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ABSTRACT: The ability to dope transition-metal ions into semi-
conductor nanocrystals (NCs) allows for the introduction and
exploitation of new extrinsic properties in the original intrinsic
material. Although the synthesis of doped zero-dimensional quantum
dots and one-dimensional nanorods/nanowires has been widely
reported, transition-metal ion-doped two-dimensional (2D) NCs
have been less explored. In this study, we developed a one-pot
synthesis of Mn2+-doped 2D CdS (i.e., Mn:CdS) nanoplatelets
(NPLs). Successful Mn doping inside the CdS NPL lattice was
confirmed by electron paramagnetic resonance and X-ray diffraction
measurements. Surprisingly, only CdS photoluminescence (PL),
without contribution from Mn PL, was observed in the Mn:CdS
NPLs, regardless of Mn doping concentration. To address the issue of
poor thermal stability and improve the optical properties of the 2D
Mn:CdS NPLs, we synthesized ZnS shell-passivated Mn:CdS/ZnS core/shell NPLs using a single-source shelling precursor
method, which allows for ZnS surface passivation of NPLs at relatively low temperatures, while being thermally adaptable to
ensure minimal NPL degradation. An extremely large exciton red shift (∼420 meV), upon ZnS shell passivation, was observed
because of the increased effective thickness of the CdS core NPLs. Steady-state and time-resolved emission measurements
indicate that the host−dopant energy-transfer efficiency and Mn−Mn interactions within the 2D Mn:CdS/ZnS core/shell NPLs
can be fine-tuned via the dopant concentration, resulting in an intense Mn PL as well as tunable dual-band emission from the
host NPLs and Mn dopants. Magnetic measurements indicate intrinsic spin states in the 2D NPLs and complex magnetic
interactions at high doping concentrations, including antiferromagnetic exchange between dopants and possible dopant−surface
state interaction.

■ INTRODUCTION

Semiconductor nanocrystals (NCs) have been extensively
studied for applications in green energy harvesting and
biological research, leading to the development of a wide
array of high-quality NCs with varying size, shape, and
composition.1−9 With the incorporation of transition-metal
ions as dopants inside NCs, new optical, electrical, and
magnetic properties can be achieved and controlled based on
dopant concentration.10−17 For example, a distinct dopant
emission can be observed in many Mn2+-doped II−VI group
semiconductor NCs (including CdS, ZnSe, ZnS, etc.)18−21 and
perovskite NCs22−24 from the efficient NC-to-dopant energy
transfer. Doped NCs, therefore, are promising materials for
applications in spintronics, photovoltaics, and quantum
computing.25−30 Compared with doped zero-dimensional
(0D) and one-dimensional (1D) NCs, doped two-dimensional
(2D) nanoplatelets (NPLs) can offer the possibility of
enhanced optical lasing, anisometric magnetics, and polarized
light emission utilizing the narrow emission band and ultrafast

charge carrier recombination.17,31−35 Currently, there are many
reports on transition-metal-doped 0D spherical NCs by
nucleation doping,36 growth doping,37 predoped single-source
precursor,38,39 and ion exchange and diffusion.40 Despite
doped 0D NCs being widely studied,26 doped anisotropic
NCs, especially 2D NCs, have been far less explored.
To date, only a few Mn2+-doped 2D II−VI metal

chalcogenide NCs have been reported,17,41−43 with these few
displaying limited optical properties. Furthermore, direct
doping into 2D CdS NPLs has not yet been reported, with
multiple opting to dope into a CdS shell surrounding 2D CdSe
core NPLs.41,42 In general, the limited reports on doped 2D
metal chalcogenides reflect the challenge in synthesizing doped
2D NCs, which might be due to the anisotropic growth of the
NCs leading to limited growing facet with sufficient binding
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energy for dopant ion addition44 as well as the prevalence of
dopant ejection by the self-annealing effect.45,46 In addition,
the large surface-to-volume ratio of 2D NCs makes
maintaining thermodynamic and environmental stability
problematic. The relatively poor thermal stability of 2D NCs
could make the solution-phase doping at high temperature very
challenging.47 For example, cadmium chalcogenides are known
for their poor thermal and environmental stability in which loss
of structural integrity ensues, leading to quenched photo-
luminescence (PL) at elevated temperatures.47

In this study, we developed a one-pot synthesis for Mn2+-
doped 2D CdS (i.e., Mn:CdS) NPLs followed by ZnS shell
passivation for Mn:CdS/ZnS core/shell NPLs with enhanced
thermal stability. Interestingly, the Mn PL is only observed in
the 2D Mn:CdS/ZnS core/shell NPLs, while it is absent in the
2D Mn:CdS NPLs. The host−dopant energy transfer and
Mn−Mn interactions of these doped core/shell NPLs are
dopant concentration-dependent, allowing for a tunable dual-
band emission from the host NPLs and Mn dopants. Through
dopant introduction and surface modification, we have
synthesized not only the first 2D Mn:CdS NPLs but also the
first 2D Mn:CdS/ZnS core/shell NPLs with enhanced optical
properties.

■ RESULTS AND DISCUSSION
In this study, we successfully synthesized Mn2+-doped 2D CdS
NPLs by reacting manganese nitrate and cadmium myristate
with sulfur precursor in ODE at 200 °C (see details in the
Experimental Section). We further grew a ZnS shell on the
Mn:CdS NPLs to synthesize 2D Mn:CdS/ZnS core/shell
NPLs, using a single-source shelling precursor (SSSP) method
by thermal decomposition of a single precursor, zinc
diethyldithiocarbamate (Zn(DDTC)2),

48 in a solution of
ODE, and oleylamine (OAm) (Experimental Section). The
single-source precursor supplies both the Zn and S necessary
for shelling, which slowly breaks down at around 100 °C
allowing for the passivation of the NPL surface with ZnS at
relatively low temperatures.49 We found that the SSSP method
is efficient for NPL shell passivation, as relatively low reaction
temperatures can be employed (120−220 °C), while being
thermally adaptable for minimal NPL degradation.48,49 Other
shelling temperatures, such as altering the maximum temper-
ature to 200, 240, or 280 °C, were attempted using the SSSP
method. However, these conditions were inadequate for
proper shell formation. For example, low temperatures such
as 200 °C resulted in low PL quantum yield (QY) (Figure S1)
of the core/shell NPLs. Higher maximum shelling temper-
atures such as 240 and 280 °C caused thermal degradation and
melting of the NPLs, often leading to samples consisting of
irregular-shaped 2D NCs, 1D nanorods, and even spherical
NCs (Figure S2). Therefore, it is imperative to keep the
reaction temperature no higher than 220 °C to avoid NPL
degradation as well as no lower than 200 °C to improve optical
properties.
Transmission electron microscopy (TEM) images of

Mn:CdS core NPLs (Figure 1a ([Mn]: 0%), Figure 1b
([Mn]: 2.5%), and Figure S3a−e ([Mn]: 0−4.7%)) indicate
2D NPLs of a curved structure with ∼20 × 50 nm lateral
dimensions. The curved appearance of the NPLs is most likely
due to the ultrathin CdS NPLs at only 5-monolayer (ML)
(∼1.45 nm) thickness based on optical data (discussed
below),50 with large surface energy also causing NPL stacking.
ZnS shell-passivated NPLs (Figures 1c and S3f−j) are far more

rigid because of their increased thickness resulting in less NPL
stacking and bowing than core NPLs, which might be from the
decrease in surface-to-volume ratio and therefore surface
energy in the core/shell NPLs. Core/shell NPL lateral
dimensions resemble that of the core NPLs; however,
thickness comparisons are difficult to discern using TEM
imaging. Therefore, atomic force microscopy (AFM) was
utilized to determine the thickness of Mn:CdS/ZnS core/shell
NPLs and the ZnS shell thickness. Figure S4a displays an AFM
image, which exhibits ∼3.4 nm thickness of the core/shell
NPLs discerned by cross-sectional analysis of individual
particles (Figure S4b). According to these results, the thickness
of ZnS achieved using the SSSP method is ∼2.0 nm. The data
in Figure S4b exhibits long flat regions around 3.4 nm in height
that stretch for 40−60 nm in position along the Mn:CdS/ZnS
core/shell NPLs. The inductively coupled plasma optical
emission spectrometry (ICP-OES) data indicates that the
doping concentration decreased from 0.6, 1.1, 2.5, and 4.7% in
Mn:CdS NPLs to 0.2, 0.4, 0.9, and 1.5% in Mn:CdS/ZnS
core/shell NPLs. The partial removal of Mn dopants during
ZnS shell passivation of Mn-doped NCs is consistent with
previous observations in shell-passivated doped 0D and 1D
NCs.19,37

The powder X-ray diffraction (XRD) of Mn:CdS core NPLs
indicates cubic phase CdS. The core NPLs showed a sharp
(200) reflection at 2θ = 30.8°, corresponding to the lateral
plane (100) of the 2D NPLs, as previously reported.50,51 The
broad (111) diffraction peak of the 2D NPLs can be
understood as having a high plane angle offset of 54.7° with
respect to the (100) lateral plane, which is nearly parallel with
the thickness of the NPLs, causing a broadening effect because
of the small size effect. Careful examination of the XRD
patterns indicates diffraction peak shifting to higher angles with
increasing dopant concentrations (Figure 1d,e). For example, a
shift in 2θ of 0.271° along the (111) plane from 0 to 4.7%

Figure 1. TEM images of (a) 2D CdS NPLs, (b) 2D Mn:CdS NPLs,
and (c) 2D Mn:CdS/ZnS core/shell (C/S) NPLs; (d) powder XRD
patterns of Mn:CdS core NPLs and Mn:CdS/ZnS core/shell NPLs.
(e) Zoomed-in XRD patterns showing peak shifting of the (111)
diffraction peak by increasing the Mn-doping concentration.
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doping concentration can be observed, which can be explained
by considering compression by 0.017 Å along the (111) lattice
plane (Figure S5). The lattice compression can be understood
by replacing the larger Cd2+ ions (92 pm) with small dopant
Mn2+ ions (80 pm), suggesting successful incorporation of
Mn2+ ions inside the host CdS lattice. The small diffraction
peak located at 22.1° is attributed to the scattering or
diffraction of organic ligands that are present in the reaction.18

The XRD pattern of Mn:CdS/ZnS core/shell NPLs (Figures
1d and S6) shift from the original cubic CdS lattice toward a
cubic ZnS lattice indicative of successful ZnS shell passivation.
The growth of the ZnS shell resulted in the significant
narrowing of the (111) diffraction, which could be explained
by the significant increase in the thickness of the 2D NPLs
from 1.45 to 3.4 nm. No significant peak shift can be observed
between core/shell NPLs (Figure S6), showing near-uniform
shell passivation of the core Mn:CdS NPLs with no variance
based on dopant concentration.
The thermal stability of undoped and Mn-doped 2D core

and core/shell NPLs was tested through a thermal annealing
method described in the Supporting Information. The core
NPLs have limited thermal stability and experienced thermal
degradation causing the formation of larger NCs during
annealing at 200 °C (Figures S7a and S8a), evidenced by a
new broad PL peak (∼430 nm) on the longer wavelength side
of the NPL PL. More rapid degradation of core NPLs can be
observed at higher annealing temperature, such as 220 °C
(Figures S7b and S8b), resulting in a dominant red-shifted
emission from the formation of large CdS NCs. However, the
2D core/shell NPLs showed no sign of degradation when
annealed at 220 °C even after annealing for 3 h (Figures S7c
and S8c), with no change in full width at half-maximum
(fwhm) of either the CdS or Mn PL during the annealing
process. Therefore, ZnS shell passivation using the SSSP
method allows for both minimal NPL thermal degradation
during shell coating and enhanced thermal stability of the
resulting 2D core/shell NPLs.
Dopant (Mn2+) position within the CdS host lattice was

determined by X-band electron paramagnetic resonance (EPR)
spectroscopy (Figure 2). In the 0.6% Mn:CdS NPLs, there are
two sets of six-peak hyperfine splitting patterns with hyperfine
constants of A = 94.3 and 68.6 G (Figure 2a), which represent
the presence of the Mn2+ ions on the surface and within the

core lattice of CdS, respectively.52,53 The broad dipolar peak
visible in high-concentration samples is primarily due to strong
short-range coupling between the paramagnetic Mn ions
within close proximity to one another, which cause wide
stretching bands and the elimination of hyperfine peaks. The
loss of surface-indicative hyperfine peaks (A = 93.3 G) in core/
shell NPLs further supports successful shelling (Figures 2b and
S9), as formerly surface-doped Mn were either partially
displaced or encapsulated by ZnS, effectively acting as core-
doped Mn. The smaller dipolar contribution in the EPR
spectra of the Mn:CdS/ZnS core/shell NPLs compared with
that in the Mn:CdS core NPLs indicates a weaker short-range
Mn−Mn interaction, which is consistent with decreased Mn
concentration in core/shell NPLs from the ICP-OES measure-
ments.
Figure 3a shows the normalized absorption and PL spectra

of Mn:CdS NPLs during ZnS shell passivation up to 220 °C.
The as-prepared Mn:CdS core NPLs exhibit an exciton
absorption centered at 376 nm and CdS emission at 387 nm
(fwhm: 11 nm). The band edge absorption position is
consistent with 5-ML CdS NPLs (1.45 nm thickness)
originally determined using the Pidgeon−Brown effective
mass model by Ithurria et al.50 However, no significant
emission from Mn can be observed, which is quite surprising
considering that the atomic energy levels of Mn2+ lie within the
band gap of CdS, and should result in Mn PL as reported in
many 0D Mn:CdS NCs.18 The PL QY of Mn:CdS NPLs was
maintained at ∼6% for all doping concentrations (Figure 3c).
The absence of Mn PL in 2D Mn:CdS core NPLs may arise
from overlap with the broad defect emission peak centered at
∼540 nm and the low PL QY of the core NPLs (Figure 3a,c).
In addition, the short exciton lifetime (a few nanoseconds as
discussed below) and large exciton binding energy of 2D
NPLs,50 compared with corresponding 0D quantum dots,
could lead to fast direct electron and hole combination,
resulting in inefficient host-to-dopant energy transfer in the
doped NPLs.
During ZnS shell passivation, a gradual enhancement of

absorption in the UV range is observed in Mn:CdS/ZnS core/
shell NPLs because of the absorption of the ZnS shell.
Remarkably, an enormous red shift of both the absorption and
PL peak of the core/shell NPLs by ∼420 meV (PL from 387 to
443 nm) was observed (Figure 3a,b). It should be noted that
the value of the red shift is independent of doping
concentration and is always ∼420 meV for all the Mn:CdS/
ZnS core/shell NPLs in this study. This large spectral red shift
is unexpected, considering the type I band alignment of the
CdS/ZnS core/shell NPLs where both the excited electrons
(in conduction band) and holes (in valence band) are confined
within the CdS core,54 yet other, similarly large exciton energy
shifts have been reported for 2D NCs.55 For example, a large
red shift up to 140 meV has been observed for 2D CdSe
quantum belts after additional Cd(oleate)2 surface passivation,
which electronically couples to the NC lattice and therefore
increases the effective thickness of the nanobelts.55 However,
the ∼420 meV red shift corresponds to the increasing of ∼2-
ML thickness of CdS,50 which cannot be simply understood by
the surface ligand effect. Though, it can be understood by the
deposition of ∼2 MLs of S on NPL surface Cd sites during
ZnS shell passivation considering the same anion (S) in the
CdS core and ZnS shell lattice, resulting in an increased
effective core thickness of ∼7 ML (Figure 4a). It should be
noted that the exciton delocalization to the ZnS shell could be

Figure 2. Dopant concentration-dependent X-band EPR spectra of
(a) Mn:CdS core and (b) Mn:CdS/ZnS core/shell NPLs, showing an
increase in dipolar contribution with increasing dopant concentration
and a decrease in dipolar contribution as shelling occurs.
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possible due to the large NPL quantum confinement along the
thickness, even with the type I band alignment of the CdS/ZnS
core/shell NPLs, and might contribute to the large spectra red
shift observed upon ZnS coating.
Both the 2D Mn:CdS and Mn:CdS/ZnS core/shell NPLs

show excitation anisotropy consistent with the nonspherical
morphology of NPLs. Compared with Mn:CdS NPLs, shell
passivation can provide an increased excitation anisotropy of
Mn:CdS/ZnS core/shell NPLs for all dopant concentrations
(Figures 3d and S10), which could be understood by the

increased rigidity of the Mn:CdS/ZnS core/shell NPLs. For
the 2D Mn:CdS NPLs with a curved shape, a slightly different
polarized emission corresponding to different directions could
be obtained from multiple different positions within the 2D
NPLs. Therefore, the lower excitation anisotropy of Mn:CdS
NPLs might be due to the effective cancelling of the polarized
emission from the curved structure of the ultrathin NPLs.
Intriguingly, the growth of the ZnS shell on Mn:CdS NPLs

can “turn on” a distinct Mn emission band centered at ∼600
nm (4T1 → 6A1 d−d transition) (Figure 3a,b). The Mn

Figure 3. Normalized absorbance and emission spectra of (a) 0.6% Mn:CdS core NPLs shelled up to 220 °C using the SSSP method. (b) Dopant
concentration-dependent absorbance and emission spectra of Mn:CdS/ZnS core/shell NPLs ([Mn]: 0−1.5%). (c) Total PL QY of core and core/
shell-doped NPLs with respect to Mn concentration. (d) Excitation anisotropy data contingent on wavelength for 0.6% Mn:CdS core and
corresponding 0.2% Mn:CdS/ZnS core/shell NPLs. (e) Peak intensity ratio of Mn PL with respect to the CdS host PL as a function of Mn
concentration.

Figure 4. (a) Schematic representation of SSSP shelling with ZnS causing a pseudo-7- ML CdS core in Mn:CdS/ZnS core/shell NPLs. Orange
spheres represent S ions, red spheres represent Cd ions, and blue spheres represent Zn ions. Mn is not shown for simplicity. (b) Representation of
the CdS−Mn host−dopant energy transfer in Mn:CdS core and Mn:CdS/ZnS core/shell (with differing doping concentrations) NPLs. (c) CdS
band gap PL lifetime for the Mn:CdS core NPLs as a function of Mn concentration (0−4.7%). (d) Mn PL lifetime of the Mn:CdS/ZnS core/shell
NPLs as a function of Mn concentration (0−1.5%). Insets show the average lifetimes of the NPLs as a function of Mn concentration.
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emission can be discerned almost immediately once the ZnS
shelling temperature reaches 120 °C, followed by narrowing of
the Mn2+ emission peak at 160 °C (Figure S11). The
narrowing of the Mn emission indicates successful ZnS surface
passivation to effectively remove surface defect and the corre-
sponding defect emission (Figure S11). Additionally, it appears
that increasing the dopant concentration correlates with a
more rapid narrowing of the Mn emission, primarily due to a
more prominent Mn emission from increased host−dopant
energy transfer, even early in the shelling process. The
appearance of Mn PL indicates that the host−dopant energy
transfer is favored in the core/shell NPLs, which could be
attributed to a larger effective CdS core with less quantum
confined exciton in the core/shell NPLs, along with the
efficient removal of surface defect states via ZnS shell
passivation (Figure 4a,b).
Figure 3b displays the normalized absorbance and PL of 2D

Mn:CdS/ZnS NPLs with Mn concentrations of 0, 0.2, 0.4, 0.9,
and 1.5%. A distinct trend can be observed in which an
increased intensity ratio of Mn to CdS PL can be obtained as
the Mn concentration increases (Figure 3e). In addition, the
PL QY of the core/shell NPLs increases with Mn
concentration from ∼11% at 0% Mn to ∼15% at 1.5% Mn
(Figure 3c), which indicates more efficient host−dopant
energy transfer with doping concentration caused by the
removal of defect sites in the core/shell NPLs. The host−
dopant energy transfer from the CdS−Mn coupling can be
qualitatively monitored by the PL intensity ratio of Mn dopant
and CdS host NCs as indicated by eq 118

∝
I
I

K
K

Mn

NC

ET

r
NC

(1)

where increased PL intensity ratio of dopant (IMn) to host
(INC) intensity is proportional to increased energy-transfer
relaxation rates (KET) with respect to the relaxation rate of the
host lattice (Kr

NC). The increased relative Mn PL intensity with
increased Mn concentration is consistent with higher host−
dopant energy-transfer efficiency from the CdS host lattice to
the doped Mn energy states (Figure 4b), which can be
qualitatively understood by increasing the number of acceptors
interacting with a given donor. Effectively, more energy-
transfer pathways are available, leading to an increased transfer
rate and efficiency.
It should be noted that energy transfer between CdS host

lattice and Mn dopant is very complicated in the presence of
defect states. To further verify the doping concentration-
dependent host-to-dopant energy transfer, we performed PL
lifetime measurements of the NPLs. The energy-transfer
efficiency (ΦET) can be also represented with respect to the
host PL decay lifetime (τD) and undoped radiative decay
lifetime (τUD) as in eq 219

τ τ= − Φ(1 )D UD ET (2)

in which the CdS PL decay lifetime (τD) of doped NPLs is
represented with respect to the undoped NPL radiative decay
lifetime (τUD) and the rate of energy-transfer efficiency, ΦET.
Equation 2 indicates that the CdS host PL decay lifetime is
inversely proportional to the host-to-dopant energy-transfer
efficiency (ΦET). Indeed, the CdS PL lifetime of Mn:CdS
NPLs (Figure 4c and Table S1) decreases with increasing
dopant concentration, supporting the increased rate of host−
dopant energy transfer. In addition, decreased Mn PL lifetime

with increased doping concentration (Figure 4d and Table S1)
can be observed, which is due to “concentration quenching”
from short-range Mn−Mn interactions at higher doping
concentrations.19

To gain further insights into the Mn−Mn interaction as well
as magnetic properties of these doped 2D NPLs, we measured
the isothermal magnetization of the Mn:CdS and Mn:CdS/
ZnS NPLs as a function of doping concentration (Figure 5). It

is important to note that both the core and core/shell NPLs
show weak paramagnetism for the undoped samples,
suggestive of intrinsic spin states in these 2D materials.56

Both the core-only and core/shell NPLs exhibit systematic
increases in saturation magnetization, Ms, as a function of Mn
concentration (Figure 5). For 0.6% Mn:CdS NPLs, we observe
an effective magnetic moment, μeff = 6 μB/Mn, matching the
expected spin-only moment for Mn2+. For higher doped CdS
NPLs, the values of μeff range between 2 and 4 μB/Mn,
suggesting competing magnetic interactions, possibly because
of interactions with surface states.12,56 The highest doped CdS
NPLs (Mn = 4.7%) does not exhibit magnetic saturation at
fields as high as 7 T, suggesting complex magnetic interactions,
perhaps because of antiferromagnetic exchange. Magnetic
susceptibility (χ) data suggests paramagnetism for all the
samples, with no obvious magnetic phase transitions in the
zero-field or field-cooled scans (Figure S12). Fits of the data to
a modified Curie−Weiss law as in eq 3

χ χ
θ

= +
−
C

T( )0
W (3)

where χ0 is the temperature-independent contribution of the
magnetic susceptibility and θW is the Weiss temperature,
showing increasingly negative values of θW as a function of
doping concentration in Mn:CdS NPLs (Figure 5a insert),

Figure 5. Isothermal magnetization (T = 2 K) for (a) Mn:CdS and
(b) Mn:CdS/ZnS NPLS as a function of Mn concentration. The
dashed lines are Brillouin fits to the data points (expressed as open
circles). Inset in (a): Weiss temperatures (from magnetic suscepti-
bility fits) as a function of Mn concentration. The lines are a guide for
the eyes.
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which suggests increased antiferromagnetic interactions with
Mn concentration. This observation is consistent with the
absence of magnetic saturation in the 4.7% Mn:CdS NPLs
(Figure 5a). For all Mn:CdS/ZnS core/shell NPLs, we observe
both magnetic saturation behavior at high field (Figure 5b)
and minor changes in the Weiss temperature (θW) (Figure 5a
inset). This can be understood by considering reduced
antiferromagnetic interactions in the doped core/shell NPLs,
resulting from lower doping concentrations coupled with a
reduction of surface defects in the Mn:CdS/ZnS core/shell
NPLs.

■ CONCLUSIONS

In conclusion, we have developed a one-pot wet chemistry
method for the synthesis of 2D Mn:CdS NPLs. To improve
the thermal stability and optical properties, we further grew
ZnS shell-passivated Mn:CdS/ZnS core/shell NPLs using a
SSSP method at a moderate temperature. Both EPR and XRD
measurements confirm successful Mn doping inside the CdS
NPL lattice. Although no significant dopant emission was
observed in 2D Mn:CdS NPLs, the Mn:CdS/ZnS core/shell
NPLs show tunable PL from the host NPLs and the Mn2+

dopant with doping concentration, as well as an enormous red
shift of both the absorption and PL peak by ∼420 meV.
Decreases in both CdS host and Mn PL lifetime with doping
concentration are consistent with increasing host−dopant
energy-transfer efficiency and Mn−Mn interactions with higher
dopant concentration. Magnetic measurements suggest para-
magnetism in all the studied samples, with antiferromagnetic
coupling increasing with dopant concentration and decreasing
with the formation of the ZnS shell. Applications for these
materials are vast, as they can be tuned for a specific function,
such as in photovoltaics, polarized light-emitting diodes, as
dilute magnetic semiconductors, or as giant oscillator strength
transistors.31−34,57

■ EXPERIMENTAL SECTION
Chemicals. Zinc diethyldithiocarbamate (97%, Zn(DDTC)2,

Aldrich), oleylamine (70%, OAm, Aldrich), ethanol (99.5%, EtOH,
VWR), hexanes (98.5%, VWR), methanol (99.8%, MeOH, VWR),
toluene (>99.8%, VWR), 1-octadecene (90%, ODE, Alfa), tetradeca-
noic acid (98.0%, H(Myr), Alfa), sodium hydroxide (99.6%, NaOH,
Fisher), cadmium nitrate tetrahydrate (99.0%, Aldrich), sulfur (99.5%,
Alfa), zinc acetate dihydrate (98.0−101.0%, Zn(OAc)2, Alfa), and
chloroform (99.8%, VWR) were used without any further purification.
Synthesis of Cadmium Myristate. A 0.025 M sodium myristate

solution was prepared by dissolving 240 mg (6.0 mmol) of sodium
hydroxide and 1.370 g (6.0 mmol) of myristic acid in 240 mL of
methanol in a 500 mL Erlenmeyer flask (E-flask). Separately, dissolve
617 mg (2.0 mmol) of cadmium nitrate tetrahydrate in 40 mL of
methanol in a 100 mL E-flask. Add the cadmium nitrate solution
dropwise (∼1 drop/s) to the stirring sodium myristate solution,
resulting in the formation of a white precipitate of cadmium myristate.
Wash the resulting precipitate three times with 50−100 mL of
methanol and then dry under vacuum overnight.
Sulfur−Octadecene Solution. A 0.1 M sulfur−octadecene (S-

ODE) solution was prepared by dissolving 48 mg (1.5 mmol) of
sulfur in 15 mL of ODE by sonication for at least 2 h. This solution
was prepared the same day on which a reaction took place.
Synthesis of Mn:CdS NPLs. For a typical synthesis of 2D

Mn:CdS NPLs, a solution containing 113.4 mg (0.20 mmol) of
Cd(myr)2, 43.9 mg (0.20 mmol) of Zn(OAc)2, 1.0 mL of S-ODE, and
9.0 mL of ODE was prepared in a 25 mL three-neck round-bottom
flask. Degas the solution for 30 min at room temperature and another
30 min at 100 °C. Afterward, cool the reaction to room temperature

under argon. Inject Mn(NO3)2 in minimal MeOH into the solution.
Degas the solution at room temperature for 30 min and another 30
min at 100 °C. Heat the reaction mixture to 200 °C and maintain that
temperature for 1 h under argon. Cool the reaction to room
temperature and add ∼6 mL of toluene into the resulting reaction
solution (∼10 mL). Centrifuge the solution at 5000 rpm for 2 min to
remove any unreacted precursor, if the solution is visibly cloudy. Use
a small aliquot of the solution for optical measurements. Precipitate
the Mn:CdS NPLs out of solution by adding 3−4 mL of ethanol
followed by centrifugation at 5000 rpm for 2 min. Dissolve the
precipitate in minimal hexane after removing the supernatant for the
synthesis of Mn:CdS/ZnS core/shell NPLs. For XRD and TEM
measurements, clean the product three to four times using minimal
toluene/EtOH followed by centrifugation.

Synthesis of Mn:CdS/ZnS Core/Shell NPLs via the SSSP
Method. In a 25 mL three-neck round-bottom flask, add the
previously synthesized Mn:CdS NPLs in hexane, 6.0 mL ODE, 2.0
mL OAm, and 145 mg (0.40 mmol) Zn(DDTC)2. Degas the mixture
at 50 °C for 30 min and at 70 °C for an additional 30 min. Increase
the reaction temperature slowly to 220 °C at a rate of ∼5 °C/min and
maintained at 220 °C for 0.5−3 h for ZnS shell coating on the surface
of Mn:CdS NPLs. Then, cool the reaction to room temperature
naturally. Clean the core/shell NPLs similarly to those of the core
NPLs using toluene and EtOH.

Sample Characterization. TEM measurements were performed
on an FEI T12 Twin TEM operated at 120 kV with a LaB6 filament
and Gatan Orius dual-scan CCD camera. AFM images were collected
on a Bruker Innova SPM instrument housed on a TMC vibration
isolation table and utilized tapping mode and silicon MikroMasch
noncontact cantilever probes (HQ:NSC14). Samples were drop-cast
onto freshly cleaved highly ordered pyrolitic graphite and vacuum-
dried. Powder XRD patterns were recorded on a Bruker D2 Phaser
with a LYKXEYE 1D silicon strip detector using Cu Kα radiation (λ =
1.5406 Å). The UV−visible spectrophotometry (UV−vis) measure-
ments were collected on an Agilent Cary 60 spectrophotometer.
Steady-state and time-resolved emission spectra were recorded using
an Edinburgh FLS-980 spectrometer with a photomultiplier tube
(PMT, R928 Hamamatsu) detector. ICP-OES elemental composition
analysis was performed on a PerkinElmer Optima 3300DV. Room-
temperature X-band EPR spectra were recorded at a microwave
frequency of 9.8 GHz on a Bruker ELEXSYSII E500 spectrometer.
Magnetic susceptibilities were measured in the temperature range 2−
300 K under an applied magnetic field of 0.1 T and isothermal
magnetization measurements were performed from −7 to 7 T at 2 K
on a Quantum Design MPMS-XL-7 SQUID magnetometer.
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