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Semiconductor nanocrystals (NCs) doped with Mn2+ ions have 
attracted great interest in the last two decades due to their 
unique optical, electronic and opto-magnetic properties.1,2 
Such NCs are characterized by long-lived phosphorescence of 
Mn2+ (4T1→6A1) with a wavelength close to 600 nm, making 
this system extremely interesting for bioimaging applications.3 
Due to the long-lived excited state (4T1) of the Mn2+ ion, it can 
interact with an exciton generated by repeated excitation of 
NCs to generate high-energy, so-called ‘hot’ electrons with an 
increased electrochemical potential through the two-photon 
upconversion mechanism4 (Figure 1). A series of experiments 
on photocurrent generation, photocatalytic reduction of 
methylene blue dye5 and production of H2 in aqueous 
dispersions6 showed an increase in the photocatalytic activity 
of NCs doped with Mn2+ ions as compared to undoped ones. 
Considering the ever-growing worldwide interest in the 
conversion of solar energy into electrical or chemical energy, 
as well as the interest in the production of H2 as a means of 
storing energy and environmentally friendly fuel,7,8 the issue of 
the effect of doping with Mn2+ ions on the activity of 
semiconductor photocatalysts for producing hydrogen from 
water is of both theoretical and practical interest.

NCs of the Zn and Cd sulfide alloy with the composition 
Zn0.5Cd0.5S are known9–11 to exhibit higher catalytic activity in 
the photocatalytic production of H2 than NCs of each of the 
components (ZnS and CdS) separately. Alloy ZnxCd1 – xS (x ~ 
0.5) is a suitable system for doping with Mn2+ ions because the 
Mn2+ ion has an intermediate radius between the radii of Zn2+ 

and Cd2+ ions, the crystal lattice of the alloy retains well 
manganese atoms, and the alloy itself has high thermal and 
chemical resistance.12

In this work, we investigated the effect of doping with Mn2+ 
ions on the photocatalytic activity of the ZnxCd1 – xS  
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The effect of doping of the ZnxCd1 – xS (x = 0.37–0.50) alloy 
nanocrystals with Mn2+ ions on the rate and apparent 
quantum yield of the photocatalytic H2 evolution catalyzed 
by this alloy has been investigated. It has been found that the 
ZnS shell significantly increases the lifetime of the Mn2+ 
excited state, which leads to the generation of ‘hot’ electrons 
and the two-photon photocatalytic reduction of hydrogen 
ions. An analysis of the characteristics of nanocrystals 
without a ZnS shell with similar excitation energies of the 
edge exciton revealed that the efficiency of the alloy doped 
with Mn2+ ions is 1.2–1.3 times higher due to an increase in 
the lifetime of photoinduced electron–hole pairs.
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Figure  1  Simplified diagram showing possible pathways for the formation 
of high-energy ‘hot’ electrons (ehot) in Mn2+-doped ZnS–CdS alloy NCs 
through the two-photon upconversion mechanism.
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(x = 0.37–0.50) alloy NCs, coated and uncoated with the ZnS 
shell, in photocatalytic hydrogen evolution. We prepared the 
NCs by thermal decomposition of Zn and Cd oleates and Mn 
stearate in an organic solvent at temperatures of 280–305 °C in 
the presence of molecular S.† Mn stearate is less reactive than 
other precursors and may react incompletely. Moreover, 
although the crystal lattice parameters of MnS are close to 
those of the alloy, the alloy doped with Mn2+ ions is still not a 
thermodynamically stable structure. A relatively large amount 
of Mn stearate had to be used to prevent the formation of 
undoped NCs. The molar fraction of manganese in the total 
amount of metals in the precursor mixture was about 0.1. We 
carried out photocatalytic tests of NCs in aqueous dispersions 
obtained by coating NCs with macromolecules of an 
amphiphilic cationic polyelectrolyte.13 The light sources were 
a metal-halogen lamp with a radiation spectrum close to 
sunlight (λ = 270–800 nm, photon energy 1.6–4.6 eV) and an 
LED laser (λ = 445 nm, photon energy 2.79 eV). To eliminate 
the co-catalytic effect of manganese, 1% Pt co-catalyst, which 
is most effective in an acidic medium, was used.13,† The 
photocatalysis efficiency was characterized by the hydrogen 
evolution rate (HR) and the apparent quantum yield (QY). The 
composition and properties of the NCs are presented in Table 1.

According to powder X-ray diffraction data [Figure S2(a)], 
the structure of sample 3 doped with Mn2+ ions is best described 
by a hexagonal phase with parameters a and c, taking an 
intermediate value between those in the hexagonal phases of 
ZnS and CdS, with a small inclusion of the cubic phases of ZnS 
and CdS (Table S1).† These parameters correspond to the 
previously investigated ZnS–CdS alloy.14 The structure of 
sample 4 is well described by a combination of only hexagonal 
(75%) and cubic (25%) ZnS modifications.† The presence of the 
mixed ZnS–CdS phase is not visible.† These results are 
consistent with the previous report,15 in which only 
reflections from the ZnS shell were present in the diffraction 
pattern of the CdSe/ZnS core–shell nanocrystals, while the 
diffraction features of the core phase were not observed. The 
very low total content of Mn impurities in the ZnxCd1 – xS NCs, 
shown in Table 1, did not allow us to reliably confirm, using 
simulation, its effect on the formation of the entire crystal system 
of such a multicomponent sample since this effect (if any) should 
also be insignificant.

Figure 2 shows typical absorption and photoluminescence 
(PL) spectra of NCs, undoped (sample 2) [Figure 2(a)] and doped 
with Mn2+ ions (sample 3) [Figure 2(b)], as dispersions in hexane 
and water. The emission band at about 440 nm refers to the 
luminescence of an edge exciton, the QY of which is determined 
by the competition between the radiative optical transition and 
the capture of an electron, hole or both by trap states of different 

†	 For details, see Online Supplementary Materials.

nature.16–18 The band around ~590 nm is due to the PL of Mn2+ 
ions. The excitation spectrum of the Mn2+ luminescence band 
[Figure 2(b), curve 5] coincides with the exciton absorption band 
of ZnS–CdS [Figure 2(b), curve 3], indicating that the excitation 
of Mn2+ occurs due to nonradiative energy transfer from the 
excited exciton state of the NC to the d5 levels of Mn2+. As one 
can see from Figure 2, the aqueous medium significantly reduced 
the emission of intrinsic excitons in NCs containing no manganese 
ions [Figure 2(a), curves 1 and 2], but less strongly influenced the 
emission of Mn2+ ions [Figure 2(b), curves 1 and 2]. The 
luminescence yield of the edge exciton upon excitation at a 
wavelength of 360 nm decreased by 24 times upon transfer of 
NCs from hexane to water. The luminescence QY of the ~590 nm 
band upon excitation at 360 nm was 60% in hexane and 30% in 
water. Apparently, the decrease in the NC edge exciton 
luminescence in water can be associated with the formation of 
additional quenching centers, i.e., traps. The review18 discusses 
various trapping centers for semiconductor NCs in water, which 
usually arise due to surface defects. The relatively weaker effect 
of water on the Mn2+ luminescence indicates that the quenching 
of edge excitons by traps does not suppress the competitive 
energy transfer to the Mn2+ d5 levels and, at the same time, the 
traps do not act as efficient quenchers of excited Mn2+.

Figure 3 shows the kinetic curves of PL decay caused by the 
relaxation of the alloy edge excitons and by Mn2+ ions in NC 
samples 3 and 4. One can see that the manganese PL at 600 nm 
and its excited state lifetime last much longer than the alloy 
exciton PL. Coating doped NCs with a shell made of a wide-gap 
semiconductor ZnS19 significantly reduces the decay of Mn2+ 
luminescence, which indicates that the decay is also affected by 
charge acceptors on the NC surface.

Table  1  Composition and characteristics of NCs as photocatalysts in the hydrogen evolution reaction.

Sample Composition x
Mn content 
(mol%)

NC size/ 
nmb

EE/ 
eVc

HR/mmol h–1 g–1

Apparent QY (%)
Lamp (270–800 nm) Laser (445 nm) f

1 ZnxCd1 – xS 0.37 0 5.2±0.8 2.76 101±3 1620±110 2.37±0.02

2 ZnxCd1 – xS 0.5 0 5.7±0.9 2.86 233±9 419±4 1.49±0.01

3 Mn:ZnxCd1 – xS 0.49 0.47 4.4±1.2 2.88 272±4 556±16 1.75±0.05

4 Mn:ZnxCd1 – xS/ZnS 0.48a 0.60 7.6±0.9d 3.08 9.57±0.12 0.61±0.02 <0.01

5 ZnxCd1 – xS/ZnS 0.82 0 9.5±1.1 3.00 34.7±0.2 1.9±0.1 <0.01

6 ZnS 1.0 0 6.0±1.2 3.88 0.24±0.01 <0.01 <0.01

7 ZnS/CdS 0.44 0 5.5±0.9e 3.06 93.7±1.1 1050±10 1.83±0.02

a Zn fraction in the NC core. b According to the TEM data. c The excitation energy of edge exciton. The maxima were found by differentiating the light 
absorption curves. d Shell thickness of 1.9 nm, core size of 3.8 ± 0.9 nm. e Shell thickness of 0.7 nm, core size of 4.1 ± 0.9 nm. f The luminous flux density 
was 3.40 W cm–2.
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Figure  2  Absorption and emission spectra of NCs, (a) undoped (sample 2) 
and (b) doped with Mn2+ ions (sample 3): luminescence spectra at an 
excitation wavelength of 360 nm in (1) hexane and (2) water, absorption 
spectra in (3) hexane and (4) water and luminescence excitation spectra at a 
wavelength of 585 nm in (5) hexane and (6) water.
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As shown above, ZnS-coated NCs exhibit the lowest decay of 
the Mn2+ PL and, accordingly, the highest steady-state 
concentration of manganese ions in the excited state. Therefore, 
their interaction with the second exciton and the generation of 
high-energy electron–hole pairs are most probable here. As 
shown by the study of photocatalytic activity, NCs coated with 
the ZnS shell (see Table 1, samples 4 and 5) demonstrate 
significantly lower activity compared to NCs without coating 
(samples 1–3) due to an increase in the energy required for 
electrons to enter the conduction band (CB) of the shell. The HR 
measurement results for alloy NCs coated with the ZnS shell and 
doped (sample 4) or undoped (sample 5) with Mn2+ ions at 
various luminous flux densities (F) are presented in Table S2† 
and Figure 4.

As one can see in Figure 4, HR dependence on the illumination 
intensity differs for undoped and doped NCs. Although both 
samples demonstrate an increase in HR with increasing 
illumination intensity, HR slows down for undoped NCs and 
accelerates for doped NCs starting from a certain F value (about 
0.28 W cm–2 or 6.2 × 1017 photons cm–2 s–1). Moreover, the 
straight line plotted in this section in logarithmic coordinates 
gives the degree of HR dependence on F equal to 2.08±0.09. The 
second order of the dependence of the reaction rate on F indicates 
a two-photon process of photocatalytic reduction of hydrogen 
atoms. Apparently, this fact can be considered evidence of the 
two-photon generation of high-energy (‘hot’) electrons in the 
NC core, as suggested in Figure 1. The absorption cross-section 
of NCs lies in the range of ~10–15–10–14 cm2 in order of 
magnitude,20–23 and the photon absorption frequency should be 
in the range from ~6 × 102 to 6 × 103 s–1 at this flux density.

Note that, under the experimental conditions, the generation 
of electrons reducing hydrogen atoms occurred in the NC core, 
and the ZnS shell practically did not participate in it. This 
conclusion follows from the low HR value obtained upon 
illumination of ZnS NC (sample 6) with the maximum intensity 
of 0.728 W cm–2, which is 40 and 140 times lower than the HR 
values for doped and undoped alloy NCs, respectively. Therefore, 
a slight decrease in the rate for undoped NCs is presumably 
associated with an increase in the probability of relaxation of 
photoinduced charges in the NC core under high illumination 
conditions and their high concentration as a consequence. In the 
case of doped NCs, the increase in HR occurs because the energy 
of ‘hot’ electrons becomes sufficient to transition to a higher 
located CB of the ZnS shell and reduce hydrogen ions in a high 
yield due to an increase in the electrochemical potential. Thus, 
the alloy NCs doped with Mn2+ ions and coated with the ZnS 
shell can be considered a converter of photoinduced low-energy 
electron–hole pairs into high-energy ones.

It is noteworthy that, on average, the HR of undoped NCs is 
higher than that of doped NCs. It can be assumed that, since the 
energy of photoinduced charges in the NC cores is insufficient 
for their access to the ZnS shell surface, a significant part of 
them is spent on the excitation of Mn2+ ions in doped NCs, which 
causes PL in the region of 600 nm. The intrinsic PL of the 
undoped alloy in the 440 nm region requires much higher 
excitation energy.

To compare the photocatalytic activity of the alloy and CdS, 
we synthesized NCs with the ZnS/CdS core/shell structure (see 
Table 1, sample 7). As expected, the CB state of the NC material 
depended on the alloy composition. This state can be 
characterized by the excitation energy of the edge exciton (see 
Table 1, EE) and is known24 to be somewhat less than the CB 
bottom by the value of the exciton binding energy. The activity 
of ZnxCd1 – xS alloy NCs with an EE value close to that of sample 
7 (i.e., the CB bottom) and sample 1 (x = 0.37), measured with a 
narrow-band light source (laser), was found to be 1.5 and 1.3 
times higher than that of ZnS/CdS NCs in terms of the HR and 
QY values, respectively. At the same time, the activity measured 
with a broadband light source (lamp) was practically the same. 
The laser radiation quantum energy (2.79 eV) exceeded in this 
case the excitation energy of excitons in both NCs. Interestingly, 
the HR and QY values of ZnS/CdS NCs measured under laser 
illumination were close to those of CdS NCs that we studied 
earlier under the same conditions (996 mmol h–1 g–1 and 1.85%, 
respectively).13 In this case, the thickness of the CdS layer in 
ZnS/CdS was about 0.7 nm. This result confirms the conclusion 
about the participation of photoinduced electrons of a thin 
surface layer of the photocatalyst11 in photocatalysis.

An increase in the ZnS content in the alloy to x = 0.5  
(sample 2) increased EE to a value of 2.86 eV, exceeding the 
laser quantum energy, which sharply reduced the activity 3.9 
and 1.6 times according to HR and QY data, respectively, 
compared with sample 1. On the contrary, the activity of sample 
2 increased by more than 2 times when illuminated by a lamp. 
The reason for this change in the NC activity is a decrease in 
the efficiency of the generation of electron–hole pairs caused 
by an increase in EE to a value exceeding the energy of a laser 
radiation quantum. However, the absorption of the short-
wavelength part of the lamp light increases their generation 
efficiency by reducing the probability of the formation of 
excited states, the relaxation of which can lead to a loss of 
absorbed energy due to PL.

The similarity of the EE values of alloy NCs doped with Mn2+ 

ions (sample 3) and undoped (sample 2), which do not contain a 
ZnS shell, makes it possible to compare their photocatalytic 
activity. Both with the lamp and the laser, the HR and QY values 
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Figure  3  Luminescence decay curves of NCs doped with Mn2+ ions in 
(1) sample 3 at a wavelength of 440 nm (edge exciton PL), (2) sample 3 at 
a wavelength of 600 nm (Mn2+ PL) and (3) sample 4 at a wavelength of 
600 nm (Mn2+ PL).
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line with a slope of 2.08±0.09.
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of doped NCs were 1.2 and 1.3 times higher than those of 
undoped NCs, respectively.

Comparing the PL decay times of Mn2+ ions in alloy NCs 
without a shell and with a ZnS shell (see Figure 3) shows that the 
concentration of photoexcited Mn2+ ions in the former is more 
than an order of magnitude lower than in the latter. Therefore, 
based on the experimental results presented in Figure 4, it can be 
concluded that the two-photon generation of high-energy 
electrons in alloy NCs without a shell requires luminous flux 
density higher than 3 W cm–2. As a result, a slight improvement 
in the photocatalytic characteristics of doped NCs is most likely 
associated only with the partial generation of ‘hot’ electrons. In 
this case, the Mn2+ ions, photoexcited to the long-lived 4T1 state, 
can play the role of a buffer that accumulates the energy of 
excess excitons and thereby coordinating the flows of 
photoinduced charges and charges consumed for the 
electrochemical reduction of H2O, since the time parameters of 
these two processes (physical and chemical) differ. In practice, 
this should lead to an increase in the lifetime of photoinduced 
electron–hole pairs.

Thus, the analysis of NCs of ZnxCd1 – xS alloys, doped and 
undoped with Mn2+ ions, in the ZnS shell showed that the shell 
significantly increases the lifetime of the excited state of Mn2+, 
which leads to the generation of ‘hot’ electrons and two-photon 
photocatalytic reduction of hydrogen atoms at luminous flux 
densities exceeding 0.28 W cm–2 (6.2 × 1017 photons cm–2 s–1). 
Comparison of the photocatalytic characteristics of NCs of the 
alloys, doped and undoped with Mn2+ ions, without the ZnS shell 
with similar excitation energies of the edge exciton showed a 
somewhat (1.2 and 1.3 times in terms of HR and QY, respectively) 
higher efficiency of the former due to an increase in the lifetime 
of photoinduced electron–hole pairs.
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