous solution.
Current research may open up a new avenue to probe the roles of various different defects with defined composition and position
in the NC. The versatile and bright ECL properties of Cd−In−S NC combined with tunable ECL potential and ECL peak suggest
that the new kind of NC-based ECL material may hold great promising for its potential applications in electrochemical analysis,
sensing, and imaging.

■ INTRODUCTION

Accurate identification and deep understanding of active sites,
such as catalytic centers in molecule catalysts1−3 or electron/
hole trapping centers in solid-state semiconductor materials,4−7

have always been the emphasis and difficulty in the research
field of synthetic chemistry and material science. Compositional
and structural defects in crystalline materials are generally
regarded as particular active sites,8−10 which play decisive roles
in controlling and/or giving rise to a large range of electronic,11

magnetic,12 or optical properties.13 However, a better under-
standing of the roles that various defects play on the physical or
chemical properties still remains a big challenge because of great
difficulties in determining the precise sites and compositions for
randomly distributed and disordered defects, especially for low-
dimensional point or line defects inside solid-state materials.
Thus far, only various surface defects in nanoscale materials have
been explored widely and thoroughly by virtue of some experi-
mentally technological approaches, such as TEM and spherical
aberration (SA)-corrected HRTEM,14,15 which are powerless for
the randomly distributed internal defects. Of note recently is an
increasing interest in the exploration of ordered internal defects
in some crystalline materials, such as metal−organic frameworks

(MOFs)16−18 and interrupted semiconductor zeolitic material.19

Periodical vacancy defects in crystalline materials ensure their
positions to be easily probed through single-crystal X-ray dif-
fraction analysis. Precise position information on defects could
facilitate the investigation of the influence of ordered defects on
the physical or chemical properties. So far, the cases with peri-
odically internal defects in materials are rare, especially in the
important field of semiconductor materials. Creating ordered
internal defects in semiconductor materials and investigating
those defects-related properties will be a subject worthy of study.
Open-framework metal chalcogenides based on nanoclusters

(NCs) with regular geometrical shape represent a new type of
solid-state semiconductor materials with the combination of
porosity and semiconducting properties.20 In the main frame-
work, the nanosized supertetrahedral chalcogenide NCs, being
structurally precise fragments of the well-known cubic ZnS-type
semiconductors, can be regarded as the smallest semicon-
ductor NC or quantum dots (QDs). The investigation of defect
chemistry for these materials has never been made before.
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Recently, we reported a micrometer-sized crystal (denoted as
ISC-10-EInS, E = Zn or Cd) composed of isolated coreless super-
tetrahedral chalcogenide NCs ([E6In28S52(SH)4]) with the dimen-
sion of ∼2 nm in edge length (Scheme 1A).21 The well-defined

single vacancy at the core of each supertetrahedral NC (denoted
as ○@EInS, where “○” means vacancy) with 34 metal sites
(6 E2+ ions and 28 In3+ ions) can be confirmed by single-crystal
X-ray diffraction technique (Scheme 1B). It is worth noting that
the vacant site was proved to trap a single Cu+ or Mn2+ ion
without the collapse of NC to form transition metal ion doped
NC (denoted as M@EInS, M = Cu or Mn).22 On the basis of the
fact, such a vacancy in the NC can be rationally viewed as “vacancy
point defect” (VD, denoted as VM), and the resulting micrometer-
sized crystal composed of isolated coreless NCs exhibits ordered
“intrinsic internal defects” throughout the whole crystal lattice.
Besides vacancy defects, there exist antisite defects (AD, denoted
as InE or EIn) in the NC because the six divalent ions (E2+) in the
NC are randomly located at the 6 out of 12 metal sites at four
faces of supertetrahedron (Scheme 1C) according to elemental
and structural analysis and Pauling electrostatic valence sum rule.
Generally, the AD are commonly observed in ternary and qua-
ternary chalcogenide semiconductor materials, for example, CuInS2,
in which a significant density of AD-related donor−acceptor states
located in the band gap are created.23−25 These antisite point
defects can be also viewed as virtual surface defects as result of
their locations at the surface of supertetrahedral NC. In addition,
there still exist some real surface defects (SD) at the surface
of crystals, especially when they are crushed into nanometer or
micrometer-sized particles. Other types of defects, such as dis-
location defects or interstitial defects, cannot be completely ruled
out for a nonideal crystal, but they obviously belong to the
minority compared with the main defects mentioned above
based on exact structural and compositional information. There-
fore, such crystalline material of ISC-10-EInS provides a good
structure mode with coexistence of various well-defined defects
for probing their own roles in chemical or physical properties.
Unfortunately, previous photoluminescence (PL) studies on
ISC-10-CdInS indicated that its emission spectrum only displays

a broad and asymmetric shape peaked at 490 nm with a long tail
(Figure S1). The excitation-wavelength-dependent emission
behavior has been tentatively attributed to some complicated
radiative recombination of charge carriers at some energy states
induced by various defect centers. The role of point defects
mentioned above cannot be exclusively distinguished through PL
measurement because there are no multiple peaks to be obvi-
ously observed. Therefore, how to further establish the distinct
role of these point defects in the NC and directly observe the
relationship between defect structure and optical activity
becomes an interesting topic and key challenge in the research
field of semiconductor NCs.
Electrochemiluminescence (ECL) is a light-emission phe-

nomenon produced by an energetic electron transfer chemical
reaction between the electrochemically generated species.26−28

Quests for new and stable ECL emitters with high efficiency
and deep investigations on the relationships between the struc-
ture and ECL properties are an active and continuous theme in
the realm of ECL. In fact, various kinds of semiconductor
nanocrystals, or quantum dots, such as CdS,29 CdSe,30 CdTe,31

PbS,32 and ZnSe,33 have been chosen as promising ECL
emitters to actively study their bioanalytical applications such as
biomedicine and bioimaging. Those studies demonstrated sub-
stantially that ECL of QDs is intrinsically sensitive to surface
chemistry and surface states, which make it a very powerful
tool to study surface energy states created by surface defects.
Generally speaking, surface vacancies can provide localized
surface states within the band gap. Thus far, ECL is mainly
generated at surface states,29,30,34−36 except a few reports that
ECL can be generated at band edges.31,37 Recently, an increasing
number of reports about the effect of surface ligand,31 non-
passivated or passivated surface atoms,37,38 and surface charge33

on the properties of ECL have been exploited. However, there
are no reports about the effect of intrinsic internal defects on the
ECL properties of QDs. Can the ordered intrinsic vacancy point
defect in coreless ○@CdInS NC introduce a new energy state
within the band gap to induce the ECL? Can the ECL measure-
ment distinguish the roles of various defects with distinct energy
level in the coreless ○@CdInS NC?
Herein, we for the first time successfully distinguished the

active roles of point defects in semiconductor NC by virtue of
ECL technology. The coreless ○@CdInS NC exhibited excel-
lent multichannel ECL behavior with high ECL emission
intensity in an aqueous solution as the result of highly efficient
electron−hole recombination facilitated by point defects in the
NC. A main ECL emission peak obviously observed at around
585 nm is ascribed to the contribution of the vacancy defect.
A similar result was also observed in○@ZnInS NC with a similar
type of point defects. In addition, compared with that observed in
○@CdInS NC, Mn2+ dopant locating at the vacant site of NC
(Mn@CdInS) induced a new main ECL emission peak with
a red-shifted emission wavelength (615 nm) at lower cathode
potential by introducing some new intermediate electronic
states. Current results reveal that supertetrahedral chalcogenide
NC-based semiconductor materials with intrinsic defects could
serve as some promising ECL emitters in the application of bio-
imaging and sensing.

■ EXPERIMENTAL SECTION
Chemicals and Materials. Sodium sulfite, potassium persulfate

(K2S2O8, 99.5%), and tripropylamine (TPrA, 98%) were purchased
from three chemical reagent factory of Tianjin. Hydrogen peroxide
(H2O2), superoxide dismutase (SOD), sodium phosphate monobasic

Scheme 1. Structure of ISC-10-CdInSa

a(A) Composed of coreless ○@CdInS NC, (B) with intrinsic internal
defect and (C) anti-site defects, which can trap one Mn2+ dopant at its
vacant core site (D).
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dehydrate (NaH2PO4·2H2O, AR, 99%), sodium phosphate dibasic
dodecahydrate (Na2HPO4·12H2O, AR, 99%), cadmium nitrate
tetrahydrate (Cd(NO3)2·4H2O, AR, 99%), zinc nitrate hexahydrate
(Zn(NO3)2·6H2O, AR, 99%), indium powder (In, 99.99%, 200 mesh),
sulfur power (S, 99.99% metal basis), manganese(II) acetate tetra-
hydrate (Mn(Ac)2·4H2O, 99.99% metal basis), piperidine (PR, 99%),
and 1,5-diazabicyclo[4.3.0]non-5-ene (DBN, 98%) were purchased from
Aladdin Industrial, Inc. All chemicals were used as received without fur-
ther purification.
Syntheses. The nanometer- and micrometer-sized crystals of ISC-

10-CdInS, ISC-10-ZnInS, and corresponding Mn-doped samples were
synthesized by literature methods.22

Immobilization of NC on Glassy Carbon Electrode. ○@CdInS,
○@ZnInS, and Mn@CdInS aqueous suspensions (0.2 mg/mL) were
obtained by dispersing corresponding resultants into water under ultra-
sonication for at least 1 h and were used as samples to test properties
of electrochemical and ECL. Glassy carbon electrodes (GCE) with
diameter of 3 mm were polished and ultrasonically cleaned in ethanol
and water subsequently before use. Then, 10 μL of sample suspension
was dropped on the surface of GCE and dried in the dark at room
temperature.
PL, Electrochemical, and ECL Measurements. The PL spectra

were recorded via an Edinburgh FLS-920 steady state and time-resolved
fluorescence spectrophotometer equipped with a 450 W xenon lamp.
The ECL and electrochemical measurements conducted in a three-
electrode electrochemical system with a GCE working electrode, a
Pt-wire counter electrode, and Ag/AgCl reference electrode were carried
out on an ECL detection system (MPI-B, Remex Electronic Instrument
Ltd. Co. Xi’an, China). The photomultiplier tube (PMT) was biased at
750 V, the amplifier series was held at 3, and the scan rate was held at
0.1 V/s, unless otherwise specified. The ECL spectra were measured by
collecting the various ECL intensities based on typical cyclic volta-
mmetry with band-pass filters at the wavelengths of 440, 460, 490, 535,
555, 575, 620, 640, 680, 705, and 745 nm used in the detection system;
afterward, the difference of the ECL intensity was plotted with the corre-
sponding wavelength. The PMT was biased at 1000 V, the amplifier
series was held at 4, and the scan rate was 0.5 V/s, unless otherwise
specified.

■ RESULTS AND DISCUSSION

Electrochemical and ECL Behaviors of ○@CdInS NC
Modified GCE. Figure 1A shows a typical cyclic voltammetric
(CV) curve of ○@CdInS NC modified GCE in phosphate
buffer solution (PBS) bubbled with N2 for 25 min. In the CV
curve, there is one obvious reduction peak (assigned as R1)
in the cathodic region with half-wave potential of −2.015 V.
To study the origin of the R1, the ○@CdInS NC modified
GCE was incubated in InCl3 solution and Na2S solution, re-
spectively, and the CV curves were recorded (Figure S2). It is
observed that R1 still exists after soaking in both Na2S solu-
tion and InCl3 solution, respectively. In addition, the CV curves
of the electrodes coated with organic amine molecules, i.e.
1, 5-diazabicyclo[4.3.0]non-5-ene (DBN) and piperidine (PR)
serving as counterions in the crystal lattice of ISC-10-EInS,
present no redox peaks in the potential region (Figure S3).
As mentioned in the Introduction, the well-defined vacant sites at
the core of coreless ○@CdInS NC can be treated as ideal intrin-
sic internal defects, which prefer trapping a transition metal ion
(Mn2+ or Cu+). Therefore, such a vacancy defect could introduce
an energy state as hole acceptor being close to and above valence
band (VB). On the basis of above results and analyses, R1 reduc-
tion peak mainly resulted from the electron injection into
AD-induced energy state and conduction band (CB) in the NCs,
instead being caused by the reduction reaction of compositions
in the selected semiconductor material.

Figure 1B shows the ECL potential curve for ○@CdInS NC
modified GCE in PBS bubbled with N2 for 25 min. In the
cathodic region, there is a sharp ECL emission peak (assigned
as E1) which starts from −1.300 V with a peak at −1.410 V.
In the anodic region, the strong ECL emission peak (assigned
as E2) starts from 0.800 V and is centered at 1.356 V. The poten-
tial gap between the onset potential of E1 (−1.300 V) and E2
(0.800 V) is calculated to be 2.100 eV, which is theoretically
equal to a light emission with the wavelength of 590 nm.
Considering the large potential gap between R1 and E1, E1
should be related to defects in the ○@CdInS NC. To further

Figure 1. (A) CV curve of the ○@CdInS NC modified GCE in 0.1 M
PBS bubbled with N2 for 25 min. (B) ECL potential curve of the
○@CdInS NC modified GCE in 0.1 M PBS bubbled with N2 for
25 min. (C) ECL spectrum of ○@CdInS NC modified GCE in PBS
at −1.410 V, corresponding to E1 emission in B. Inset represents ECL
spectrum at 1.356 V, corresponding to E2 emission in B.
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investigate the radiative recombination path of E1 emission, ECL
spectrum of E1 emission was also studied, as shown in Figure 1C.
A main ECL emission peak (P2) is obviously observed at around
585 nm. In addition, two weak shoulder peaks (P1 and P3) are
also observed. The P1 peak at around 490 nm is very similar to
that observed in PL spectrum of ○@CdInS NC. Apparently, the
strong ECL emission peak (P2) at 585 nm cannot be observed
in its PL spectrum. E1 peak can be observed by the negative
one-way scanning so that is not the annihilation mechanism but
must be dependent on the oxidized species as coreactant in
the electrolyte. As shown in Figure S4, the E1 emission can be
significantly suppressed by the addition of superoxide dismutase
(removing superoxide radical) or the injection of N2. When
dissolved oxygen was further removed by adding Na2SO3 to the
electrolyte,38 E1 disappeared. Moreover, E1 emission intensity
can be increased by the addition of H2O2 or the injection of O2.
All of these results suggest that dissolved oxygen in the electrolyte
is the coreactant. In addition, E2 exhibits one ECL emission peak
(P4) at around 585 nm (inset of Figure 1C), similar to the P2
peak in E1 emission. This result demonstrates the same radiative
recombination pathway for P2 peak in E1 emission and P4 peak
in E2 emission. It is noteworthy that E2 emission at positive
scanning can only be obtained by the negative scan first.
In addition, E1 and E2 emission can be also observed in the GCE
modified by○@ZnInS NC with the same intrinsic internal defect
structure (Figure S5).
Previous studies have revealed that PL emission at 490 nm

is attributed to radiative recombination of charge carriers at
AD-induced trap state (ATS), which are close to CB and VB of
NC.22 Therefore, it is quite reasonable to ascribe P1 peak in E1
emission as radiative recombination of charge carriers at ATS,
similar to the electron−hole pair recombination mechanism
occurred in PL process. As shown in Scheme 2a, during negative
scan, the electrode directly injects electrons at ATS below CB in
NC, and the oxidizing coreactant (O2 or H2O2) simultaneously
creates a hole at VB of NC, which quickly diffuses to ATS above
VB. Before reasonably identifying the origin of P2 peak, two basic
facts should be concerned. The first one is that P2 peak in E1
emission has the same wavelength value (585 nm) with P4 peak
in E2 emission, both of which are coincidently very close to
590 nm calculated from the potential gap between the onset
potential of E1 and E2. The other one is that E2 emission can
only be obtained by the necessary negative scanning followed by
subsequent positive scanning, which means that negatively
charged NC (denoted as (NC)ATS

−•) with the injected electron
at ATS below CB from cathode is very stable. Theoretically, the
intrinsic vacancy defect at the core of NC could introduce
an energy trap state (VTS) above VB serving as hole acceptor.
With the help of the oxidative coreactant or during positive
scanning, a hole will be introduced at VTS to form a positively
charged NC (denoted as (NC)VTS

+•). On the basis of the above
facts and theoretical analysis, P2 peak at 585 nm may be
tentatively attributed to the recombination of the electron on
ATS below CB and the hole on VTS above VB. The energy level
at VTS is even higher than that of ATS above VB because of the
shorter emission wavelength of P2 relative to that of P1 peak.22

To clearly describe the origin of emission peaks in E1 and E2, the
energy band structure and ECL radiations can be represented as
shown in Scheme 2. According to the configuration, the possible
mechanism of P2 peak during cathodic scanning is proposed as
follows:

+ + → +− −O 2H O 2e H O 2OH2 2 2 2 (1)

+ → +− − •H O e OH OH2 2 (2)

+ → +• +• −NC OH (NC) OHVTS (3)

+ → *+• −
‐(NC) e (NC)VTS ATS VTS (4)

* → +‐ hv(NC) NCATS VTS (5)

During negative scanning in the presence of coreactant, the
oxidizing coreactant (•OH) can directly get rid of one electron

Scheme 2. Energy Band Structure of NC and ECL Radiation
Pathsa

a(A) E1 and (B) E2 emission of ○@CdInS NC; (C) E3 emission of
Mn@CdInS NC.
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at VTS from NC and introduce a hole at VTS to form
(NC)ATS

+• species (eq 3). Of course, the oxidizing coreactant
(•OH) can also inject a hole at VB, which then quickly diffuses
to VTS. With further negative scanning, the electron is directly
injected to ATS below CB in (NC)ATS

+• species to form an
excited NC (denoted as (NC)ATS‑VTS*, eq 4). Finally, P2 peak
at 585 nm is obtained when the excited NC de-excites to the
ground state (eq 5), as shown in Scheme 2A. Different from P2
peak, P4 peak is originated from an annihilation mechanism of
redox species of ○@CdInS NC itself. The possible mechanism
of P4 emission is proposed as follows.

+ →− −•NC e (NC)ATS (6)

→ ++• −NC (NC) eVTS (7)

+ → * +−• +•
‐(NC) (NC) (NC) NCATS VTS ATS VTS (8)

* → +‐ hv(NC) NCATS VTS (9)

The negatively charged (NC)ATS
−• species (eq 6) and posi-

tively charged (NC)VTS
+• species (eq 7) are produced by the

successive cathodic and anodic scans. The two charged NCs
annihilate each other to form the excited (NC)ATS‑VTS*, which
finally emits P4 peak at 585 nm in the de-excitation process
(Scheme 2B). The intensity of anodic E2 emission is much
greater than that of cathodic E1 emission, indicating that
(NC)ATS

−• species is more stable than (NC)VTS
+•. This could

be explained by the reason that the holes are more preferably
trapped on VTS than ATS or STS during positive scanning.
ECL Property of Mn@CdInS NC. Figure 2 shows the CV

curve and the ECL potential curve of Mn@CdInS NC modified
GCE in PBS bubbed with N2 for 25 min. Besides the peak at the
similar potential with R1 originated from the electron injection
into the NCs, there is a new reduction peak with half-wave poten-
tial of −1.315 V (assigned as R2) in the CV curve of Mn@CdInS
NC (Figure 2A). Considering the intrinsic differences in compo-
sition between Mn@CdInS and ○@CdInS NC, R2 peak can
only be ascribed to the doped Mn2+ ion in Mn@CdInS NC.
A new ECL emission (assigned as E3) was also observed at the
same potential of R2 (Figure 2B). To further demonstrate the
mechanism of E3 emission, the ECL spectrum of E3 was studied
as shown in Figure 2C. The main ECL emission spectrum with a
peak (P5) at 615 nm is similar to the PL spectrum (630 nm) of
Mn@CdInS NC (Figure S1) when the coarse wavelength interval
(20 nm) of the band-pass filters used in the spectrum measure-
ment is taken into consideration.
As previously reported, Mn2+ dopant at the core of Mn@CdInS

NC introduces a new trap state within the band gap of○@CdInS
NC. According to the Tanabe−Sugano diagrams, the lowest
excited state (4G) of free Mn2+ ion will split into four energy levels
(4T1,

4T2,
4E, and 4A1).

39 As a result, the corresponding energy
band structure and ECL radiations can be represented as shown in
Scheme 2C. E3 emission comes from the radiative recombination
between the energy states of 4T1 and

6A1 within the Mn2+ ion.
The intensity of ECL emission was reduced after injecting N2 to
the solution (Figure S6). This indicates that the dissolved oxygen
is also most likely to act as electron acceptor to take part in E3
ECL emission. Thus, the possible mechanism of E3 emission is
proposed as follows:

+ + → +− −O 2H O 2e H O 2OH2 2 2 2 (10)

+ → +− − •H O e OH OH2 2 (11)

+ → ++ • + −Mn OH Mn OH2 3 (12)

+ → *+ − +Mn e (Mn )3 2
(13)

* → ++ + hv(Mn ) Mn2 2
(14)

In eq 12, the formed oxidative •OH radical easily injects a
hole into the Mn2+ to form Mn3+, which subsequently recom-
bines with trapped electron from cathode to result in the for-
mation of an excited state of (Mn2+)* (eq 13). When the Mn2+

returns from the excited state to ground state, light is emitted.
In this case, R2 peak in the CV curve can be explained by the

Figure 2. (A) CV curve of Mn@CdInS NC modified GCE in 0.1 M
PBS bubbled with N2 for 25 min. (B) ECL-potential curve of○@CdInS
(a) and Mn@CdInS (b) NC modified GCE in 0.1 M PBS when
the electrode potential was scanned from 0 to −2.2 V in 0.1 M PBS.
(C) ECL spectra of Mn@CdInS NC modified GCE at −1.348 V (a) and
−1.433 V (b), corresponding to E3 and E1 emission in B, respectively.
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electro-reduction of Mn3+ to form (Mn2+)* during the negative
scanning.40,41

It is notable that as for E1 emission of Mn@CdInS NC
(Figure 2C) there is a main ECL peak (P6) at 615 nm, which is
similar to P5 peak from E3 emission and has a dramatic redshift
relative to that of P2 peak (585 nm) in E1 emission from
○@CdInS NC. This indicates that the electrons on ATS injected
by electrode can easily transfer to 4T1 state of Mn2+, and sub-
sequent recombination with holes on 6A1 state of Mn2+ injected
by •OH radical gives rise to ECL emission (Scheme S1). These
facts also demonstrate that a precisely doped Mn2+ ion not
only results in a new red emission peak for the doped NC but
also markedly suppresses intrinsic P2 peak observed in undoped
○@CdInS NC during negative scanning.
ECL Efficiency of ○@CdInS and Mn@CdInS NC. The

ECL efficiency of different systems was calculated verus that
of [Ru(bpy)3]

2+/solution system, which is shown in Table 1.

The quantum efficiency for ECL is defined as the number of
photons per electron transferred. The relative ECL efficiency
was calculated using the relation below:42
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Here, Øst is the ECL efficiency of [Ru(bpy)3]
2+/(1 mM and

0.1 M (TBA)BF4/ACN) via annihilation, taken as 5.0%, I is
ECL intensity, i0 is current value, and x is the sample. Because
[Ru(bpy)3]

2+ itself cannot form a film, 100 uM [Ru(bpy)3]
2+ in

solution was selected as the standard (st) of the calculation of
the overall ECL efficiency for the thin film.43

For cathodic ECL emission in PBS bubbled with N2 for
25 min,○@CdInS NC has a higher ECL efficiency comparable
with that of Mn@CdInS NC. The facts indicate that existence
of vacancy defects is the cause of ECL emission for ○@CdInS,
and the higher ECL efficiency, the more vacancy defects. Among
all the above cases, the ○@CdInS/TPrA system has the highest
ECL efficiency of 2.1%. To evaluate the ECL efficiency of
○@CdInS/TPrA, the ECL efficiency of ○@CdInS/TPrA
was compared with that of some modified films43,44 or single
crystal,45 as shown in Table 2. Obviously, the ECL efficiency
of ○@CdInS/TPrA is relatively high, which suggests that
○@CdInS NC could be an excellent and promising candidate
for ECL emitter and sensing.

■ CONCLUSIONS
The ECL properties of a NC-based crystalline semiconductor
material composed of Cd−In−S supertetrahedral chalcogenide

NC with intrinsic vacancy point defect has been investigated for
the first time. The correlation of various defects with their own
ECL behaviors was established, and the corresponding possible
ECL mechanisms were also proposed. It is notably that the
ECL emission peak at 585 nm is exclusively associated with an
internal vacancy defect in the NC, which is clearly distinguished
from that of the antisite defect. Furthermore, atomically precise
doping of mono manganese ion at a vacant site of NC can give
rise to a Mn2+-related ECL emission peak (615 nm) under the
lower cathode potential and suppress ECL emission related with
vacancy defect. A relatively high ECL efficiency of 2.1% was
gained. This preliminary work elucidates that intrinsic internal
defects in NC could get involved to induce desirable ECL
behavior, extends the application of ECL technology in probing
the internal defect structure in NC, and promotes a new kind of
NC-based ECL emitter which may hold great promise for
applications in sensing and imaging. In addition, the effect of
other transition metal ions on ECL performances of Cd−In−S
NC will form the subject of future studies.
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