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ABSTRACT: This paper reports on durable and nearly temperature-independent (at 298–328 K) T-type photochromism of 
colloidal Cu-doped ZnS nanocrystals (NCs). The color of Cu-doped ZnS NC powder changes from pale yellow to dark gray by 
UV light irradiation, and the color changes back to pale yellow on a time scale of several tens of seconds to minutes after 
stopping the light irradiation, while the decoloration reaction is accelerated to submillisecond in solutions. This decolora-
tion reaction is much faster than those of conventional inorganic photochromic materials. Origin of the reversible photoin-
duced coloration is revealed to be a strong optical transition involving a delocalized surface hole which survives over a mi-
nute escaped from intraparticle carrier recombination due to electron-hopping dissociation. ZnS NCs can be easily prepared 
in water-mediated one-pot synthesis and are less toxic. Therefore, they are promising for large-scale photochromic applica-
tions such as windows and building materials in addition to conventional photochromic applications. Moreover, the present 
study demonstrates importance of excited carrier dynamics and trap depths resulting in coloration over minutes not only 
for photochromic nanomaterials but also for various advanced photofunctional materials, such as long persistent lumines-
cent materials and photocatalytic nanomaterials. 

■ INTRODUCTION  

Photochromism, which is defined as a reversible trans-
formation of light between two structural isomers, has 
been extensively studied for decades because they can 
switch various physical, chemical, and biological proper-
ties by light irradiation.1–4 Thus far, a number of photo-
chromic materials have been reported in both organic and 
inorganic materials.2 Organic photochromic materials (e.g. 
azobenzenes, spiropyrans, naphthopyrans, diarylethenes) 
have been widely studied not only for fundamental re-
searches but also for industrial applications. Among these, 
fast thermally reversible (T-type) photochromic com-
pounds, whose time scales of the thermal back reactions 
are sub-microseconds to seconds (e.g. bridged-imidazole 
dimers,5–10 oxazines,11–13 and naphthopyran derivatives14–

18), are especially promising for ophthalmic lenses, fluores-
cence switches for bioimaging,19,20 and holographic 3D 
displays.21–23 These materials can tune colors and color-
fading speeds from tens of nanoseconds to tens of seconds. 
However, multiple synthetic procedures and difficulties in 
preparing a single chromophore with black color are some 
disadvantages of these organic fast photochromic materi-
als. Such disadvantages hinder their large-scale industrial 
applications such as windows and building materials, with 
low costs.  

Large-scale photochromic materials can be easily pre-
pared using inorganic photochromic materials such as sil-

ver halide glasses,2 WO3,24,25 and ZnS.26–29 However, most 
photochromic reactions of bulk inorganic materials have 
poor photosensitivity and very slow fading speeds. For 
example, more than a century ago, bulk ZnS and a mixture 
of BaSO4 and ZnS (lithopone) were reported to exhibit pho-
toinduced darkening by prolonged UV light irradiation.26,27 
It was assumed that photodarkening was caused by the 
formation of Zn on the surface and that the decoloration 
reaction to the original white color was caused by the oxi-
dation of Zn to ZnO.27–30 However, the coloration and de-
coloration reactions of bulk ZnS and lithopone were slug-
gish with more than a hour, and the mechanism was not 
examined in detail, i.e., whether metal zinc was indeed 
formed or not. Therefore, it was difficult to apply these 
inorganic photochromic materials to industrial applica-
tions instead of organic photochromic materials used in 
the industry. ZnS has low toxicity and has been widely 
used in industry such as in electroluminescent devices,31,32 
afterglow luminescence materials,33–35 and optical win-
dows for infrared regions.36 If fast and photosensitive pho-
tochromic reactions, such as those in organic photo-
chromic materials, can be achieved using inorganic photo-
chromic materials (e.g. ZnS), these materials will overcome 
the limitation of conventional organic materials and ex-
pand the versatility of photochromic materials for practical 
applications.  

In this paper, we report fast and reversible photo-
chromic reactions in solids and solutions of Cu-doped col-
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loidal ZnS nanocrystals (NCs) in a minute. Cu-doped colloi-
dal semiconductor NCs have been extensively studied for 
applications to luminescent materials, photocatalysts, and 
optoelectronic devices for several decades.37–50 However, 
thus far, very few studies has investigated their photo-
chromic properties.51–53 Although a number of studies on 
the combination of photochromic organic molecules and 
nonphotochromic inorganic nanomaterials have been re-
ported,54 there are limited studies on photochromic inor-
ganic nanomaterials, such as Ag,55,56 WO3,57,58 ZnO,59–62 TiO2 
nanoparticles,51–53,62,63 and titanate(IV) nanosheets.64 How-
ever, the forward or backward reactions in these inorganic 
photochromic reactions are induced under specific condi-
tions such as light irradiation (P-type), exposure to molec-
ular oxygen and ozone, or under magnetic fields. Because 
large quantities of inexpensive ZnS NCs can be easily pre-
pared as compared with conventional organic photo-
chromic materials, inorganic photochromic nanomaterials 
have a potential for large-scale industrial applications. 

In addition, we reveal that the origin of the reversible 
photoinduced coloration of Cu-doped ZnS NCs is a strong 
optical transition involving a long-lived delocalized surface 
hole escaped from intraparticle carrier recombination due 
to electron-hopping dissociation. While there are several 
reports on inorganic photochromic materials utilizing the 
ultra long-lived excited carriers as a colored species such 
as TiO2 and ZnO nanomaterials,51,62,63 this study is the first 
report on fast T-type photochromism by tuning the life-
times of excited carriers in the air. Moreover, ultra long-
lived excited carriers have been received particular atten-
tion these days in organic long persistent luminescent ma-
terials65 and photocatalytic nanomaterials.66–68 Therefore, 
detailed analyses of the excited carriers-induced photo-
chromic reaction at the atomic and molecular levels and 
exploring novel photochromic nanomaterials are im-
portant not only for photochromic materials but also for 
various advanced photofunctional materials utilizing long-
lived excited carriers. 

RESULTS AND DISCUSSION 

As described in the experimental section, ZnS NCs and 
Cu-doped ZnS NCs were synthesized in aqueous solutions 
using 3-mercaptopropionic acid (MPA) as a capping rea-
gent.  

X-ray diffraction (XRD) measurements showed that the 
crystal structures of ZnS and Cu-doped ZnS NCs were 
zincblende regardless of the amount of Cu (Figure S1). 
Transmission electron microscopy measurements showed 
that the average diameter of NCs was 3–4 nm (Figures 1 
and S3). The Cu-to Zn atom ratio was set to 1%–5%, which 
was confirmed by X-ray fluorescence spectroscopy. When 
Cu2+ was used as a precursor for the dopant in ZnS NCs, 

electron paramagnetic resonance (EPR) spectroscopy 
showed that the valence of doped Cu was +1, as explained 
later. The organic capping reagents of NCs in solids were 
characterized in detail by attenuated total reflection Fouri-
er transform infrared (ATR-FTIR) spectroscopy (Figure 
S4). This implies that (1) the thiol groups are most proba-
bly bound to the surface of ZnS NCs, (2) the carboxyl 
groups of MPA are deprotonated, and (3) the adsorbed 
water exists at the surface of NCs owing to the hydrogen 
bonding network between carboxylate anions.  

Before ultraviolet (UV) light irradiation, the color of ZnS 
NC powders was white. However, with the increase in the 
concentration of doping Cu ions, the color changed from 
white to pale yellow (1% and 3% Cu) and brown (5% Cu). 
The pale yellowish color may be due to the increased den-
sity of states around the valence band owing to Cu ion dop-

ing.69 In addition, a small amount of the Cu2−xS domain, 
which was not detected in XRD measurements, may be 
another reason for the pale yellow and brown colors be-
fore light irradiation, as discussed later. The absorption, 
diffuse reflectance and emission spectra of solids and solu-
tions are shown in the supporting information (Figures S5 
and S6). Notably, a green emission (the peak is located at 
510 nm) was observed in 1% and 3% Cu-doped ZnS NC 
solids upon excitation with 317 nm, while a blue emission 
was observed in undoped ZnS NCs under the same excita-
tion condition. Green emission is a characteristic feature of 
the doped Cu ion, which indicates that Cu ion was success-
fully doped in ZnS NCs.  

Figure 2 shows the photographs of the color change of 
the powder of 1% Cu-doped ZnS NCs before and after irra-
diation with continuous wave (CW) UV light (365 nm, 500 
mW cm−2) at room temperature (RT). The color-changing 
process can be seen in the supporting movie. The pale-
yellow powder turned black in 5 s under UV light irradia-
tion. After stopping light irradiation, the black powder 
quickly returned to the original color after approximately 
1 min at RT. The fast coloration and decoloration reactions 

 

Figure 1. TEM image of 1% Cu-doped ZnS NCs.  

 

Figure 2. (a) Photographs of the photochromic reaction of the powder of 1% Cu-doped ZnS NCs upon UV light irradiation (365 
nm, 500 mW cm−2). 
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can be repeated more than 20 times under the same irra-
diation condition. This result indicates that the powder of 
colloidal Cu-doped ZnS NCs shows durable and relatively 
fast photochromic reactions in the solid state. The durabil-
ity of the photochromic reaction was further revealed later 
(Figure 6).  

Figure 3a shows the time evolution of the differential 
diffuse reflectance spectra of the powder of 1% Cu-doped 
ZnS NCs after CW UV light irradiation (365 nm, 18 mW 
cm−2). A broad absorption band in the visible to near-
infrared light regions was observed by UV light irradiation. 
A broad absorption peak was observed at ~500 nm. The 
absorption band decays on a time scale of tens of seconds 
to minutes without changing the spectral shape. After 2 
min, the signals almost completely reverted to those ob-
served in the original spectra. However, the absorbance 
change of the powder of undoped ZnS NCs was only ap-
proximately 4% compared with that of 1% Cu-doped ZnS 
NCs under the same excitation condition (Figure 3b). No-
tably, the photodarkening reactions of bulk ZnS do not 
occur even under intense UV light irradiation (365 nm, 500 
mW cm−2) at 77 K. On the other hand, the powders of col-
loidal ZnS NCs and Cu-doped ZnS NCs turned light gray and 
dark gray upon UV irradiation at 77 K, respectively (Figure 
S7). This result suggests that the photoinduced color 

change is a characteristic feature of NCs, and the Cu doping 
considerably enhances the coloration reaction.  

For bulk ZnS, it has been reported that the origin of the 
darkening by prolonged light irradiation is the formation 
of metal zinc.28 However, the origin of the coloring of Cu-
doped ZnS NCs may differ from that of bulk ZnS because 
the photosensitivity and rate of coloration and decolora-
tion of the Cu-doped ZnS NCs considerably differ from 
those of bulk ZnS. If metallic zinc is formed by light irradia-
tion, the photoinduced absorption will follow the quadratic 
dependence on the excitation intensity in the low excita-
tion intensity regime because two electrons are necessary 
to produce metallic Zn from ZnS. We investigated the exci-
tation intensity dependence on the photoinduced absorp-
tion of 1% Cu-doped ZnS NC powder using a CW UV LED 
(365 nm, 0.43–540 mW cm−2 for 1 s). The number of exci-
tons per NC was estimated to be 2.2 × 10−2 (0.43 mW cm−2) 
to 28 (540 mW cm−2; the detailed calculation is shown in 
the supporting information). This result suggests that the 
excitation power less than 4 mW cm−2, which corresponds 
to the number of excitons per NC~0.2, could be regarded 
as the low excitation regime. The inset in Figure 3b shows 
the logarithmic plot of ΔOD as a function of the excitation 
intensity. The slope of the line in the low excitation regime 
is ~0.6–0.8. This result shows that photoinduced absorp-
tion is formed by the one photon process. The effects of the 
gradual saturation and the reabsorption of the photoprod-
uct on the slope can be neglected based on the kinetic sim-
ulation shown in the supporting information (Figure S9).   

Figure 3b shows the time evolution of the differential 
diffuse reflectance of the powders of 1% Cu-doped ZnS 
NCs and ZnS NCs probed at 500 nm. The decay shows non-
single exponential decay behavior. The decay was tenta-
tively fitted with the bi-exponential decay kinetics and the 
lifetimes were 6.0 s (30%) and 54 s (70%), respectively. As 
will be discussed later, the origin of the coloration is a 
long-lived delocalized surface hole, and the color fading 
process occurs via the hole trapping by adsorbed water at 
the surface of NCs and the charge recombination. The fast 
decay component is probably assigned to the hole trapping 
by the adsorbed water as shown in Figure S16b, and the 
slower component is mainly assigned to the charge re-
combination. 3% Cu-doped ZnS NCs exhibit a photo-
chromic reaction similar to that of 1% Cu-doped ZnS NCs 
(Figure S10). However, 5% Cu-doped ZnS NCs did not ex-
hibit the photochromic reaction upon UV light irradiation. 
EPR measurements revealed that Cu2+ was observed in 5% 
Cu-doped ZnS NCs solids even before the UV light irradia-
tion. Considering that the color of 5%-Cu-doped ZnS NCs is 
brown and Cu2+ was observed before UV light irradiation 
in 5% Cu-doped ZnS NCs (Figure S18), it is expected that 

the Cu2−xS domain, whose color is dark brown, is slightly 
formed in 5%-Cu-doped ZnS NCs and the domain prevents 

the photochromic reaction of ZnS NCs. Since Cu2−xS was 
not observed at all in XRD measurements, the domain may 
be significantly small. 

 

Figure 3. (a) Time evolution of diffuse reflectance spectra 
of the powder of 1% Cu-doped ZnS NCs after irradiation 
with CW UV light (365 nm, 18 mW cm−2) for 5 seconds. (b) 
Time evolution of the differential diffuse reflectance probed 
at 500 nm. Inset, the ΔOD as a function of the excitation 
intensity.  
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Interestingly, the photochromic reaction can be also ob-
served in the powder made by mixing the Cu-precursor 
and undoped ZnS NCs in water and precipitating with eth-
anol at RT (Figure S11). The spectral shape and decay ki-
netics were similar to those of Cu-doped ZnS NCs. The re-
sult shows that the Cu ion was doped into ZnS NCs or ad-
sorbed on the surface of NCs simply by mixing the Cu pre-
cursor with the ZnS NCs solution; the doped Cu ion pro-
motes the photochromic reaction. This reference experi-
ment shows that the surface of ZnS NCs is essential in the 
photochromic reaction of Cu-doped ZnS NCs. 

It should be noted that the rate of decoloration of Cu-
doped ZnS NC solids was slightly different for different 
batches even in the same synthetic procedure (Figure S14). 
This is most probably due to the surface of NCs and micro-
environments of NCs. The broad absorption band at ap-
proximately 3270 cm−1 in FTIR measurements shows the 
hydrogen bonding network at the surface of NCs. There-
fore, it is expected that the carboxylate anions of the lig-
ands accommodate water even in the solids. To investigate 
the effect of the adsorbed water on the surface of the NCs, 
the decoloration process was compared before and after 
the drying process under vacuum at 313 K for 1 h. We ob-
served that the amplitude of the broad absorption band at 
approximately 3270 cm−1, which is assigned to hydrogen 
bonds, decreased after the drying process under vacuum 
(Figure S15a). This result suggests that the adsorbed water 
trapped by the carboxylate anion decreases. The decolora-
tion process was decelerated to several to tens-of minutes 
(Figure S15b), which indicated that the adsorbed water 
was an important factor for the fast photochromic reaction 
of Cu-doped ZnS NCs. However, it is worth noting that the 
decoloration process of bulk ZnS and lithopone usually 
requires several hours. This observation suggests that the 
dried powder of Cu-doped ZnS NCs still exhibits a relative-
ly fast photochromic reaction as compared with bulk ma-
terials. 

The photochromic reaction of Cu-doped ZnS NCs can be 
also observed in water solution and a drop-casted thin film 
(Figures S16 and S17), although the decoloration reaction 
is considerably different from those in powder. The sub-
millisecond transient absorption spectra were measured 
by a randomly-interleaved pulse train (RIPT) method.70 In 
the case of the water solution of Cu-doped ZnS NCs, the 
photoinduced absorption instantaneously generated by a 
355-nm excitation pulse and the signal quickly decayed 
within a millisecond (Figures S16). The transient absorp-
tion signal does not depend on the molecular oxygen and 
can be repeatedly observed over 1 h irradiation without 
any photodegradation. The photochormic reaction of a 
drop-casted film is also accelerated as compared to those 
in powder (Figures S17). The acceleration of the decolora-
tion reaction in solution and a thin film suggests that ad-
sorbed water and interparticle reactions are involved in 
the photochromic reaction mechanism as explained later.  

To reveal the photochromic reaction mechanism, we an-
alyzed the EPR spectra of the powders of 1% Cu-doped ZnS 
NC and undoped ZnS NC solids at 77 K and RT. The powder 
samples were degassed under vacuum in EPR quartz tubes. 
Figures 4a and 4b show the photo-EPR spectra of 1% Cu-
doped ZnS NCs and undoped ZnS NCs at RT, which were 

obtained by subtracting the EPR spectra under CW UV light 
(365 nm, 100 mW cm−2) irradiation from the data in the 
dark experiments. In Figure 4a, the photo-EPR spectrum is 
explained by the sum of the sharp line with g = 1.999 (blue 
spectrum) and a broad line (green spectrum) with the g-
anisotropy of gxx = 2.017, gyy = 2.018, and gzz = 2.189; the 
broad low-field side tail around gzz = 2.19 is explained by 
an anisotropic hyperfine (HF) coupling with Axx = 1.8 mT, 
Ayy = 1.7 mT, and Azz = 7.0 mT from a copper nuclear spin (I 
= 3/2) by a lineshape analysis, as detailed in the support-
ing information.71 The blue sharp contribution around the 
higher field region (g = 1.999) is attributed to trapped elec-
trons (e−) as reported around g = 1.996 to be the F-
center,72 although the g-anisotropy with 𝑔∥ = 2.000 and 𝑔⊥ 
= 1.994 was reported to be identified in the bulk ZnS pow-
der at 77 K. This means that e− is highly mobile at RT with-
in the NCs.  

The entire broad lineshape in Figure 4a is similar to the 
EPR spectra of Cu2+• in axially distorted octahedral 
sites.73,74 In the absence of UV-light irradiation, we did not 
observe this broad line at T = 77 K (Figure S19) and at RT, 
although the oxidation number of the Cu-precursor was +2 
before the doping. This is rationalized by the reduction of 
the precursor Cu(II) to Cu(I) by the thiol groups, constitut-
ing the EPR-silent Cu+-doping69 with the ZnS NCs.  

Thus, the light-induced broad EPR signal in Figure 4a 
may originate from the photo-oxidation of Cu+ which is 
coordinated by S2− and the generation of Cu2+• as a trapped 

 

Figure 4. Photo-EPR spectra (black lines) of the powders of 
(a) Cu-doped ZnS NCs and (b) undoped ZnS NCs at RT. Simu-
lated EPR spectra are shown by the red spectra those of 
which were decomposed to the computed spectra by holes 
(green) and electrons (blue) with applying the random rota-
tional dynamic model. The microwave frequencies were 
9852.772 MHz in (a) and 9853.678 MHz in (b). 
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hole (h+) in Cu-doped ZnS NCs. However, the spectral 
width (≈ 20 mT) of the unresolved lower-field transition 
region (around B0 = 322 mT in Figure 4a) by gzz = 2.19 was 
narrower than the corresponding reported widths of c.a. 
50 mT comprising the broad four-line splitting by Azz ≈ 18 
mT of coordinated Cu2+•.73,74 This effect was more clearly 
observed at T = 77 K in Cu-doped ZnS at gzz = 2.18, as 
shown in Figure S20a. Thus, Azz = 7 mT in this system may 
reflect a limited spin density (ρCu) at the copper site esti-
mated to be ρCu = 7 mT/18 mT = 0.4, which indicates that 
the residual spin is located at the coordinating sulfur at-
oms (ρS = 0.6) in h+, and a charge-resonance between 
Cu2+•⋯S2− and Cu+⋯S−• is formed. This coincides with re-
ported interpretations on the electronic structure of 
trapped Cu2+• in Cu-doped ZnS69 and with the photoin-
duced absorption band around the visible light region as 
the charge-transfer (CT) transition from the valence band 
(VB) in ZnS to the oxidized site in bulk Cu-doped ZnS crys-
tals.75 Notably, such delocalized electronic characters both 
in the oxidized site and in the ZnS VB may enhance the 
oscillator strength of the CT transition, as confirmed by a 
molecular orbital calculation (vide infra). The very broad 
optical absorption in Figure 3a is also compatible with the 
CT-transition feature from the VB to the trapped Cu2+• and 
thus suggests a large reorganization energy (λ)76 for the 
hole de-trapping.  

For undoped ZnS NCs (Figure 4b), the entire spectrum 
width (≈ 10 mT) is much narrower than that of h+ (green 
line in Figure 4a) in the Cu-doped ZnS NCs, which suggests 
that h+ is trapped at the sulfur atom.72 The very sharp EPR 
component at g = 1.999 (blue line in Figure 4b) is observed 
in the spectrum as well as in the blue spectrum in Figure 
4a, which implies that both h+ and e− were generated by 
light irradiation. Nevertheless, the spectral shape was 
modulated by temperature, as shown by the green lines in 
Figures 4b and S20b. At RT, the center peak intensity at g = 
2.025 is very strong in Figure 4b, while the intensities at 
the lower and higher field sides are more prominent in the 
anisotropic line shape in Figure S20b. This result indicates 
an involvement of the pseudo-rotation of charges in NCs. 
Therefore, we performed spectrum computations of the 
EPR lineshapes by taking into account the random rotation 
of radicals using an interexchange jump model among 
three representative g-tensor configurations considered in 
the presence of an external magnetic field, as detailed in 
the supporting information with Figure S21. The EPR line-
shape shown in Figure 4b was fit by setting gxx = 2.0010, 
gyy = 2.0010, and gzz = 2.0488 with τhop = 8.0 ns which de-
notes the time constant for the jumps between the rota-
tional conformations. This motional narrowing effect in h+ 
is coincident with the sharp single resonance lines ob-
served in e− around the higher field region (g = 1.999), as 
shown by the blue lines in Figure 4, while the g-anisotropy 
of gxx = 1.940, gyy = 1.940 and gzz = 1.999 was conclusive in 
Figure S20 at 77 K in e−. Under cryogenic conditions, the 
broad EPR line was interpreted by gxx = 2.005 gyy = 2.035, 
and gzz = 2.065 (Figure S20b) as h+ trapped by the sulfur 
atom on the particle surface72 in ZnS NC. Thus, the relation 
of gxx = gyy < gzz at RT is explained by the dynamical Jahn–
Teller effect,77,78 which is probably caused by the flexible 
lattice motions in the NCs. 

When simulating the hole EPR spectrum (green line in 
Figure 4a) of the Cu-doped sample at RT, the nanoseconds 
(ns) rotational kinetics was not required to fit the experi-
mental data. This is in line with the anticipated large reor-
ganization for the hole de-trapping in Cu-doped ZnS NCs, 
as mentioned above. On the other hand, the motional ef-
fects were essential to explain the EPR line-shapes of e− 
(Figure 4a and 4b) and h+ in Figure 4b. These rotation ki-
netics strongly indicate that the e− may migrate within NCs 
by charge de-trappings in the powder at the ns range even 
after it was trapped at particle surfaces following the light-
induced charge separation in the single NC. Notably, the 
lifetimes of the photoinduced trap carriers were reported 
to be on the order of microseconds for bulk ZnS powder 
samples,79 as opposed to the minute kinetics in the NC 
powders (Figure 3). Sub-millisecond lifetimes were also 
observed by the transient absorption spectroscopy in 
aqueous solutions of dispersed NCs using RIPT methods 
(Figure S16).70 This indicated that the inhomogeneous 
geminate e-h+ recombination determines trap-carrier 
deactivation. The highly long-lived carriers of the NC pow-
ders in Figure 3 are thus explained by ultimate interparti-
cle charge dissociations during the ns-hoppings at particle 
surface area. This strongly suggests existences of several 
surface defect sites in the NCs, while the number of the Cu+ 
sites is highly limited per a 1% Cu-doped particle. The in-
terparticle e dissociations would suppress the intraparti-
cle recombination process, playing an essential role for the 
present photochromic reactions.  

 To evaluate this, we measured photo-EPR time traces at 
the negative intensity positions of the first derivative sig-
nals at B0 = 352.2 mT at RT, as shown in Figure S23. In 
both samples (ZnS NCs and Cu-doped ZnS NCs), upon UV 
light irradiation (365 nm, 100 mW cm−2), the EPR signals 
assigned to the trapped carriers gradually increased. After 
turning the light off, the EPR signals were still observed on 
a time scale of minutes. The recovery was tentatively ana-
lyzed using two-exponential decay function and the life-
times were 36 s (55.2%) and 10 min (46.8%) for Cu-doped 
ZnS NCs, while those were 26 s (41.5%), 5.6 min (37.2%), 
and a constant value (21.3%) for undoped ZnS NCs. This 
decay time of the EPR signals was similar to that of the 
decoloration time of Cu-doped ZnS NCs in Figure 3b, alt-
hough the decays of the EPR signals are slower than those 
of the decoloration process most probably due to the re-
moval of the adsorbed water from the surface of ZnS NCs 
by the vacuum procedure, as shown in Figure S15. The 
present results in Figure S23 clearly show that the mobile 
charges were alive for minutes.  

Furthermore, no magnetic field effect was obtained on 
the decoloration process at an external magnetic field 
strength exceeding 500 mT (Figure S25), although the de-
cays of the radicals are dominated by the recombination of 
the long-lived and separated e− and h+, as shown in Figure 
S24. This is explained by faster spin-relaxations in hetero-
geneously encountered e−-h+ pairs than these recombina-
tions due to the diffusive hopping motions of the carriers. 
Therefore, we conclude that the long-lived color is caused 
by the trap carriers escaped from the recombination due to 
the ns-hopping motions in the NC powders.  
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 The fact that undoped ZnS NCs also exhibit long-lived 
carriers (Figure S23) suggests that the color is derived 
from the strong optical transition involving the delocalized 
hole created by Cu ion, as described above. In particular, 
the very weak optical absorbance (green line in Figure 3b) 
of the undoped ZnS NCs may originate from a localized 
hole character that causes the forbidden σ-π* type transi-
tion from a low-lying paired σ-orbital represented by the 
pz character (where the z axis is parallel to the Zn−S• bond) 
at a single sulfur site next to the zinc vacancy in the surface 
region. This character is similar to the molecular orbitals in 
the cysteine thiyl radical.78 This result agrees with the 
spin-orbit coupling scheme resulting in gzz ≈ 2.05, which is 
considerably larger than ge = 2.002 (free electron), while 
gxx = gyy = 2.001 close to ge is explained by the unpaired 
electron in the π* (px or py) orbital which is orthogonal to 
the σ-orbital.  

To further reveal the details of the delocalized hole and 
its optical transition, we calculated the stable structure, 
orbitals, and absorption spectra of Zn12S16-Cu and Zn13S16 
as models of Cu-doped and undoped ZnS NCs using the ab 
initio density functional theory (DFT), respectively (See 
Computational Method in the supporting information). 
Since an electron is well separated in NCs, we mainly focus 
on the ground-state doublet, [Zn12S16-Cu]2+ (D0) and 
[Zn13S16]3+ (D0). As shown in Figure 5a and Figure S26, the 
Cu atom is stably connected to the surrounding S atoms in 
[Zn12S16-Cu]2+ (D0). The structural changes from [Zn12S16-
Cu]1+ (S1) and [Zn12S16-Cu]1+ (S0) to [Zn12S16-Cu]2+ (D0) are 
significant because the Cu defect atom did not completely 

fit the vacant spot originally prepared for a Zn atom. Inter-
estingly, the surrounding four surface Cu-S bonds became 
more symmetric in [Zn12S16-Cu]2+ (D0) (Figure S26). Such 
significant structural rearrangement did not appear in 
[Zn13S16]3+ (D0).  

The calculated orbital energies and shapes are shown in 
Figures S27-S34. The electron orbital (125)α in [Zn12S16-
Cu]1+ (S0) whose electron will be excited in [Zn12S16-Cu]1+ 
(S1) has a d-like orbital localized around the defect Cu at-
om as well as p-like orbitals around the S atoms. The excit-
ed hole orbitals (125)α in [Zn12S16-Cu]1+ (S1) and in 
[Zn12S16-Cu]2+ (D0) still exist around the defect Cu atom as a 
d-like orbital and are also delocalized over the neighboring 
S atoms as a p-like orbital (Figure 5a and Figure S30). The 
rearranged Cu atom with the symmetrically connected 
surrounding S atoms tends to trap a hole even after the 
excited electron left. The delocalization of hole over Cu and 
S is well consistent with the above EPR results of ρCu = 0.4 
and ρS = 0.6 estimated from Azz = 7 mT. Importantly, the 
principal axes of the g- and HF-tensors (Figure 5a) are well 
consistent with the surface planar geometry of h+ charac-
terized by d(x2-y2) unpaired orbital in Cu2+ hybridized with 
the coordinating sulfur px and py orbitals,73,74 as detailed in 
Figure S22. In contrast, the hole orbital (125)α in 
[Zn13S16]3+ (D0) is localized around the S atoms as a simple 
p-like orbital (Figure S34). 

The current DFT calculation can give a rough estimate 
about the trap depth (λ/4) as an activation energy for a 
hole to hop between [Zn12S16-Cu]2+(D0) and [Zn12S16-Cu]1+ 
(S0) determined by the reorganization energy of λ. The 
estimated trap depth, 0.34 eV, became large because of the 
significant surface rearrangement around the Cu defect 
atom which a ZnS NC does not possess. This large trap en-
ergy supports the absence of the hole hopping dynamics 
indicated by the EPR measurements.  

Figure 5c shows the computed absorption spectra and 
the corresponding oscillator strength which could be the 
origin of the coloration of Cu-doped ZnS NCs. We con-
firmed that the interband transition, i.e. the transition from 
the other Cu orbital (125)β to the conduction band (CB), 
appears in the UV region, which is far above the observed 
visible region. The optical transitions in the shown energy 
range exclude any interband transitions and correspond to 
the experimental energy window shown in Figure 3a. Thus, 
all the optical transitions stemmed from the transition 
from the VB orbitals to the defect hole orbitals shown in 
Figures 5a and 5b. Remarkably, we found that, just as in 
Figure 3a, [Zn12S16-Cu]2+ (D0) exhibits much stronger opti-
cal transitions compared to [Zn13S16]3+ (D0). Even the ab-
sorption to the single Cu hole orbital can induce such 
broad and strong absorption spectra owing to the delocali-
zation of the Cu hole orbital (Figure 5a) in addition to the 
existence of several VB donor orbitals. The delocalization 
of the Cu hole orbital increases the overlap of the wave-
functions between the Cu defect and the host NC, resulting 
in the increase in the oscillator strength of the optical tran-
sition from the VB of ZnS NCs to Cu. By contrast, the local-
ized hole orbital of [Zn13S16]3+ (D0) shown in Figure 5b re-
sulted in the much weaker absorption. Another reason for 
the strong optical transition from the deep VB orbital to 
the Cu hole orbital is because the transition can be simply 

 

Figure 5. (a) Defect hole orbital of [Zn12S16-Cu]2+ (D0) with 
the principal axes of the g- and HF-tensors discussed in Fig-
ure 4a. (b) Defect hole orbital of [Zn13S16]3+ (D0). (c) Comput-
ed absorption spectra (red and blue lines) as well as the os-
cillator strength (red and blue bars) originated from the elec-
tron excitation from the VB orbitals to the defect hole orbit-
als in [Zn12S16-Cu]2+ (D0)  and  [Zn13S16]3+ (D0), respectively.  
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interpreted as a ligand to metal charge transfer (LMCT) 
transition, which has usually a large oscillator strength. 
The successful reproduction of the qualitative difference 
between the absorption spectra of [Zn12S16-Cu]2+ (D0) and 
[Zn13S16]3+ (D0) strongly supports the picture that almost 
independent atomic Cu defects actually exist on a NC sur-
face as drawn in Figures 5a and 5b. It is noted that the 
quantitative difference in the absorption energy from Fig-
ure 3a is mainly due to the smaller size of the computed 
Zn12S16-Cu compared to experimentally prepared Cu-
doped ZnS NCs; a smaller NC has sparser and fewer energy 
levels of orbitals in general. 

 To evaluate the durability of the NCs under the pro-
longed light irradiation, the intensity of UV light was set to 
6.5 mW cm−2, which was similar to the intensity of UV light 
containing sunlight, and the powder of 1%-Cu doped ZnS 
NCs was irradiated for 7 h. The change of optical density 
(OD) was measured several times (Figure 6). After 7 h of 
UV irradiation, the amplitude of ΔOD and decoloration 
kinetics remained almost the same, which indicates that 
this photochromism is completely reversible. Moreover, X-
ray photoelectron spectroscopy suggested that byproducts 
such as ZnO were not formed after UV light irradiation 
(365 nm, 100 mW cm−2) for 1 min at 173 K (Figure S35b). 
To further confirm the durability, 1% Cu-doped ZnS NCs 
dispersed in were irradiated with CW UV light (365 nm, 
500 mW cm−2) for ~40 min in air. After irradiation, the NCs 
were precipitated with ethanol and dried. Notably, the XRD 
patterns and line widths did not change after prolonged 
irradiation with the CW UV light (Figure S36), which indi-
cates that the composition and the size of ZnS NCs does not 
change considerably. These results suggest that Cu-doped 
ZnS NCs exhibit a durable photochromic reaction, although 
colloidal II-VI semiconductor NCs often induce irreversible 
reaction pathways such as decomposition of NCs. The sup-
pression of ZnS NC decompositions probably due to sur-
face ligands (MPA) because ZnS colloids without surface 
ligands readily decomposed in air with a yield of 0.32.80  

The temperature dependence at outside temperature 
ranges is important for industrial applications of photo-
chromic materials in various situations. Figure 7 shows the 
time evolution of differential diffuse reflectance before and 
after CW UV light irradiation (365 nm, 18 mW cm−2 for 5 s) 

of 1% Cu-doped ZnS NC powder probed at 500 nm at dif-
ferent temperatures (298–328 K). The time traces are al-
most the same irrespective of the different temperature. 
This clearly shows that the photochromic reaction of Cu-
doped ZnS NCs is temperature-independent at these tem-
perature ranges. This temperature independence is con-
sistent with the efficient hopping dissociation scheme to 
suppress the geminate electron-hole recombination, sug-
gesting that highly limited carrier re-encounter determines 
the overall recombination kinetcs.81 On the other hand, 
while the temperature independence at 298-328 K is re-
producible, the rate of the decoloration below 293 K alters 
depending on the sample conditions and batches even at 
the same temperature. This may be due to humidity and 
the very small amount of the condensation at the surface of 
NCs. By considering to the effect of adsorbed water, anoth-
er possibility for the origin of the temperature independ-
ent photochromic behavior of Cu-doped ZnS NCs may be 
the difference in the amount of adsorbed water at the sur-
face NC in different temperature. The decoloration pro-
cesses of the T-type photochromic reactions are usually 
accelerated by elevating the temperature. On the other 
hand, the elevating temperature promotes the desorption 
of the adsorbed water from the surface of NCs, which will 

 

Figure 7. Time evolution of ΔOD before and after CW UV 
light irradiation (365 nm, 18 mW cm−2 for 5 s) of the powder 
of 1% Cu-doped ZnS NCs probed at ~500 nm (the average of 
490-510 nm) at different temperature (298-328 K). 

 

Figure 8. Plausible photochromic reaction scheme of the 
powder of Cu-doped ZnS NCs. 

 

Figure 6. Time profiles of the transient diffuse reflectance 
of the powder of 1% Cu-doped ZnS NCs under 7 hours of 
UV irradiation (365 nm, 6.5 mW cm−2). 
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decelerate the decoloration process as shown Figure S15b. 
These complemental temperature dependences might be 
resulted in the temperature independent photochromic 
behavior of Cu-doped ZnS NCs.  

 

■ CONCLUSION  

Figure 8 illustrates the proposed mechanism of the pho-
tochromic reaction of Cu-doped ZnS NCs. Upon UV light 
irradiation, an excited electron and hole are generated at 
the conduction band minimum (CBM) and valence band 
maximum (VBM), respectively. These carriers are quickly 
trapped by surface defects and Cu+, and Cu+ is oxidized to 
Cu2+. The electronic transition from VB to Cu2+ is concluded 
to be the origin of the coloration of the Cu-doped ZnS NCs 
from pale yellow to dark gray by the analyses using the 
EPR and the DFT methods. The trapped electrons are easi-
ly detrapped, resulting in the interparticle carrier migra-
tions through the nanosecond hoppings together with the 
hole in ZnS NCs, while the holes could not migrate due to 
the large trap depth in Cu-doped ZnS NCs. The electron 
hopping is likely the major origin of ultra long lifetimes of 
the trapped carriers. The long-lived trapped electron and 
hole gradually decay mainly by hole trapping by adsorbed 
water at the NC surface and charge recombination. The 
robust photochromic reaction of the Cu-doped ZnS NCs, 
especially in the solid state, suggests the existence of a re-
versible chemical reaction pathway. The fast photochromic 
reaction of Cu-doped ZnS NCs can be expanded on the ba-
sis of various molecular designs. For example, it is ex-
pected that the host NC (ZnS) can be replaced with other 
chalcogenide compounds such as CdS and CdSe, which 
would afford the visible light photosensitivity. Moreover, 
the use of electron-withdrawing capping reagents instead 
of hydrophilic capping reagents allows us to tune the rate 
of decoloration more precisely. Because these photo-
chromic nanomaterials can be easily prepared with low 
costs, these materials posses various potentials for indus-
trial photochromic applications. Moreover, this study 
demonstrated that the photochromic reaction of nano-
materials can be tuned by the lifetime of the excited carri-
ers. Exploring novel photochromic nanomaterials utilizing 
ultra long-lived excited carriers are important not only for 
photochromic materials but also for various advanced pho-
tofunctional materials.  

 

■ EXPERIMENTAL SECTION  

Materials. Zinc acetate dihydrate (Zn(CH3COO)2·2H2O, 
98%, Wako), bis(2,4-pentanedionato)copper(II) 
(Cu(C5H7O2)2, >97%, TCI), sodium sulfide nonahydrate 
(Na2S·9H2O, >98%,Wako), 3-mercaptopropionicacid (MPA, 
>98%, TCI), sodium hydroxide (97%, Wako), 
poly(ethylene glycol) bis(carboxymethyl) ether (number 
average molecular weight (Mn) = 250, Sigma-Aldrich) were 
used without further purification. 

Syntheses of ZnS NCs and Cu-doped ZnS NCs82 : Cu-
doped ZnS NCs were synthesized in aqueous solutions by 
using Zn(CH3COO)2·2H2O, Cu(C5H7O2)2, MPA and 
Na2S·9H2O. 2.5 mmol of Zn(CH3COO)2·2H2O and 
Cu(C5H7O2)2 were dissolved in 100 ml of deionized water. 
By adjusting the amount of Cu(C5H7O2)2, undoped ZnS NCs 

and ZnS NCs doped with 1%, 3% and 5% (molar ratio of Cu 
to Zn) of Cu were synthesized. Then 1 mL of MPA was add-
ed to the solution, and the pH of the mixed solution was 
adjusted to 10.3 with 2 M NaOH. After N2 bubbling for 30 
min, 2.5 ml of 0.46 M Na2S aqueous solution was quickly 
injected into the solution under vigorous stirring at RT. 
The mixture was kept for 15 min under magnetic stirring, 
then heated to 100 °C and lasted for 24 h to form the NCs. 
The obtained Cu-doped ZnS NCs were precipitated by eth-
anol (solution:ethanol = 4:1), centrifuged (12000 rpm for 5 
min), and then the precipitate was dried in vacuum at 
45 °C.  

Mixture of undoped ZnS NCs and the Cu ion : 1 mL of 
0.76 mM Cu(C5H7O2)2 aqueous solution was injected into 
10 mg of undoped ZnS NCs aqueous solution at RT and the 
solution was stirred until the color of the solution turned 
brown. Then 2 mL of ethanol was added to the solution 
and centrifuged (10000 rpm for 3 min), and the precipitate 
was dried in vacuum at 40 °C. 

Setups for Material Characterization and Steady-
State Optical Measurements. The XRD was recorded in a 
X-ray diffractometer (Rigaku Ultima IV). The size of NCs 
were analysed by a TEM (JEOL JEM-2100plus) operating at 
200 kV. For FTIR spectroscopies, HORIBA FT-720 FT-IR 
spectrophotometer combined with a ATR setup was used 
for solid samples (resolution: 2 cm−1). The absorption 
spectra were recorded by using a Shimadzu UV3600 UV-
Vis spectrophotometer for solution samples, while 
HITACHI U-4100 with integrating sphere was used for sol-
id samples. The photoluminescence spectra were recorded 
on a JASCO FP-8500 spectrofluorometer.  

Time Evolution of the Diffuse Reflectance Measure-
ments. A CW UV light with an irradiation peak at 365 nm 
from HAMAMATSU UV-LED spot light source LC-L1V3 was 
used as the excitation source for time evolution of the ab-
sorption measurements. OCEAN FX Spectrometers (Ocean 
Optics) was used as detector. The accumulation time was 
set to 50 ms, and the time zero was set to the time just af-
ter stopping UV light irradiation. For temperature depend-
ent measurements, the temperature of the powder was 
controlled by water chiller (NCB-2500, EYELA) and the 
sample temperature was measured by a type K thermo-
couple. Obtained data were analyzed by Matlab.   

Sub-millisecond Transient Absorption Measure-
ments. Sub-millisecond transient absorption spectra were 
measured by UNISOKU picoTAS-ps with the RIPT method. 
The picosecond mode-locked laser with 355 nm wave-
length and <25 ps pulse width was used as pump light 
source. The sample was set in a quartz cell with 2.0 mm 
optical length. 

EPR Measurements. Samples were degassed by the 
freeze-pump thaw cycling in EPR quartz tubes. The X-band 
cwEPR measurements were carried out using a Bruker 
EMX system at T = 77 K and RT. Light excitations were 
performed by a continuous 365 nm light of LED 
(THORLABS, M365LP1) with a collimate lens. Microwave 
conditions were as following: microwave power: 0.3 mW; 
modulation amplitude: 0.4 mT. In addition, the g values 
were calibrated using a strong Pitch sample with g = 
2.0028 as a standard. 
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DFT computations. All the DFT calculations were exe-
cuted by the PBE0 hybrid functional and PAW pseudopo-
tentials with the VASP package. Zn12S16-Cu was designed 
by replacing one of Zn atoms on the (110)-plane of Zn13S16 
by a Cu atom. The spin-polarization was applied and all the 
structures were optimized freely without any geometry 
constraint. The UV-VIS spectra were calculated including 
60 excited states by the time-dependent density functional 
theory (TDDFT) implemented in the Gaussian 09 package 
with the PBE0 hybrid functional and def2-TZVP basis set. 

Details of characterizations, spectroscopic analyses, and DFT 
calculations. This material is available free of charge via the 
Internet at http://pubs.acs.org. 
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