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ABSTRACT: Extending the lifetime of photogenerated electrons in semi-
conductor systems is an important criterion for the conversion of light into
storable energy. We have now succeeded in storing electrons in a photoirradiated
colloidal molybdenum disulfide (MoS2) suspension, showcasing its unique
reversible photoresponsive behavior. The dampened A and B excitonic peaks
indicate the accumulation of photogenerated electrons and the minimization of
interactions between MoS2 interlayers. The stored electrons were quantitatively
extracted by titrating with a ferrocenium ion in the dark, giving ca. 0.2 electrons
per MoS2 formula unit. The emergence of the photoinduced A1g* Raman mode
and the decrease in zeta potential after irradiation suggest intercalation of
counterions to maintain overall charge balance upon electron storage. These
results provide insights into the mechanism of photogenerated electron storage
in 2D materials and pave the way for the potential application of colloidal 2D materials in electron storage.

Two-dimensional transition metal dichalcogenides (2D
TMDs) have gained attention in recent years because of

their interesting electronic, optical, and catalytic properties
compared to their bulk counterparts.1−3 Among the TMD
compounds, the intrinsic semiconducting nature of 2H phase
MoS2 makes it a promising material for various applications,
ranging from electronics to optoelectronics.4−8 Additionally,
atomically thin MoS2 exhibits a unique indirect-to-direct
bandgap transition as the number of layers reduces to a
monolayer with a layer-dependent bandgap energy between 1.3
and 1.8 eV.9,10 The ability to engineer MoS2 with cocatalysts at
the nanoscale level enables the enhancement of light
absorption, charge separation, and catalytic activity, making
MoS2 a promising candidate for visible-light harvesting.11−14

Owing to the van der Waals layered crystal structure of
MoS2, with a layer spacing of approximately 0.65 nm, it is
possible to incorporate guest species between the layers via
intercalation without interrupting any chemical bonds.1

Chemical or electrochemical intercalation of MoS2 has been
extensively utilized to prepare colloidal MoS2 nanosheets
through liquid-phase exfoliation.15−20 By precisely controlling
the intercalation chemistry, phase-pure semiconducting 2H-
MoS2 nanosheets can be exfoliated, further demonstrating
high-quality solution-processability of this class of 2D materi-
al.21 Subsequently, these colloidal MoS2 nanosheets can be
readily deployed in electronic device fabrication using simple,
scalable and cost-effective deposition techniques, i.e., spin-
coating or inkjet-printing.21−23 While much of the research on
exfoliated colloidal MoS2 has predominantly focused on
electronic and optoelectronic applications, there remains a

notable gap in the exploration of its potential in solar energy
harvesting.
Colloidal MoS2, as a photosensitizer, has been explored for

photocatalytic water splitting,11 solar cell,24 and degradation of
pollutants.25 By employing colloidal MoS2, Yu et al.26 were
able to design large-area bilayer thin films by depositing MoS2
on organic semiconductor (perylene-diimide). The p-n
heterojunction facilitated interfacial charge transfer, resulting
in a 6-fold increase in photocurrent compared to that of bare
MoS2. In this study, we synthesized a colloidal MoS2 nanosheet
via electrochemical intercalation-assisted liquid phase exfolia-
tion. Curiously, the as-synthesized colloidal MoS2 nanosheets
undergo a color transformation from green to brown upon
irradiation and recover back to their original state in the dark.
This study aims to explore the underlying mechanism of this
photoinduced color transformation by using UV−vis absorp-
tion, Raman spectroscopy and Zeta potential measurements.
Colloidal MoS2 nanosheet suspensions were prepared using

a previously established procedure12,21 (details are presented in
the Supporting Information). Briefly, a crystal MoS2 was
subjected to electrochemical intercalation using tetrahepty-
lammonium (THA+) as an intercalating bulky cation in a two-
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electrode cell. The suspension was subsequently sonicated in a
polyvinylpyrrolidone/dimethylformamide (PVP)/DMF) solu-
tion to obtain a dark green dispersion of MoS2 nanosheets.
The dispersion was then centrifuged at 8000 r.p.m. for 30 min
to remove excess PVP. After discarding the supernatant, the
residue was redispersed in isopropyl alcohol (IPA), to obtain a
light green MoS2 dispersion. This suspension was further
centrifuged at 8,000 r.p.m. for 30 min to remove large
aggregates, and the colloidal MoS2 (few layer) nanosheets were
collected from the supernatant. In contrast to the black
appearance of bulky or metallic MoS2 crystals, the transparent
light green color observed in the collected supernatant suggests
the dispersion of a few-layers semiconducting MoS2 nano-
sheets. Figure 1A shows TEM images of MoS2 nanosheets
obtained from this experimental procedure.
The photoresponsive behavior of the colloidal MoS2

nanosheet suspensions was examined by exposing them to
white light irradiation (λ > 400 nm). During irradiation, we
observed color changes of the suspension, transitioning from
light green to brown. When the light was turned off, it reverted
into the original light green color. These observed color
changes are shown in Figure 1B. We corroborated this light
induced color change by recording absorption spectra of the
as-prepared colloidal MoS2 nanosheet suspensions before and
after white light irradiation (Figure 1C). The absorption
spectrum of MoS2 before irradiation reveals three characteristic
excitonic peaks at about 650, 610, and 430 nm, arising from
the A, B, and C exciton transitions, respectively. The A and B
exciton peaks are associated with the spin−orbit splitting of the
valence band edge at the K point of the Brillouin zone,9,27,28

while the C exciton peak is attributed to the band nesting
between the Γ and Λ positions of the Brillouin zone.29 These
three distinct peaks collectively confirm the existence of the
semiconducting 2H phase of MoS2 nanosheets dispersed in the
suspension.
Upon white light irradiation (λ > 400 nm), the absorbance

of the A and B excitonic peaks decrease, transforming into a
broad spectral feature (Figure 1C, trace b). The spectral
feature of the C exciton band, on the other hand, shows only a
small decrease during the photoirradiation. When we present
the spectral changes in the form of difference absorption
spectra (bottom trace in Figure 1C), we can see three distinct

bleaches showing the decreased absorbance of the A, B, and C
exciton bands. These changes are reversible as evident from the
restoration of the spectral features after turning off the light.
Similar changes in the exciton spectral features in MoS2 films
have also been observed under the application of electro-
chemical bias.30,31

The excitonic bands are sensitive to changes in the band
structure, phase transition, and weakened van der Waal
interactions due to intercalation of cations. For example, He
et al. attributed the disappearance of the excitonic peaks to the
changes in the band structure.32 Additionally, the observed
changes in optical properties of MoS2 may also arise from the
phase transition (from semiconducting 2H to metallic 1T)
induced by electron accumulation.33,34 Such transformations
are accompanied by significant disappearance in the absorption
of A, B, and C excitons as shown by Xiong et al.35 However, in
this study, the semiconducting 2H phase was preserved, as
demonstrated by the limited impact on the C exciton peak
(420 nm) following photoirradiation (Figure 1C (trace b)).
According to theoretical studies, the transition from 2H to 1T
phase occurs only when the electron accumulation surpasses a
specific threshold, specifically at 0.29 electrons per MoS2
formula unit.36 Acrivos et al. have reported that the A and B
exciton levels disappear in Na-intercalated MoS2 due to the
screening of free carriers.37 We suggest that an electron storage
followed by charge compensation with cations is responsible
for the observed spectral changes in Figure 1C. MoS2 being a
semiconductor undergoes charge separation under photo-
irradiation. The electrons accumulate within the network of
MoS2 nanosheets as the holes are scavenged away by the
isopropanol (IPA; reactions 1 and 3). Alcohols are commonly
used as sacrificial donors to capture photogenerated holes,
leading to the formation of ethoxy radicals, which subsequently
oxidize to produce hydrogen (H2) and carbon dioxide
(CO2).

38−40

+ +h h eMoS MoS ( ) exciton generation2 2 (1)

+h eMoS ( ) MoS exciton recombination2 2 (2)

+ + + +h e eMoS ( ) IPA MoS ( ) IPA

charge separation and stabilization
2 2

(3)

Figure 1. (A) TEM images of as-prepared colloidal MoS2 nanosheet suspensions at two different magnifications. Scale bar: (a) 500 and (b) 100
nm. (B) Schematic illustration of the color change in colloidal MoS2 nanosheet suspensions (in PVP/IPA under ambient condition) before and
after white light irradiation. The color of MoS2 changes from green to brown upon white light exposure and reverses back in the dark. (C)
Absorption spectra of colloidal MoS2 nanosheet suspensions before and after white light irradiation along with the corresponding difference in
absorbance. The arrow represents the absorbance trends upon white light exposure (irradiation time: 30 min, light source: λ > 400 nm, 100 mW/
cm2).
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It should be noted that this phenomenon of electron
accumulation in MoS2 is typically accompanied by the
intercalation of cations to stabilize the stored electrons.
Electron storage in 2D suspensions such as graphene oxide
has been demonstrated earlier.41,42 In the foregoing discussion,
we will discuss how the intercalated cations weaken the
interlayer interactions, thus, impacting the exciton band
features.
The excited states of pre- and postirradiated samples were

probed using femtosecond transient absorption spectroscopy
under a 400 nm laser pulse excitation. The time-resolved
transient absorption (TA) spectra presented in Figure 2 show
the influence of photoinduced electron charging effects on the
excited state dynamics of MoS2 nanosheets. In the
preirradiated samples, we see prominent bleaching of 655
and 610 nm corresponding to exciton A and B bands, which
are corresponding to multilayer MoS2. In the postirradiated
samples, we do not see bleaching of exciton A band and only a
small bleach in the exciton B band. As shown in the steady-
state absorption spectra in Figure 1C, the absorption bands
corresponding to the A and B excitons are significantly
dampened in the postirradiated samples, which is consistent

with the spectra observed from our previous work for the few-
layer colloidal MoS2.

12 This difference in the steady-state
spectral feature is reflected in the transient absorption spectra,
with dampening of the A and B exciton bleaches and the
dominance of induced absorption in the postirradiated
samples. As previously demonstrated through the comparison
of transient spectra between multilayer and few-layer MoS2,

12

the significant decrease in the bleaches of A and B exciton
indicates few-layer MoS2 features in the postirradiated samples.
As discussed in the previous section, electron charging within
MoS2 nanosheets and intercalation of charge compensating
cations weakens the interlayer interactions, and these nano-
sheets behave like individual sheets. We also tracked the
recovery of the excited state by monitoring the bleach recovery
at 610 nm (Figure S1). A fast decay with a lifetime of 1 ps or
less dominates in both samples. Only a small fraction of the
excited state results in the charge separation, as evident from
the longer tail of bleach recovery. The charge separated pair
eventually follows the reaction pathways indicated in reactions
1 and 3.
We compared the evolution of absorption spectra of

colloidal MoS2 nanosheets under oxygen and inert environ-

Figure 2. Time-resolved difference absorption spectra recorded following 400 nm laser pulse excitation of (A) preirradiated and (B) postirradiated
MoS2 suspension (deaerated) in IPA. The kinetics of bleach recovery recorded at 610 nm for the two samples are shown in Figure S1.

Figure 3. Time-resolved absorption spectra of colloidal MoS2 nanosheets with white light exposure (top) and subsequent termination of white light
(bottom) under different environments. (A) and (C) represent the spectra in an argon inert environment, while (B) and (D) show the spectra in
an oxygen environment. The arrows represent the absorbance trends upon white light exposure and termination (light source: λ > 400 nm, 100
mW/cm2).
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ments for both light-on (photoirradiation) and light-off (dark)
conditions (Figure 3). The two colloidal MoS2 samples were
bubbled with argon and oxygen followed by exposure to white
light. Absorption spectra recorded after 30 min of irradiation
(Figure 3A,B) showed a decrease in the excitonic peaks similar
to the one shown in Figure 1C. The presence of O2 had
minimal influence on the exciton peak decrease as long as we
kept the samples under light irradiation. Once the light was
turned off, we could see the effect of O2 (Figure 3C,D).
Whereas the excitonic peaks disappeared quickly under light
irradiation, the recovery is much longer in dark (minutes vs
hours), indicating stabilization of stored electrons. The
excitonic peaks in oxygen saturated solution fully recovered
after 30 h of storage, while those of the sample under argon
barely recovered after 40 h of storage. It should be noted that
the time scale of dark recovery even in the presence of oxygen
is rather slow showing the sluggish response toward O2.
We tracked the kinetics of storage and discharge of stored

electrons by monitoring the absorption changes of the A
exciton band at 651 nm (Figure 4). The absorption-time

profiles were analyzed with a monoexponential kinetic fit. The
rate constants for the bleaching of the exciton band under
white light irradiation in both oxygen and argon environments
were similar (0.13−0.14 min−1). However, the rate constant
for the dark recovery in argon environments is significantly

lower (0.02 h−1) compared to that of oxygen (0.11 h−1).
Previous studies from our group have shown that photo-
generated electrons from TiO2 can be scavenged by oxy-
gen,43,44 leading to the generation of reduced oxygen species.
Therefore, in this study, the observed recovery of the excitonic
peaks in the presence of oxygen can be attributed to the
extraction of electrons in MoS2 by oxygen. The difference in
recovery kinetics is direct evidence of electron accumulation in
MoS2 upon photoirradiation. This ability of MoS2 nanosheets
to accumulate and stabilize photogenerated electrons offers a
potential pathway for energy conversion applications.
To estimate the overall accumulated electrons in MoS2 after

white light irradiation, we utilized ferrocenium (Fc+) as an
electron acceptor. Fc+ is stable under inert atmosphere and
transforms to ferrocene (Fc0) upon its reduction (Fc+/Fc, E0 =
0.40 V vs SCE).45

+ ++eMoS ( ) Fc (blue) MoS Fc (yellow)2 2
0 (4)

Earlier studies have demonstrated the utilization of
ferrocenium to probe electron transfer at the semiconductor
and metal nanoparticle interface.46 Therefore, by introducing
Fc+ into the postirradiated MoS2 suspension, we suggest that
the stored electrons would transfer from MoS2 to Fc+, leading
to the subsequent recovery of the excitonic peaks. A similar
concept was validated through the use of Ag+. We also tested
electron scavenging effect by adding Ag+ solution to the
postirradiated MoS2 suspension. The solution quickly turned
from brown to green as the stored electrons were scavenged
away by Ag+. The immediate restoration of excitonic peaks
upon addition of Ag+ ions are shown in Figure S2. Details on
the Ag+ reduction in photoirradiated MoS2 suspension has
been presented in our earlier studies.12

Figure 5A shows the absorption spectra of stock solutions (1
mM) of Fc+, Fc0, and MoS2 nanosheet suspensions.
Considering that both ferrocenium and ferrocene have low
absorbance at 651 nm at micromolar concentrations (close to
the A exciton peak), with the negligible amounts required for
the titration, we can selectively track the change in the
absorption in response to Fc+ addition. The number of stored
electrons scavenged by Fc+ was estimated by tracking bleach
recovery at this wavelength. Similar titration of electrons stored
in carbon nanotubes and graphene oxide were conducted using
other electron acceptors.47,48 Both the ferrocenium solution
and colloidal MoS2 were bubbled with argon to purge out
oxygen. Colloidal MoS2 in a sealed quartz cuvette was

Figure 4. Evolution of the absorption spectra at 651 nm of colloidal
MoS2 nanosheets under irradiation and their recovery upon stopping
the irradiation in different environments. Both samples exhibit peak
bleaching with no significant difference upon white light irradiation.
Regarding the dark recovery, colloidal MoS2 in oxygen almost fully
recovers, while colloidal MoS2 in argon shows a minimal recovery.

Figure 5. (A) Absorption spectra of deaerated MoS2 nanosheet suspensions (trace a) in IPA, and ferrocene (1 mM, trace b) and ferrocenium ion
(1 mM, trace c) in acetonitrile. (B) Absorption spectra of deaerated colloidal MoS2 nanosheet suspensions (24 nmol) in IPA after white light
exposure, followed by the addition of varying amounts of ferrocenium solution (the total volume was 3 mL). The arrow represents the absorbance
trends upon the addition of ferrocenium ions. (C) The corresponding evolution of absorbance monitored at 651 nm with the addition of varying
concentrations of ferrocenium ion.
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irradiated with white light, and the absorption spectrum was
recorded. Small aliquots of known concentration of Fc+ were
then introduced, and an absorption spectrum was recorded
after each addition. The addition of Fc+ continued, until there
were no further changes in the absorption. The observed
changes in the absorbance (651 nm) of photoexcited MoS2
upon addition of Fc+ is shown in Figure 5B. With increasing
concentration of Fc+, the absorption of A, B, and C exciton
peaks recovered in a fashion similar to what we observed in the
dark recovery experiment (Figure 3D). This further corrobo-
rates the presence of accumulated photogenerated electrons in
MoS2 nanosheets, influencing the exciton spectral features.
We monitored the appearance of MoS2 exciton bands in

response to the addition of Fc+ by recording the absorbance
change at 651 nm corresponding to the A exciton band (Figure
5C). The Fc+ concentration where the absorbance of MoS2 at
651 nm attains a plateau is the end point of the titration and
corresponds to the concentration of the stored electrons. This
value corresponds to 4.8 nmol of stored electrons or ca. 0.2
electrons per MoS2 formula unit. The number of the stored
electrons is below the threshold of 0.29 electrons per MoS2
unit to observe the 2H to 1T phase transition,36 thus,
confirming the perseverance of the semiconducting 2H phase
in these experiments. The findings here indicate the successful
utilization of Fc+ (as an electron acceptor) in capturing
photogenerated electrons from colloidal MoS2 nanosheet
suspensions.
Raman spectroscopy is a widely employed technique for

determining the number of layers and crystal phases of 2D
materials.49−51 For MoS2, the E2g (in-plane Raman mode) and
A1g (out-of-plane Raman mode) are the diagnostic Raman
modes used as an indicator of the number of layers by
measuring the difference in their frequencies.50,51 Typically,
when the frequency difference is between 18 and 20 cm−1, the
MoS2 flake is a monolayer, while a frequency difference of 20−
22 cm−1 corresponds to a bilayer MoS2, and a frequency
difference greater than 23 cm−1 indicates a tri- or multilayer
MoS2.

50,51 Additionally, the unique crystal structures of the
two phases of MoS2 result in different Raman features.52

Hence, we utilized a home-built Raman microscope53 to
monitor the number of layers and the phase of the colloidal
MoS2 sample before and after white light irradiation (Figure
6). It is important to note that the solvent control experiment,
i.e., without MoS2, indicates that there is no solvent
interference in the region of the E2g and A1g peaks.
The sample before irradiation (Figure 6) exhibits the two

Raman E2g and A1g signals at approximately 385 and 406 cm−1,
respectively, with a frequency difference of 21 cm−1, which
corresponds to a few-layer MoS2.

54 For the sample after
irradiation, the E2g mode remains almost unchanged in the
peak position, while the A1g peak splits and is suppressed in
intensity. Note that the MoS2 sample was subjected to a white
light irradiation for 30 min before taking the measurements. By
analyzing the Raman spectra with multipeak fitting, we
identified three peaks labeled as E2g, A1g*, and A1g, with peak
positions at approximately 385, 400, and 407 cm−1,
respectively. Intriguingly, the frequency difference between
E2g and A1g* is 15 cm−1, which is significantly lower than the
frequency difference of the E2g and A1g peaks of monolayer
MoS2. This implies that the photoinduced A1g* mode does not
arise from changes in the number of layers. It should be noted
that the photoinduced A1g* mode can also undergo dark
recovery to the original peak position and intensity. Recently,

Sun et al. observed an emergence of A1g* mode in
cetyltrimethylammonium cations (CTA+) intercalated
MoS2.

55 From their polarized and temperature-dependent
Raman measurements, they concluded that the A1g* peak
results from a similar vibration mode as the A1g peak,
suggesting CTA+ intercalation and electron doping. Thus, in
the current study, the emergence of the A1g* mode could be
rationalized by the intercalation of counterions, which is
essential for charge compensation to maintain overall neutral-
ity, especially in the presence of photogenerated electrons
accumulation. These counterions originate from THA+, used
during the sample preparation step. A more comprehensive
investigation on the role of different cations in charge
stabilization is currently underway.
To gain additional insights into the impact of photo-

generated electron accumulation on the colloidal MoS2 sample,
zeta potential and dynamic light scattering (DLS) measure-
ments were conducted to evaluate the overall charge and size,
before and after white light irradiation, as shown in Figure S3.
The zeta potential decreased from −65.7 to −46.9 mV as we
subjected the MoS2 suspension to photoirradiation (Figure
S3a). During the same period, size measurements conducted
via DLS revealed an increase in the effective size from 74.2 to
94.4 nm (Figure S3b). The decrease in zeta potential could be
attributed to two major factors: (1) particle aggregation and
(2) counterion intercalation. However, according to Raman
measurements (vide supra), we did not observe a substantial
increase in the frequency difference between the E2g and A1g
peaks after irradiation, thus ruling out any increase in the
number of layers−particle aggregation. By considering the
emergence of the A1g* Raman mode upon irradiation, we
conclude that the colloidal MoS2 undergoes counterion
intercalation to maintain the overall charge balance, resulting
in the decrease of the Zeta potential. The increase in size
(Figure S3b) also supports the proposed intercalation of the
counterions within the MoS2 lattice. It is worth noting that the
zeta potential measurements show that the colloidal MoS2
nanosheets before or after irradiation are both negatively
charged, ranging from −70 to −50 mV, thus rendering
excellent colloidal stability in polar solvents.
Further experiments to investigate the photoinduced

counterion intercalation were conducted using MoS2 films.
Postirradiated (100 mW/cm2, 30 min) colloidal MoS2
suspension was drop-cast immediately onto a microscope

Figure 6. Raman spectra of (a) PVP/IPA solvent and colloidal MoS2
nanosheets (b) before and (c) after white light irradiation. Following
white light irradiation, the A1g peak splits and red-shifts, denoted as
A1g*. The inset displays the vibrational modes of E1

2g and A1g of MoS2.
PVP/IPA solvent serves as the background (excitation wavelength =
532 nm)
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slide and left to air-dry. Remarkably, the postirradiated sample
did not undergo dark recovery, and the brown color persisted
for days without any noticeable changes (Figure S4). Similarly,
the nonirradiated film maintained its green color. To obtain
more insights into the origin of this peculiar behavior of MoS2
films, we performed Raman spectroscopy of the films, as shown
in Figure S4. The film containing nonirradiated MoS2 (green)
exhibits the E2g and A1g modes located at approximately 382
and 408 cm−1, respectively, with a frequency difference of 26
cm−1. The increase in the peak spacing indicates the formation
of multilayer MoS2. However, for the film with irradiated MoS2
(brown), the A1g mode was highly suppressed and the A1g*
mode became prominent. The difference in the extent of A1g to
A1g* conversion, between the MoS2 dispersion and films, can
be attributed by the change in the experimental conditions.
The persistence of the brown color and A1g* peak in film with
irradiated MoS2 further points to the counterion intercalation
of MoS2. In the case of colloidal MoS2, dark recovery was likely
made possible by the solvent system, as the charge
compensating ions can freely move. Further close analysis of
the 100−350 cm−1 region in the Raman spectra of the
respective MoS2 films revealed the absence of any character-
istic Raman modes associated with the 1T-MoS2 phase. This
observation further corroborates the preservation of semi-
conducting 2H-MoS2 before and after photogenerated electron
accumulation.
It is evident that photoexcitation of MoS2 induces the

generation and subsequent accumulation of electrons. We
propose that upon photoexcitation of colloidal MoS2, the holes
are scavenged by IPA leading to the accumulation of electrons.
These accumulated electrons induce changes in the optical
properties of MoS2; color changes from green to brown as the
absorption of the A and B excitonic peaks decrease (Scheme
1). In order to maintain the overall charge balance, the positive
counterions are consequently intercalated within the MoS2
lattice, as shown in Scheme 1. In the presence of a solvent, the
intercalated counterions are expelled when the accumulated
electrons are scavenged by oxygen or Fc+. In films, however,
the intercalated ions remain entrapped, thus stabilizing the
accumulated electrons. Counter ion intercalation to stabilize
injected electrons which usually reduces the metal ions to
lower valence state is seen for metal oxides (e.g., stabilization
of Ti3+ states in TiO2).

56−58

Based on the results from the environment-dependent
experiments, Raman spectroscopy, and zeta potential measure-
ments, we propose an underlying mechanism for photo-
generated electron accumulation in colloidal MoS2, as
illustrated in Scheme 1. Upon exposure to white light,
photogenerated electrons accumulate in colloidal MoS2, with

counterions intercalating within the MoS2 lattice to maintain
charge balance. The system undergoes dark recovery when the
light is cut off. Photoinduced electron accumulation induces
changes in the optical properties of MoS2 without undergoing
a phase transition, as the interlayer interaction is minimized.
The control experiments with solid-state samples imply that
counterion intercalation plays an essential role in stabilizing the
photogenerated electrons.
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Exposure and Its Decay Process (Light Off)a

aCounter ion: THA+.
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