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Designing inorganically functionalized magic-size II–VI 
clusters and unraveling their surface states 

Surface engineering is a critical step in the functionalization 
of nanomaterials to improve their optical and electrochemical 
properties. In this work, we developed a novel and general 
surface engineering strategy to modify the surface of II-VI 
semiconductor magic-size clusters (MSCs) for the fi rst time. 
In addition, we demonstrated that electrochemiluminescence 
is an effi  cient technique to monitor the surface properties 
of MSCs. Our fi ndings will greatly contribute to an in-depth 
understanding of the relationship between MSC properties 
and their surface environment.
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nically functionalized magic-size
II–VI clusters and unraveling their surface states†

Junjun Ge, Jing Liang, Xufeng Chen, Yalei Deng, Pengwei Xiao, Jun-Jie Zhu
and Yuanyuan Wang *

Surface engineering is a critical step in the functionalization of nanomaterials to improve their optical and

electrochemical properties. However, this process remains a challenge in II–VI magic-size clusters

(MSCs) due to their high sensitivity to the environment. Herein, we developed a general surface

modification strategy to design all-inorganic MSCs by using certain metal salts (cation ¼ Zn2+, In3+;

Anion ¼ Cl−, NO3
−, OTf−) and stabilized (CdS)34, (CdSe)34 and (ZnSe)34 MSCs in polar solvents. We

further investigated the surface states of II–VI MSCs using electrochemiluminescence (ECL). The

mechanism study revealed that the ECL emission was attributed to ðCdS*34Þ/ðCdSÞ34. Two ECL

emissions at 556 nm and 530 nm demonstrated two surface passivation modes on (CdS)34 MSCs,

which can be tuned by the surface ligands. The achievement of surface engineering opens a new

design space for functional MSC compounds.
Introduction

Magic-size clusters (MSCs), referring to the discrete growth of
ultrasmall and monodisperse nanomaterials with countable
atoms, bridge the gap between molecular complexes and
nanocrystals (NCs).1–5 The discovery and isolation of semi-
conductor MSCs improved our understanding of their optical
and catalytic properties at the molecular level and provided
building blocks for the assembly of new superstructures with
various dimensions.6–11 Recently, the single-crystal structure of
the Se–Cd14Se12 core-cage arrangement of Cd14Se13 MSCs was
reported, which is the rst example of nearly stoichiometric
CdSe clusters and demystied the MSC structure.12 However,
compared with NCs, the limitations of MSCs in precisely tuning
properties greatly hinder the development of their practical
applications.13 Therefore, it is extremely important to nd
suitable methods to rationally design MSCs.

Postsynthetic surface treatment is an efficient route to ne-
tuning the properties of nanomaterials.14–16 Ligand exchange
has been established as an effective method for surface engi-
neering and is widely used in the surface treatment of NCs.17–19

The treated NCs show higher electron mobility and improved
electrochemical and catalytic performance.20–24 However, the
strategy is not applicable to MSCs because of their high sensi-
tivity to the environment.4,9,25 In addition, the lack of suitable
techniques for the studies of MSC surface chemistry further
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hindered an in-depth understanding of their properties at the
molecular level.2

In this work, we developed a general surface engineering
strategy to obtain colloidal stable all-inorganic MSCs in polar
solvents and demonstrated that electrochemiluminescence
(ECL) is an efficient technique to monitor the surface properties
of semiconductor MSCs. Specically, all-inorganic (CdS)34,
(CdSe)34 and (ZnSe)34 MSCs were prepared by exchanging L-type
ligands with certain metal salt ligands (cation ¼ Zn2+, In3+;
Anion ¼ Cl−, NO3

−, OTf−). Optical measurements, Raman
spectroscopy, inductively coupled plasma optical emission
spectrometry (ICP-OES), and laser-desorption-ionization mass
spectrometry (LDI-MS) were used to demonstrate the integrality
of MSCs during surface treatment. Importantly, we used ECL to
characterize the surface states of semiconductor MSCs. The
mechanism study revealed that the ECL emissions of (CdS)34
MSCs were attributed to ðCdS*34Þ/ðCdSÞ34. We further
demonstrated that (CdS)34 MSCs had two types of surface states,
Cd passivation and S passivation, which can be tuned by inor-
ganic ligands to achieve improved ECL performance. We believe
that the success of surface chemistry using metal salts and the
development of ECL for the study of surface states can greatly
expand the potential applications of all-inorganic MSCs.
Results and discussion

The MSCs studied in this work were synthesized following
previously reported procedures.26 We used CdS MSCs as
a model system, which were prepared by reacting the Cd
precursor (CdCl2 dissolved in butylamine (BTA)) and the S
precursor (S dissolved in BTA). The UV-vis absorption spectrum
Chem. Sci., 2022, 13, 11755–11763 | 11755

http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc03868d&domain=pdf&date_stamp=2022-10-17
http://orcid.org/0000-0002-8201-1285
http://orcid.org/0000-0003-3971-8362
https://doi.org/10.1039/d2sc03868d
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc03868d
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013040


Chemical Science Edge Article

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

0 
Se

pt
em

be
r 

20
22

. D
ow

nl
oa

de
d 

on
 7

/2
2/

20
25

 1
:3

1:
58

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
(Fig. S1a, black line†) exhibited two sharp absorbances at 365
and 335 nm, closely matching the spectrum of (CdS)34.27 ICP-
OES analysis showed a 1 : 1 ratio of Cd : S in these MSCs,
which proved to be stoichiometry (CdS)x (Table S1†). The x was
determined to be 34 by LDI-MS as illustrated in Fig. 3c.
Preparation of colloidal stable all-inorganic (CdS)34 MSCs in
polar solvents

Ligand exchange is a coupled equilibrium process in which the
binding energy of the original surface ligands is compensated
by adducts between the released original ligands and the
foreign ligands.28 Since the primary amine dynamically inter-
acts with MSCs, the replacement of organics can be easily
achieved through a direct phase transfer procedure, as illus-
trated in Fig. 1a. Specically, we combined a solution of as-
synthesized (CdS)34-BTA MSCs in hexane (Hex) with solutions
of inorganic ligands (ZnCl2, Zn(NO3)2 or Zn(OTf)2) in N,N-
Fig. 1 (a) Schematic illustration of the ligand exchange procedure in (CdS
upon exchange of the organic ligands with ZnCl2. (c) Absorption, PL and P
spectra of as-synthesized (CdS)34-BTA (black) and (CdS)34–ZnCl2 (red) M

11756 | Chem. Sci., 2022, 13, 11755–11763
dimethylformamide (DMF). The two-phase mixture was vigor-
ously stirred for a short time, aer which a complete phase
transfer was observed, leaving the hexane layer colorless
(Fig. 1b). We referred to the treated MSCs as (CdS)34–ZnCl2,
(CdS)34–Zn(NO3)2 and (CdS)34–Zn(OTf)2. It should be empha-
sized that the given names do not represent the actual coordi-
nation situation.

Fig. 1c shows the absorption spectrum of (CdS)34–ZnCl2
MSCs in DMF. Compared with (CdS)34-BTAMSCs, a blue-shi of
9 nm was observed, which was due to the solvation effect and
the reduction of the effective radius caused by the removal of
organic ligands.29 In the photoluminescence (PL) spectrum, the
sharp peak at 378 nm and the broad peak at 482 nm corre-
sponded to the band gap and surface trap state of the MSCs,
respectively. The photoluminescence excitation (PLE) spectrum
exhibited nearly the same transitions as the absorption spec-
trum, conrming that the bandgap structure of the (CdS)34
MSCs was unchanged aer ligand exchange. The red-shi
)34 MSCs. (b) (CdS)34 MSCs undergo phase transfer from hexane to DMF
LE spectra of (CdS)34–ZnCl2 MSCs. (d) IR spectra (e) TGA and (f) Raman
SCs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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between the PLE and absorption spectra was attributed to
different ne structure states contributing to each signal, which
was also observed in (CdSe)13 MSCs.30

The ICP-OES results (Table S1†) showed that the ratio of
Cd : S in the treated (CdS)34–ZnCl2 MSCs remained 1 : 1,
proving that their composition was consistent with that of the
original (CdS)34-BTA MSCs. In addition, 22% Zn indicated the
existence of ZnCl2 ligands on treated (CdS)34 MSCs. Fourier
transform infrared spectroscopy (FTIR) measurements were
used to monitor the completeness of ligand exchange (Fig. 1d).
The bands in the regions of 3000–2800 cm−1/1500–1300 cm−1

and 3300–3000 cm−1/1600–1500 cm−1 corresponding to C–H
and N–H stretching in the organic ligands almost completely
disappeared, which conrmed the efficacy of ZnCl2 in the
removal of the original organic ligands. Fig. 1e shows the TGA
studies of (CdS)34 MSCs before and aer ZnCl2 treatment, which
were collected by heating the samples from room temperature
to 450 �C. The total weight loss of (CdS)34–ZnCl2 MSCs was 10%,
much lower than that of the untreated sample (18%), providing
further evidence for the exchange of organic ligands by inor-
ganic ZnCl2. It is worth mentioning that (CdS)34–ZnCl2 MSCs
Fig. 2 (a) (CdS)34 MSCs undergo phase transfer from hexane to DMF u
Absorption, PL and PLE spectra of (CdS)34–Zn(NO3)2 (c) Absorption, PL an
of (CdS)34–Zn(NO3)2 and (CdS)34–Zn(OTf)2 MSCs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
lost 6% weight in the range of 200–300 �C, which was attributed
to the weight loss of ZnCl2 (Fig. S1b†), and a small amount of
solvent DMF acted as a ligand for (CdS)34, corresponding to
weight loss in the range of 140–200 �C.18

The role of ZnCl2 in the surface treatment was studied by
Raman spectroscopy. In Fig. 1f, two characteristic features
located at approximately 296 (1LO) and 591 cm−1 (2LO) were
observed in both organic ligand-protected and all-inorganic
(CdS)34 MSCs, while the peaks of LO phonons of ZnS did not
appear.31 The results indicated that ZnCl2 served as a ligand to
coordinate with the surface atoms of (CdS)34 MSCs rather than
precursors to form the shell structure. We also studied the
stability of MSCs aer surface treatment. Fig. S2† shows that the
solution of (CdS)34–ZnCl2 MSCs maintained good dispersion in
DMF, N-methylformamide (NMF) and acetone aer 60 hours.

In addition to ZnCl2, Zn(NO3)2 and Zn(OTf)2 could also
function as metal salt ligands to modify (CdS)34 MSCs (Fig. 2a).
Similar to ZnCl2, a 9 nm blue-shi in the absorption spectrum
was also observed in Zn(NO3)2- and Zn(OTf)2-treated MSCs
(Fig. 2b and c). The PLE spectra and ICP-OES results proved the
integrity of (CdS)34 before and aer surface treatment (Table
pon exchange of the organic ligands with Zn(NO3)2 and Zn(OTf)2. (b)
d PLE spectra of (CdS)34–Zn(OTf)2, (d) IR spectra and (e) Raman spectra

Chem. Sci., 2022, 13, 11755–11763 | 11757
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S1†). The FT-IR spectra (Fig. 2d) conrmed the complete
replacement of the organic ligands in the (CdS)34–Zn(NO3)2 and
(CdS)34–Zn(OTf)2 MSCs. Similar to (CdS)34–ZnCl2, the Raman
spectra of (CdS)34–Zn(NO3)2 and (CdS)34–Zn(OTf)2 MSCs
showed that the metal salts were ligated to the surface of (CdS)34
MSCs (Fig. 2e). Surprisingly, the PL spectrum of (CdS)34–
Zn(OTf)2 was signicantly different from that of (CdS)34–ZnCl2
or (CdS)34–Zn(NO3)2 MSCs. Specically, the ratio of band gap PL
emission intensity to trap PL emission intensity increased
signicantly, indicating the reduction of the surface trap in
(CdS)34–Zn(OTf)2 MSCs. We attributed this to the different
passivation motifs of (CdS)34–Zn(OTf)2 MSCs which will be
discussed in detail below.

In addition to inorganic metal salts, organometallic salts can
also serve as ligands to functionalize MSCs, forming pseudo-all-
inorganic MSCs. For example, a complete phase transfer was
observed for (CdS)34 MSCs from hexane to DMF in the presence
of Zn(OAc)2 (Fig. S4a†). ICP-OES (Table S1†) demonstrated the
invariance of their composition, and the IR and TGA spectra
proved the existence of Zn(OAc)2 (Fig. S3†). The successful
surface engineering of (CdS)34 MSCs and their stabilization in
polar solvents with metal salt ligands open a new surface design
space for functional MSC compounds.
Reversible exchange of inorganic ligands to L-type ligands

Precisely controllable ligand exchange is an important step in
designing functional materials.18 In addition, reversible ligand
exchange helps us understand interactions between MSCs and
ligands.32 However, most surface modication approaches are
Fig. 3 Surface functionalization of metal salt-modified MSCs by a secon
of OLA treated (CdS)34–ZnCl2 (black), (CdS)34–Zn(OTf)2 (red) and (CdS)3
OLA-modified (CdS)34–Zn(OAc)2 MSCs in hexane. (c) LDI-MS of as-synt

11758 | Chem. Sci., 2022, 13, 11755–11763
typically irreversible, which inspired us to study the fully
reversible phase transfer and programmed surface functional-
ization of MSCs.18

Exposure of (CdS)34–ZnCl2, (CdS)34–Zn(OTf)2 or (CdS)34–
Zn(OAc)2 MSCs to L-type ligands, oleylamine (OLA), resulted in an
immediate reverse exchange of MSCs from the DMF layer to the
hexane layer. We named them as (CdS)34–ZnCl2-OLA, (CdS)34–
Zn(OTf)2-OLA or (CdS)34–Zn(OAc)2-OLA MSCs. The absorption
spectra (Fig. 3a) and the LDI-MS spectra (Fig. 3c) were used to
conrm the integrity of MSCs. Similar to (CdS)34-BTA MSCs,
(CdS)34–ZnCl2-OLA MSCs contained prominent peaks at m/z
4913.62, as well as a sequence of fragment ions corresponding to
(CdS)13 at m/z 1877.35. ICP-OES data indicated that both all-
inorganic and organic ligand-capped (CdS)34 MSCs had a stoi-
chiometric ratio of 1 : 1 of Cd : S (Table S1†). The signicantly
increased C–H and N–H stretching intensities in the FTIR spectra
conrmed the occurrence of the secondary ligand-exchange
reaction (Fig. 3b). The dramatical decrease in Zn was further
conrmed by the success of the replacement of ZnCl2 and
Zn(OAc)2 by L-type ligands (Table S1†). Interestingly, we noticed
that the content of Zn was not changed aer OLA recapped on
(CdS)34–Zn(OTf)2 MSCs, which may be due to the fact that
Zn(OTf)2 interacted withMSCs in a different way rather than ZnCl2
and Zn(NO3)2 did (this will be discussed in the following section).
Metal salts as ligands for other MSCs

To explore the generality ofmetal salt treatment, we further studied
the surface modication of (CdSe)34 and (ZnSe)34 MSCs, which are
also important components of II–VI semiconductor MSCs.
dary ligand-exchange process: (a) absorption spectra and (b) IR spectra

4–Zn(OAc)2 (blue) MSCs. The inset of figure a shows a photograph of
hesized (CdS)34-BTA and OLA treated (CdS)34–ZnCl2-OLA MSCs.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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The combination of organic capped (CdSe)34 MSCs in hexene
and ZnCl2 or Zn(OAc)2 in DMF at room temperature resulted in
a phase transfer from nonpolar solvent to polar solvent (Fig. 4a
and b), which was accompanied by the slight spectral blue-shi
shown in Fig. S4a.† The Cd : Se ratio in the as-prepared and
treated (CdSe)34 MSCs was consistent with the stoichiometric
MSCs, demonstrating that their composition remained
unchanged during the ligand exchange process. The replace-
ment of the initial L-type ligands by metal salt ligands was
supported by IR spectra (Fig. 4d) and TGA studies (Fig. S4c†). In
addition, 14–31% Zn was contained in the metal salt capped
MSCs, which indicated the modication of inorganic ligands
(Table S2†). Raman spectra provided strong evidence that ZnCl2
and Zn(OAc)2 coordinated with surface atoms as ligands
(Fig. S4b†). Exposure of any of the metal salt-ligated (CdSe)34
MSCs to OLA resulted in immediate back exchange to L-type
ligation with a return shi of the MSC absorption features to
the original positions. LDI-MS proved that (CdSe)34 MSCs
remained unchanged during the process of reversible ligand
exchange (Fig. 4c).

We also adopted the same strategy for (ZnSe)34 MSCs. The
invariance of the composition of (ZnSe)34 MSCs during revers-
ible ligand exchange was demonstrated by absorption spectra
(Fig. S5a†) and ICP-OES (Table S3†). The disappearance and
appearance of C–H and N–H stretching peaks in the IR spectra
conrmed the removal and secondary modication of L-type
organic ligands, respectively. (Fig. S5b†).
Fig. 4 (a) Schematic illustration of the ligand exchange process in (CdSe)3
upon exchange of the organic ligands with ZnCl2 and Zn(OAc)2 and secon
LDI-MS (red: (CdSe)34-OTA/di-OTA, blue: secondary modified (CdSe)3
exchange process.

© 2022 The Author(s). Published by the Royal Society of Chemistry
Study of electrochemiluminescence properties of MSCs with
different ligands

ECL has been extensively utilized to investigate the redox nature
of various NCs and to study the surface states of QDs,33,34 yet its
usage in MSCs has not been reported. The aforementioned
surface modication process provides a new platform for the
study of the ECL properties of MSCs.

As shown in Fig. 5a and b, the ECL of (CdS)34 MSCs showed
two distinct peaks at approximately 0.90 and 1.35 V, which we
named ECL1 and ECL2, respectively. Importantly, the all-
inorganic (CdS)34–ZnCl2 and (CdS)34–Zn(OTf)2 MSCs demon-
strated a 4.6-fold (6500 a. u. for ECL2) and 3.0-fold (4200 a. u. for
ECL2) enhancement of the ECL intensities compared with
(CdS)34-BTA (1400 a. u. for ECL2). Meanwhile, positive shis of
the dual oxidation potentials from 1.4 V to 1.34 V and from
0.96 V to 0.90 V are observed in Fig. 5a, suggesting that the hole
injection process and subsequent electron injection process
from TPAc to MSC+ more easily occur in the treated MSCs.
Similarly, the pseudo-all-inorganic (CdS)34–Zn(OAc)2 MSCs
showed a 3.2-fold (4500 a. u. for ECL2) improvement in the ECL
intensity (Fig. 5a and b). We surmised that the enhanced ECL
performance was due to the removal of the insulating barrier
(organic ligands) and the weakened hindering effect of all-
inorganic ligands on electron tunneling, since the ECL inten-
sity of the (CdS)34-OTA MSCs was reduced to half of that of the
(CdS)34-BTA MSCs (Fig. 5c, and S6†). In addition, among the
three ligands, the ECL intensity of ZnCl2-treated (CdS)34 MSCs
4 MSCs. (b) (CdSe)34 MSCs undergo phase transfer from hexane to DMF
dary ligand exchange to the hexane layer upon the addition of OLA. (c)

4–ZnCl2-OLA) and (d) IR spectra of (CdSe)34 MSCs during the ligand

Chem. Sci., 2022, 13, 11755–11763 | 11759
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Fig. 5 The ECL properties of MSCs: (a) ECL-V curves and (b) ECL-Time curves of (CdS)34-BTA (black), (CdS)34–Zn(OAc)2 (blue), (CdS)34–Zn(OTf)2
(red) and (CdS)34–ZnCl2 (green) MSCs. (c) ECL-V curves of (CdS)34-OTA (red) and (CdS)34-BTA (black) MSCs. (d) ECL spectra of (CdS)34-BTA,
(CdS)34–ZnCl2 and (CdS)34–Zn(OTf)2 MSCs. (e) Schematic illustration of the mechanisms for PL and ECL of (CdS)34 MSCs.
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was the highest, which could also be attributed to the complete
absence of organics.

Likewise, we explored the ECL performance of other MSCs
with different ligands. Metal salt-ligated (CdSe)34 MSCs
(Fig. S7†) were obtained by the same ligand exchange proce-
dure. (CdSe)34–ZnCl2 and (CdSe)34–Zn(OAc)2 demonstrated a 5-
fold and 7.8-fold enhancement of the ECL intensity, respec-
tively. In addition, we obtained all-inorganic (CdSe)34 MSCs
stabilized in aqueous solution and their ECL intensities were
enhanced by a factor of 5 (Fig. S8†).

Investigation of MSC surface states by
ECL

The large specic surface area of MSCs leads to a decisive
inuence of the surface state on the performance. Therefore,
11760 | Chem. Sci., 2022, 13, 11755–11763
exploring the surface state of MSCs can provide insights into
structure–function relationships at the molecular level.
However, current techniques for MSC characterization cannot
meet the needs of surface chemistry studies. For example, PL
mainly focuses on exploring the properties of the core, and the
spectral changes caused by different surface environments are
not sufficient to reect the specic surface state changes
(Fig. 2b, c and 5e, le). The uorescence lifetime can be used to
monitor the changes on the surface, but the extremely short
lifetime (approximately 0.05 ns) of MSCs leads to ambiguous
characterization (Fig. S9†). Therefore, an alternative method is
required to complement the traditional optical characterization
for studying the surface chemistry of MSCs.

ECL is the process wherein species generated at electrodes
undergo high-energy electron-transfer reactions to form excited
states that emit light, which is more sensitive to the surface
© 2022 The Author(s). Published by the Royal Society of Chemistry
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environment of nanomaterials.35–39 To gain insight into the
surface states affecting different ligands, we rst sought to
identify the ECL mechanism in MSC systems. The differential
pulse voltammogram (DPV, Fig. S10†) of (CdS)34-BTA MSCs
exhibits two oxidation waves, O1 and O2, at 0.851 V and 1.363 V,
respectively, which were attributed to the oxidation reactions of
the components in the selected semiconductor MSCs.40 This
was evidenced by the persistence of the O1 and O2 oxidation
peaks aer triphenylphosphine (TPP) treatment to completely
passivate MSCs, where TPP had been proven to selectively
attach to chalcogenide sites on MSCs and stabilize the non-
radiative trap state.22

Similar to the assignment of DPV peaks of metal clusters,41

O1 and O2 correspond to electrochemical reactions of (CdS)34
+/

(CdS)34
0 and (CdS)34

2+/(CdS)34
+ oxidation couples, respectively

(eqn (3) and (6)). This is further demonstrated by theoretical
calculations, where the theoretical oxidation potentials of
(CdS)34

+/(CdS)34
0 and (CdS)34

2+/(CdS)34
+ matched the experi-

mental values (Table S4†). Meanwhile, the values of O1 and O2

were consistent with the potentials of ECL1 (0.96 V) and ECL2
(1.40 V) of (CdS)34-BTA MSCs, indicating that ECL1 and ECL2
correspond to the emission of (CdS)34

+ and (CdS)34
2+ excited

states. It is worth mentioning that the coreactant TPA under-
went an oxidation process to form the corresponding TPA
radical cation (TPA+c), which was then rapidly deprotonated to
generate highly reduced TPAc (eqn (1) and (2)). This oxidation
process started at 0.8 V and peaked at 1.11 V (Fig. S11†). For
ECL1 of (CdS)34 MSCs, the surface atoms of (CdS)34

+ accept
electrons from the coreactant radical TPAc, forming the ðCdS*34Þ
excited state. ECL1 originated from ðCdS*34Þ emitting at 556 nm
upon relaxation to its ground state (eqn (3)–(5)) (Fig. 5d). For
ECL2 of (CdS)34 MSCs, the situation was slightly more compli-
cated. The surface atoms of (CdS)342+ may accept either one
electron from the coreactive radical TPAc to form ðCdSþ*

34 Þ, or
two electrons to form ðCdS*34Þ. Since ECL1 and ECL2 had the
same emission wavelength (556 nm, Fig. 5d), indicating that
their excited states were the same, ECL2 corresponded to the
energy released when the ðCdS*34Þ excited state relaxed to the
ground state by accepting two electrons (eqn (6)–(9)). The
specic process is illustrated as follows:

Aer clarifying the ECL mechanism, we explored the rela-
tionship between the surface environment of the semi-
conductor MSCs and their ECL performance. Comparing
© 2022 The Author(s). Published by the Royal Society of Chemistry
Fig. 1c,2c and 5d, it is found that the ECL wavelength of each
case was red-shied by 149 nm ((CdS)34–Zn(OTf)2 MSCs) and
178 nm ((CdS)34-BTA and (CdS)34–ZnCl2 MSCs) from their PL
band edge emission wavelengths. This trend was rst observed
in the MSC system and is consistent with that of NCs reported
in the literature (�200 nm, in CdSe QDs and silicon NCs).34,42,43

We attributed the difference between ECL and PL to the
different radiation pathways, which was due to more surface
defects and lower surface energy resulting in the surface states
being located within the energy bandgap.33,42,43

For (CdS)34-BTA MSCs, L-type primary amine ligands were
considered to provide two lone pairs of electrons to passivate
the surface Cd atoms.44 Considering the coordination between
ZnCl2 and NCs, we speculate that the interaction of the metal
salt ligand and (CdS)34 MSCs should also be similar, that is,
ZnCl2 interacts with Cd atoms (Fig. S12†). Quantitatively, the
ICP-OES data indicate that there was 22% on the surfaces of
each (CdS)34–ZnCl2 MSC, corresponding to 7.5 Zn atoms (Table
S1†). We noticed that the ECL2 spectrum of all-inorganic
(CdS)34–ZnCl2 MSCs was consistent with that of (CdS)34-BTA
MSCs, both of which reached a maximum at 556 nm. However,
the ECL spectrum may be the result of the combined effect of
band gap emission and trap emission. Therefore, the ECL
spectrum alone cannot fully reect the defect state passivation
of MSCs.

The ECL2 wavelength of all-inorganic (CdS)34–Zn(OTf)2
MSCs was signicantly blue-shied (527 nm, Fig. 5d), suggest-
ing that the surface trap state was largely eliminated due to
changes in surface passivation. Recently, Infante and co-
workers demonstrated that two-coordinated chalcogenide
atoms on the II–VI NC surface contributed to electronic states
within the bad gap (trap states), which could be passivated by Z-
type ligands.45,46 Therefore, we concluded that in our case
Zn(OTf)2 also served as a neutral Z-type ligand to eliminate the
two-coordinated chalcogenide atoms of the MSC surface
(Fig. S12†). This passivation pattern was further conrmed by
the disappearance of Zn form (82%) in the ICP-OES of (CdS)34–
Zn(OTf)2 MSCs aer treatment with TPP (Fig. S13†), which has
been veried to selectively attach to S sites on the surface of the
(CdS)34-BTA MSCs.22

As shown in Fig. 5e, two surface passivation modes of
typical all-inorganic (CdS)34–ZnCl2 and (CdS)34–Zn(OTf)2
MSCs lead to different radiation pathways of the surface trap
states, corresponding to two emissions at 556 and 527 nm,
respectively. Thus, the ECL spectrum can clearly reect the
surface passivation of MSCs, providing a theoretical basis for
the study of the surface states and properties of MSCs. In
addition, we found that the ECL emission wavelength was red-
shied by 45 and 74 nm compared to the PL trap emission. On
one hand, this could be attributed to the large self-absorption
(inner lter effect) of emission from the solid ECL samples.47

On the other hand, the distance of the MSCs in the solid lm
on the electrode was smaller than that in the solution phase.
Due to the enhanced electronic coupling effect, the quantum
connement effect of each MSC is reduced, resulting in
a reduced band gap.48
Chem. Sci., 2022, 13, 11755–11763 | 11761
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Conclusion

In summary, we achieved surface modication of semi-
conductor MSCs through a mild ligand exchange strategy,
which overcomes the difficulty of MSC surface design. All-
inorganic (CdS)34, (CdSe)34 and (ZnSe)34 MSCs were obtained
by replacing the original L-type ligands with designed metal
salts without affecting their original compositions. We illus-
trated and veried the surface states (Cd passivation or S
passivation) of the semiconductor MSCs by ECL spectroscopy.
Through surface functionalization, the ECL performance of
semiconductor MSCs was greatly improved, which could be
attributed to the combined effect of the removal of the insu-
lating barrier and the weakened hindering effect of all-
inorganic ligands on electron tunneling. Our ndings in
designing a general surface treatment approach for MSCs and
revealing the changes in MSC surface states with ligands
provide new possibilities for not only rationally designing
functional MSCs but also studying the structure–activity rela-
tionships of MSCs.
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