Nanophotonics 2021; 10(2): 777–795

Review
Ting-Hsuan Lai, Ken-ichi Katsumata and Yung-Jung Hsu*

In situ charge carrier dynamics of
semiconductor nanostructures for advanced
photoelectrochemical and photocatalytic
applications
https://doi.org/10.1515/nanoph-2020-0472
Received August 13, 2020; accepted October 14, 2020;
published online November 16, 2020

Abstract: Using in situ ultrafast laser spectroscopic techniques to monitor the charge dynamics of semiconductor
photocatalysts under operating conditions is essential for
digging out the veritable interactions between charge carriers and the reactive species. This real-time observation is
desirable for optimizing individual components and their
integration in advanced photoelectrochemical (PEC) and
photocatalytic systems, which can achieve the “Holy Grail”
of solar energy harvesting and solar fuel generation. This
Review summarizes the recent developments of employing
transient absorption spectroscopy for in situ measurements of charge dynamics on semiconductor nanostructures. The implications in the PEC and photocatalytic
reactions toward hydrogen production and carbon dioxide
reduction will be discussed, along with future outlooks and
perspectives.
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1 Introduction
Over the past few decades, hundreds of thousands of
accomplished scientists have dedicated themselves to
finding a better energy source that can replace fossil fuels.
Plenty of strategies toward the development of clean,
sustainable energy resources have been proposed and
realized, such as solar heat collection [1, 2], thermoelectric
conversion [3, 4], photovoltaics [5, 6], water electrolysis
[7, 8], solar hydrogen production [9, 10], and carbon
dioxide reduction [11, 12]. A reliable and sustainable
alternative energy source must be realized to avoid a
serious energy crisis in coming decades. Among all the
strategies reported, hydrogen energy is one of the most
promising alternative energies. Several advantages, such
as a high heat value [13], elemental abundance, and
nontoxicity, have brought substantial attention to this
carbon-free energy. Two solar-to-hydrogen pathways have
been proposed and studied for decades, including
photoelectrochemical (PEC) [14] and photocatalytic water
splitting [15]. In these systems, speciﬁc semiconductor
nanostructures are selected as photoelectrodes and photocatalysts and brought into contact with water molecules
under solar light irradiation, dissociating water into
hydrogen and oxygen. This system is cost-effective and
simple for both laboratory and industrial production
scales. In addition to hydrogen production, the reduction
of carbon dioxide into solar fuels in PEC [16] and photocatalytic [17] processes has also triggered an everincreasing interest. This approach focuses on converting
greenhouse gases into valuable chemicals, opening a new
era of storing renewable energy in chemicals. Research on
the conversion and storage of solar energy in terms of
hydrogen or carbon-based fuels offers great potential for
solving the sustainable energy challenge.
PEC systems are a viable platform for solar energy
conversion. The PEC cell is inspired by the traditional electrochemical cell, in which solar energy and electrochemical
This work is licensed under the Creative Commons Attribution 4.0
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bias collaborate to drive the desired redox reactions on the
selected semiconductor photoelectrodes. With the help of
an electrochemical bias, solar energy can be efficiently
utilized, converted, and stored in another chemical form.
Photocatalysts, in the form of particular nanostructures, are
often used in a photocatalytic system in order to maximize
the available catalytically active sites. Despite the low
solar-to-fuel efﬁciency that is often reported [18–20], photocatalytic hydrogen production and carbon dioxide
reduction are still feasible, and represent cost-effective
solutions to meet the global energy demand. In general,
single, plain semiconductors without further modiﬁcations
suffer from pronounced charge carrier recombination due to
Coulomb force. Upon photoexcitation, the negatively
charged electrons in the conduction band are naturally
bound to the positively charged holes in the valence band
by the electrostatic Coulomb attraction [21]. For plain
semiconductors, the bound electrons and holes are prone to
recombination because of the lack of driving force of pulling
them apart, limiting their further participation in surface
redox reactions. The design and engineering of ingenious
materials, such as heterostructure introduction [22], cocatalyst deposition [23] and dopant introduction [24–26], are
thus essential to expediting the charge carrier transfer. If
charge carriers survive recombination and live long
enough, they can diffuse to the surface of the photoelectrodes and photocatalysts participating in the desired
catalytic reactions. Whether the delocalized charge carriers
can be effectively separated and injected into the electrolyte
dramatically affects the overall PEC and photocatalytic
performance. The charge transfer and recombination at the
semiconductor surface is a relatively slow process that lies
in the microseconds (μs) or even milliseconds (ms) timescale [27, 28]. Therefore, charge dynamics at the semiconductor’s surface is the rate-determining step of the
surface redox reactions and play a decisive role in the PEC
and photocatalytic processes. A thorough analysis and
study of the interfacial charge dynamics must be conducted
beforehand in an effort to construct the true reaction
mechanism for maximizing the solar-to-fuel conversion efﬁciency. In particular, for carbon dioxide reduction the
entire reaction involves multielectron transfer pathways
[29–31], which makes it exceedingly challenging to
comprehend. Realizing the real reaction mechanism has
thus become indispensable to the widespread deployment
of PEC and photocatalytic techniques.
Transient absorption (TA) spectroscopy is a powerful
tool for examining the charge transfer events of semiconductor nanostructures [32, 33]. Ex situ measurement is
a common method for analyzing the charge dynamics
properties of semiconductors by TA. During the measurements, the samples are either placed in air or
dispersed in a speciﬁc solvent (water or ethanol) in order

to meet the criteria of the spectroscopic setup. Although
much progress has been made, the derived charge
transfer scenarios from ex situ TA measurements are
often distorted and unreliable because the operating
conditions, such as external bias and electrolyte presence, are not considered. To address this issue, real-time
investigation of charge dynamics via in situ TA experiments has drawn increasing attention. Important experimental factors, such as the application of
electrochemical bias, the use of electrolytes and the
concurrent occurrence of surface redox reactions, can be
addressed by in situ measurements. In this Review, we
summarize the recent progress of employing in situ
TA spectroscopy when studying the interfacial charge
dynamics of semiconductor nanostructures for hydrogen
production and carbon dioxide reduction. As depicted in
Scheme 1, representative research works that report the
real-time charge dynamics of photoelectrodes and photocatalysts by conducting in situ TA measurements will
be introduced. The content of this Review is divided into
four parts. In the ﬁrst part, we introduce the basic principle of employing TA spectroscopy when analyzing the
charge dynamics of semiconductor nanostructures.
Following that, previous studies on representative photoelectrodes (TiO2, BiVO4, WO3, α-Fe2O3) and photocatalysts (Cu2O, TiO2) are reviewed. Perspectives on the
future directions for real-time charge dynamics of photoelectrodes and photocatalysts are provided at the end
of the Review.

2 TA spectroscopy
TA spectroscopy is a typical pump–probe spectroscopic
technique, which measures the temporal absorption
changes of the samples before and after excitation [34]. A
basic setup of TA spectroscopy is composed of an ultrafast
monochromatic laser excitation, a low-energy broadband
probing light and a spectrometer recording the absorbance
of the samples [35]. The samples are ﬁrst excited by an
ultrafast fs pump laser. The duration of laser pulse should
be carefully tuned to produce a suitable spectral width for
studying speciﬁc excited state dynamics. After a certain
amount of time, the absorbance of the samples is
measured by a second probe beam. This probe beam
usually ranges from 400 to 1000 nm and should be weak
enough to avoid any multiphoton processes. By introducing a time variable, the absorbance variation proﬁle
over time can be collected and analyzed. As illustrated in
Figure 1, the difference in the absorption spectrum (ΔA) is
obtained by subtracting the absorption spectrum of
the samples at the ground state (Apump, Figure 1A) from
the absorption spectrum collected at the excited state
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Scheme 1: Illustrations of employing in situ
transient absorption (TA) spectroscopy to
elucidate the veritable charge dynamics
scenarios for semiconductor
photoelectrodes and photocatalysts.

(Aprobe, Figure 1B), i.e. ΔA = Aprobe − Apump. The spectrum of
ΔA as a function of delay time (τ) and wavelength (λ) can be
collected by tuning the delay time between the pump laser
and probe beam (Figure 1C). Two types of spectroscopic
proﬁles can be derived from the three-dimensional contour data, including a single-wavelength and a singletime point analysis. The single-wavelength proﬁle can be
interpreted to describe the excited states’ deactivation
processes, such as electron–hole recombination, interfacial charge transfer, charge trapping, etc. First-order trap
state-mediated recombination and second-order free
carrier recombination kinetics models can be used to
analyze these kinetics processes both systematically and
quantitatively. On the other hand, the single-time proﬁle
provides quantitative information of excited states’
deactivation in a selected timeframe. Direct comparison of
the variance of carrier concentration in a speciﬁc pathway
is possible by simply evaluating the amplitude contribution of the TA component. There are four probable
mechanisms accountable for different ΔA behaviors,
which include ground state bleaching (GSB), stimulated
emission (SE), excited state absorption (ESA) and product
absorption (PA) [35, 36]. As displayed in Figure 1D, GSB
originates from the reduced number of charge carriers in
the ground state for the excited samples. In other words,
the absorbance of the excited samples (Aprobe) is lower
than the absorbance of the nonexcited samples (Apump),

producing negative signals in the ΔA spectrum. SE refers
to a two-level process, in which the photons of the probing
light interact with the excited electrons, inducing an
emission of additional photons with the spectral feature
following the ﬂuorescence of the samples. This transition
causes an increase in transmitted intensity recorded by
the detector, giving an intrinsically negative absorbance
(Aprobe < 0). Because SE only occurs in the excited state,
the corresponding ground state absorption is supposed
to be approaching zero (Apump = 0), leading to negative
ΔA signals in the TA proﬁle. ESA on the other hand
describes the charge carrier relaxation from the excited
state to the higher excited state upon photoexcitation.
Since only probing light is absorbed (Aprobe > 0 and
Apump = 0), positive ΔA signals are expected in the TA
proﬁle. Similar to ESA, PA represents speciﬁc electronic
transition processes that only take place upon photoexcitation. Long-lived charge transfer events associated
with triplet states, charge separation and isomeric transition are possible causes. Absorption of these events by
probing light then appears as positive ΔA in the TA proﬁle.
TA spectroscopy allows us to monitor the charge carrier
dynamics within semiconductor nanostructures by means
of spectroscopic characterization. A thorough understanding of the photophysics beyond the collected TA
data is essential for interpreting the interfacial charge
dynamics of semiconductor nanostructures.
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Figure 1: Basic mechanism of transient absorption (TA)
spectroscopy.
(A) ground state absorption spectrum, (B) excited state absorption
spectrum, (C) TA proﬁle probed at a speciﬁc wavelength, (D) four
possible mechanisms contributing to the recorded TA signals.

3 PEC systems
Charge carrier dynamics of semiconductor nanostructures
in PEC systems have been studied and reported with the
help of in situ TA spectroscopy. Several common semiconductor materials have been used as photoelectrodes
when studying in situ TA, including TiO2 photoanodes
[37–40], BiVO4 photoanodes [41, 42], WO3 photoanodes
[43–45], α-Fe2O3 photoanodes [46–50], and ZnTe photocathodes [51]. In this section, we introduce several representative works to highlight the importance of using in situ
TA spectroscopy toward the realization of interfacial
charge dynamics for photoelectrodes under operating
conditions.

3.1 TiO2 photoanodes
Since the first report of the photoactivity property of
TiO2 by Fujishima and Honda [52], this photoelectrode
archetype has been thoroughly studied over the past few
decades. TiO2 photoelectrodes have several advantages,
such as having a high stability, a low cost, and being

environmental-friendly. Therefore, TiO2 has been widely
used in various PEC applications, including PEC water
splitting [53–58], PEC fuel cells [59], PEC dye degradation
[60–62] and PEC sensing [63–66]. Cowan et al. reported
the charge carrier dynamics within a TiO2 photoanode
under PEC operating conditions [38]. Nanocrystalline
rutile TiO2 ﬁlms (nc-TiO2) were deposited on the conductive ﬂuorine-doped tin oxide substrate. A linear-sweep
voltammetry measurement revealed that the onset potential of anodic photocurrent was approximately −0.8 V
(vs. Ag/AgCl). The photocurrent reached a saturated value
of 50 μA at −0.5 V. In situ TA spectroscopy was used to
quantitatively analyze the carrier dynamics, providing a
better understanding of charge transfer scenarios during
the PEC reaction. In Figure 2A, the TA data were collected
at 10 μs and 5 ms after the excitation of a 355 nm UV light
(pump) at −0.9 and 0 V. At −0.9 V (a potential less anodic
than the onset potential), a broad featureless absorption
decay within a 10 μs to 5 ms timescale was observed.
Under UV excitation, the absorption band of the photoholes and trapped photoelectrons were located at 450
[67, 68] and 770 nm [69], respectively. Therefore, the
overlapped absorption of the photoholes and trapped
photoelectrons led to the broad featureless absorption
decay. However, at a largely anodic bias (0 V), a strong
absorption band around 460 nm was found, which could
be attributed to the long-lived photoholes. A similar
spectral feature attributable to the photoholes was also
observed on platinized nc-TiO2 (Pt-nc-TiO2) [70]. This
absorption can still be observed at 5 ms after the UV
excitation. In contrast, the absorption of trapped photoelectrons around 800 nm completely decayed within 5 ms
after UV excitation. In Figure 2B, the decay proﬁle was
probed at 460 nm at 0 V. This decay proﬁle can be ﬁtted by
two decay components: (1) power law decay and (2)
stretched exponential decay. The fast component (1) can
be attributed to electron–hole recombination, while the
slow component (2) can be assigned to the oxidation
reaction between photoholes and water at the photoelectrode surface. The slow component has a lifetime of
30 ms, suggesting that the formation of long-lived photoholes is a prerequisite for the water splitting reaction
[71]. From the inset of Figure 2B, the TA proﬁle of the
photoholes showed a longer lifetime than the proﬁle of
the trapped photoelectrons. Meanwhile, the proﬁle of the
trapped photoelectrons was highly similar to the fast
decay component of the TA proﬁle of photoholes. Therefore, it can be concluded that the early stage of photoholes
absorption is dominated by electron–hole recombination,
and the oxidation reaction between photoholes and water
contributes to the late stage of the decay proﬁle.
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Figure 2: (A) In situ transient absorption (TA) spectra of nc-TiO2 recorded at −0.9 and 0 V in 0.05 M NaOH at 10 μs and 5 ms after UV excitation
(355 nm, 250 μJ cm−2). The Pt-nc-TiO2 spectrum was adopted from the literature [70]. (B) TA proﬁle of the photoholes (460 nm) at 0 V. Inset
highlights the difference in the TA proﬁle between the photoholes (460 nm) and trapped photoelectrons (800 nm). (C–D) TA proﬁles of trapped
photoelectrons (C panel) and photoholes (D panel) under different applied biases. (E) Proposed charge dynamics mechanism of nc-TiO2.
Reprinted with permission from a study by Cowan et al. [38]. Copyright 2010 American Chemical Society. (F) TA proﬁle of photoholes for nc-TiO2
(460 nm) at 0 V in 0.5 M NaClO4 under UV excitation (355 nm, 35 μJ cm−2) and its correlation with the fractional yield of photoholes. (G) TA
proﬁles of photoholes under different applied biases. (H) Correlation of the two ηsep values derived from incident photon-to-current conversion
efﬁciency (IPCE) and TA measurements with the applied bias under UV excitation (355 nm and 3.7 mW cm−2 for IPCE; 355 nm and 35 μJ cm−2 for
TA). Reprinted with permission from a study by Cowan et al. [40]. Copyright 2013 Royal Society of Chemistry.

In Figure 2C, the absorption of trapped photoelectrons
gradually increased when the applied bias was anodically
shifted from −0.9 to 0 V. The electron density in the
interband trap states decreased under a more anodic bias
condition, and this decrease contributed to the prolonged
lifetime of the trapped photoelectrons. The decay proﬁles
of photoholes were also recorded under different applied
biases. As shown in Figure 2D, these proﬁles again
displayed two decay components. At a potential more
anodic than −0.5 V, no appreciable change in the TA
proﬁle of photoholes could be found. This feature was
consistent with the observed photocurrent saturation
at −0.5 V. Noticeably, the electron–hole recombination
(fast component) showed a decreased rate at a more
anodic bias. This would result in a larger proportion of
photoholes that could react with water, therefore

enhancing the overall water oxidation efﬁciency.
Figure 2E depicts the plausible charge dynamics pathways for an nc-TiO2 photoanode. After UV excitation, the
photoholes would either recombine with the trapped
photoelectrons or live long enough to react with water.
Under an anodic bias condition, the trapped photoelectrons would be detrapped and transfer to the counter
electrode, preventing them from recombining with photoholes. Meanwhile, the remaining photoholes would
further react with the water, undergoing a water oxidation
reaction.
Another study conducted by Cowan et al. researched
the reasons for the low incident photon-to-current
conversion efﬁciency (IPCE) of nc-TiO2 by analyzing
the in situ TA data [40]. An equation commonly used to
evaluate the factors affecting IPCE value can be shown by
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ηIPCE (λ) = ηLH (λ)ηsep (λ)ηcol (λ). Here, light harvesting
efﬁciency (ηLH) can be measured by UV–visible spectroscopy, which was 0.35 for an nc-TiO2 electrode with a
thickness of 1.1 μm. The charge collection efﬁciency
(ηcol (λ)) is approximated to be ∼1 by considering that the
electron diffusion length is larger than the photoanode
thickness under a sufﬁciently large applied bias [72]. The
charge separation efﬁciency (ηsep (λ)) can then be derived
from the equation. In Figure 2F, the TA proﬁle of photoholes probed at 460 nm can be well ﬁtted to a stretched
b1

b2

biexponential function (ΔA(t) = A1 e(−t/τ1 ) + A2 e(−t/τ2 ) ).
The absorption decay proﬁles of photoholes under various
applied biases are further shown in Figure 2G. The fractional yield of photoholes, deﬁned as [h+]t/[h+]t=0, was also
computed from the slow decay component to represent the
empirical value of ηsep. As the applied bias anodically
shifted from −0.185 to −0.060 V (vs. Ag/AgCl), the magnitude of the fast component increased due to a decrease in
the electron–hole recombination rate. The suppression of
the electron–hole recombination ensures the survival of
long-lived photoholes, which are beneﬁcial for water
oxidation reactions. The magnitude of the slow component
also increased as the photoanode was anodically biased
from −0.185 to −0.060 V. At a bias more anodic
than −0.060 V, no signiﬁcant change in the TA signal was
observed, which was again consistent with the photocurrent saturation recorded at −0.060 V. In Figure 2H, the
good agreement between the empirical ηsep from TA proﬁles and the computed ηsep from the IPCE measurements
demonstrated the validity of both approaches for determining ηsep. In both experiments, ηsep was found to increase with the applied bias from −0.185 to −0.06 V prior to
plateauing at a bias more anodic than −0.06 V. This result
demonstrates that the charge separation efﬁciency is the
main reason accounting for the photocurrent generation in
a PEC water splitting reaction.
In order to enhance the PEC performance of TiO2,
numerous strategies have been reported, such as foreigner
element doping [55, 73], metal particle deposition [53, 56],
type-II/Z-scheme heterojunction introduction [54, 57, 74],
and photosensitizer incorporation [75, 76]. Pesci et al.
studied oxygen-deﬁcient, hydrogen-treated rutile TiO2
(H:TiO2) nanowire photoanodes [39] and conducted in situ
TA measurements under various biases to establish a
plausible charge dynamics mechanism. Figure 3A shows
the band structure of air-annealed (A:TiO2) and H:TiO2.
After the hydrogen treatment, the concentration of oxygen
vacancies (VO) increases. Note that the energetic states of
VO lie within the bandgap, which are around 0.75 and
1.18 V below the conduction band edge. These VO states can

serve as electron donors (EDs) to increase the carrier
concentration. In the PEC system under an applied bias,
the increased donor concentration can also assist in
suppressing electron–hole recombination because the
photovoltage drop across the depletion layer is greatly
enhanced. In Figure 3B, the linear-sweep voltammograms
are in a good agreement with the TA amplitude change
probed at 500 nm and 10 ms after excitation under various
biases. Since photoholes play a decisive role in the water
oxidation activity, the results of Figure 3B further validate
that the TA signals in the 425–550 nm region were
contributed to by the photohole dynamics of rutile TiO2.
Figure 3C compares the in situ TA proﬁles between H:TiO2
and A:TiO2. At −0.85 V (vs. Ag/AgCl), both H:TiO2 and
A:TiO2 showed power law decay kinetics with a short carrier lifetime and indistinguishable kinetics proﬁles for the
photoholes (500 nm) and trapped photoelectrons (800 nm)
at the ms–sec timescale. This feature is characteristic of the
pronounced electron–hole recombination. As the applied
bias shifts anodically to −0.6 V, there is a relatively large
increase in the absorbance for H:TiO2 at the early timescale
(1–10 µs). Such an absorbance increase reﬂects an
increased yield of photoelectrons and photoholes, indicating the suppression of fast recombination under an
anodic bias. In contrast, A:TiO2 shows a minimal change in
the charge carrier yield as the applied bias is anodically
varied. This outcome suggests that the early charge separation process is essential to enhancing the photoactivity of
H:TiO2. Another conspicuous feature from Figure 3C is that
the decay kinetics of photoelectrons and photoholes are
decoupled at the ms–sec timescale. This observation
indicates that processes other than electron–hole recombination can occur under anodic bias conditions. In
Figure 3D, the TA proﬁles of photoholes (500 nm) and
trapped photoelectrons (800 nm) at −0.6 V for H:TiO2 and
A:TiO2 are compared. For H:TiO2, the trapped photoelectrons decay by more than 50% in the early stage (10 μs to
1 ms), whereas the photoholes remain almost unchanged at
the same timescale. The fast decay of trapped photoelectrons follows a power law kinetics model (τ = 14 ms) and is
attributed to the electron transfer to the external circuit.
However, the slow decay of photoholes can be well ﬁtted
with a single stretched exponential function (τ = 0.15 s) and
is assigned to the hole injection into the electrolyte.
This timescale is at the same magnitude with the photohole lifetime (τ = 0.03–0.4 s) required for effective water
oxidation on anatase TiO2 photoelectrodes [77].
Conversely, on A:TiO2, the photohole decay proﬁle
at −0.6 V can be ﬁtted by a combination of stretched
exponential and power law functions, implying there are at
least two probable photohole transfer pathways. The fast
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Figure 3: (A) Proposed charge dynamics mechanism of A:TiO2 and H:TiO2 at an anodic bias after UV excitation. kct, kr and ket respectively stand
for the rate constants of the charge transfer into the solution, the charge recombination, and the electron transfer. E1O and E2O respectively
denote the two states of VO at 0.75 and 1.2 eV below the conduction band edge. (B) Linear-sweep voltammograms and in situ transient
absorption (TA) amplitude change at 500 nm and 10 ms after UV excitation (λ = 355 nm, 70 μJ cm−2) for A:TiO2 and H:TiO2 in 1 M NaOH under
various applied biases. (C) TA proﬁles of A:TiO2 and H:TiO2 at different applied biases. (D) TA decay proﬁles of photoholes (500 nm) and
trapped photoelectrons (800 nm) for H:TiO2 and A:TiO2 at −0.6 V. Reprinted with permission from a study by Pesci et al. [39]. Copyright 2013
American Chemical Society.

decay component is assigned to electron–hole recombination, whereas the slow decay component is attributed to
a photohole injection into the solution. These two events
compete with one another and deteriorate the water
oxidation activity.

3.2 BiVO4 photoanodes
BiVO4 is an n-type semiconductor with a narrow bandgap
(Eg = 2.4 eV) that is suitable for visible light absorption. In
addition, the relatively cathodic valence band edge
(EVB = +2.5 V vs. NHE) [78] is able to drive many oxidation
reactions. However, BiVO4 suffers from a short hole

diffusion length that makes the overall solar-to-fuel efﬁciency low. Zhang et al. reported a black phosphorene
(BP)–deposited BiVO4 (BP/BiVO4) nanostructure photoanode, in which the BP layer could facilitate photohole
extraction as a result of the p–n band alignment, promoting the overall water oxidation efﬁciency. The
morphology of the prepared BiVO4 and BP/BiVO4 nanostructures is revealed in Figure 4A, showing a thickness of
approximately 1 µm. In order to elucidate the veritable
charge dynamics of BP/BVO, in situ TA measurements
were performed. Note that the TA signals of the photoholes of BP/BVO are situated around 400–700 nm [79]. To
acquire information on the photohole dynamics, the
TA proﬁles were probed at 500 nm under open-circuit
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Figure 4: (A) SEM images of BiVO4 and black phosphorene (BP)/BiVO4. (B–C) In situ TA proﬁles of the photoholes (500 nm) for BiVO4 and BP/
BiVO4 at OCP (B panel) and 0.8 V (C panel) in 0.5 M KPi. (D) Fitting parameters of the recorded TA proﬁles. (E) ηsep of BiVO4 and BP/BiVO4 at
different applied biases. Reprinted with permission from a study by Zhang et al. [42]. Copyright 2019 Springer Nature.

potential (OCP) and 0.8 V (vs. Ag/AgCl). In Figure 4B and
C, the collected TA spectra are ﬁtted by a biexponential
decay model (ΔA(t) = A1 e(−t/τ1 ) + A2 e(−t/τ2 ) ) composed of a
fast decay component (τ1) and a slow decay (τ2). The
corresponding ﬁtting parameters are summarized in
Figure 4D. The fast component (τ1) can be ascribed to
the trapping of photoholes at the band edge of BiVO4, and
the slow component (τ2) can be attributed to photohole
trapping at the electrode/electrolyte interface. Under an
applied bias of 0.8 V, both pure BiVO4 and BP/BiVO4
displayed a reduced τ1, which can be understood by
the fact that an applied bias can facilitate photohole
transportation. The τ2 value of pure BiVO4 remained unchanged at 0.8 V, while the τ2 value of BP/BiVO4 doubled.
The twofold increase of τ2 indicated that the photoholes
were efﬁciently extracted from BiVO4 to the electrode/
electrolyte interface by BP deposition. The increased
yield of the photoholes was expected to promote the water oxidation performance. The charge separation
efﬁciencies (ηsep) were also measured and shown in
Figure 4E, which showed a 4.4% enhancement via BP
deposition under 1.23 V (vs. RHE). This result further
corroborates the beneﬁcial function of BP as a photohole
extractor.
Another strategy for enhancing the solar-to-fuel efficiency of BiVO4 is to introduce a type-II band alignment,
which can achieve a pronounced charge carrier separation. WO3-modiﬁed BiVO4 (WO3/BiVO4) is a common
type-II heterostructure model studied in PEC water

splitting systems. The band alignment allows photoelectrons to ﬂow from the BiVO4 to the WO3 domain, leaving
the photoholes in the BiVO4 domain to conduct a water
oxidation reaction. Selim et al. [80] reported the interfacial charge dynamics of WO3/BiVO4 by using in situ TA
spectroscopy. Figure 5A and B shows the TA spectra under
1.23 V (vs. RHE) and OCP at 10 µs and 10 ms after excitation. Note that the samples were excited from the BiVO4
side with the aim of exclusively studying the dynamics of
the charge transfer from BiVO4 to WO3. Under 1.23 V, the
TA proﬁle of pure BiVO4 exhibits a maximum absorption
at 550 nm, whereas the TA proﬁle of WO3/BiVO4 shows an
additional absorption band at a long wavelength that
disappears by 10 ms. Previous work has shown that the
photoelectrons of WO3 exhibit a broad absorption around
800 nm [45, 81]. Because WO3 was not excited in the
current TA setup, the photoelectron signal of WO3 at a
long wavelength region was attributed to the photoelectron transfer from BiVO4 to WO3 at a µs timescale. However, at the OCP there was no noticeable difference in the
TA decay between BiVO4 and WO3/BiVO4. Importantly,
the lack of a photoelectron signal for WO3/BiVO4 suggested that an applied bias was necessary for prompting
the photoelectron transfer from BiVO4 to WO3. In
Figure 5C and D, the TA proﬁles of photoholes (500 nm) of
pure BiVO4 and WO3/BiVO4 were compared under
different applied biases. These kinetics traces could be
ﬁtted with a combination of a power law and a single
exponential function. The photohole yield increased with
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an increasing anodic bias, with WO3/BiVO4 showing a
more pronounced enhancement. Note than the anodic
bias could create a wider depletion layer at the electrode/
electrolyte interface, which increased the band bending to
promote photohole accumulation at the photoanode
surface. For pure BiVO4, which showed biphasic TA kinetics, two pathways of photohole dynamics were
considered: trap-mediated bimolecular recombination at
an early timescale (μs–ms) and water oxidation process
coupled with back electron–hole recombination at a slow
timescale (ms–sec). Compared with BiVO4 (τ = 0.18 s at
1.2 V), WO3/BiVO4 showed an increased lifetime of photoholes (τ = 0.29 s at 1.2 V), demonstrating the suppression
of bimolecular recombination by the introduction of WO3.
The plausible charge dynamics mechanism is shown in
Figure 5E and F. In pure BiVO4, photoholes suffer from
bimolecular recombination, and thus the water oxidation
performance is limited. With the introduction of WO3,
photoelectron transfer from BiVO4 to WO3, prohibiting
charge carriers from bimolecular recombination. This
results in the formation of long-lived photoholes at BiVO4,
which has been considered as a requisite for driving
efﬁcient water oxidation on BiVO4 [82].
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3.3 WO3 photoanodes
WO3 is another well-reported n-type semiconductor for
use as a photoanode in PEC water splitting thanks to
the visible light-responsive band structure (Eg = 2.5 eV).
However, the fast charge recombination at the surface
defect sites (W5+ and surface states) hinders the overall PEC
performance. Several strategies have been proposed to
address this issue, such as hydrogen treatment [83, 84],
co-catalyst deposition [85–87] and passivation layer
introduction [88, 89]. Kim et al. reported an efﬁcient
surface passivation approach for decreasing the photoelectron trapping event for WO3 using an Al2O3 overlayer
[44]. The photoanode was fabricated by depositing a
5.3-nm-thick Al2O3 layer on WO3 thin ﬁlms (WO3/Al2O3).
The deposited Al2O3 not only promoted photoelectron
transfer to the external circuit by passivating the electron
traps but also boosted the water oxidation kinetics by
arousing the photohole trapping process. The photoelectron trapping event was ﬁrst examined with a steadystate absorption spectroscopy under two distinct applied
biases, one above the photocurrent onset (1.3 V [vs.
Ag/AgCl]) and the other one below the photocurrent onset

Figure 5: (A, B) In situ transient absorption (TA) spectra of BiVO4 and WO3/BiVO4 at 1.23 V (A panel) and open-circuit potential (OCP) (B panel)
in a 0.1 M phosphate buffer recorded at 10 μs and 10 ms after UV excitation (355 nm, 500 μJ cm−2). (C, D) TA proﬁles of photoholes (500 nm) of
BiVO4 and WO3/BiVO4 at different applied biases. (E, F) Proposed charge dynamics mechanism of BiVO4 and WO3/BiVO4, in which (i) represents water oxidation at the BiVO4 surface, (ii) denotes the electron transfer from BiVO4 to WO3 and (iii) stands for the photoelectron
extraction from the photoanode to the external circuit. Reprinted with permission from a study by Selim et al. [80] Copyright 2013 Royal Society
of Chemistry.
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Figure 6: (A) Absorbance change at 800 nm for pure WO3 and Al2O3/WO3 at different applied biases in Ar-purged 0.1 M HClO4.
(B) Transient absorption (TA) proﬁles of photoholes (480 nm) at open-circuit potential (OCP) and 1.3 V after UV excitation (355 nm, 250 μJ
pulse−1). (C) TA spectra of pure WO3 and Al2O3/WO3 at 1.3 V and 2 μs after UV excitation. A, B represents the subtracted spectrum.
(D) Proposed charge dynamics mechanism of pure WO3 and Al2O3/WO3 under a bias condition. (E) Deconvoluted TA spectra of pure WO3 and
Al2O3/WO3 at 1.3 V and 2 μs after UV excitation. Reprinted with permission from a study by Kim et al. [44]. Copyright 2013 Royal Society of
Chemistry.

(0 V [vs. Ag/AgCl]). In Figure 6A, the absorbance change at
800 nm of pure WO3 and Al2O3/WO3 was measured under a
bias condition. Here, the absorption at 800 nm could be
attributed to photoelectron trapping signal of WO3 [90],
which remained unchanged at 1.3 V, despite the deposition
of Al2O3. However, at 0 V there was a notable absorbance
increase indicative of photoelectron accumulation on both
pure WO3 and Al2O3/WO3. Importantly, the photoelectron
accumulation of WO3 (absorbance at 800 nm) was largely
reduced upon the deposition of Al2O3. This result indicates
that Al2O3 could passivate the electron traps of WO3 to
promote photoelectron transfer to the external circuit. This
would further mediate the photohole dynamics of WO3 to
affect the overall PEC performance.
In situ TA spectroscopy was further performed to
investigate the photohole dynamics. In Figure 6B, the TA
proﬁles of trapped photoholes (480 nm [81]) at OCP
and 1.3 V for pure WO3 and Al2O3/WO3 were compared.
The yield of the trapped photoholes (i.e., the TA intensity)
of Al2O3/WO3 was largely increased at 1.3 V, while the
increased photohole yield of pure WO3 was less pronounced. This comparison suggests that Al2O3 passivation can enhance the number of trapped photoholes for
WO3. To conﬁrm this argument, the TA spectra of pure

WO3 at 1.3 V and 2 µs after UV excitation were subtracted
from those of Al2O3/WO3 to reveal the photohole population as a result of the Al2O3 passivation. As Figure 6C
shows, the spectral subtraction (A, B) reveals a substantial increase in the photohole trapping signal at 480 nm.
This outcome corroborates that the increased photohole
trapping also contributed to the better PEC performance of
Al2O3/WO3. Figure 6D depicts the proposed charge dynamics mechanism for pure WO3 and Al2O3/WO3. For pure
WO3, trapped photoelectrons dominated the charge
transfer dynamics to hinder the PEC performance. Upon
Al2O3 deposition, the electron traps of WO3 could be
passivated, accompanied by an increased population of
trapped photoholes, both of which were beneﬁcial for PEC
water oxidation. In Figure 6E, the deconvoluted TA
spectra could be utilized to quantify the number of trapped photoelectrons and photoholes for pure WO3 and
Al2O3/WO3. The trapped photohole population of
Al2O3/WO3 was three times higher than that of pure WO3.
On the other hand, the number of trapped photoelectrons
of Al2O3/WO3 was merely 20% of the number of Al2O3/
WO3. This result conﬁrmed the beneﬁt of Al2O3 deposition
for enhancing the PEC water oxidation activity of WO3 by
mediating interfacial charge dynamics.
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3.4 α-Fe2O3 photoanodes
α-Fe2O3 (hematite) is a well-reported promising photoanode material with several advantages. The bandgap of
α-Fe2O3 (Eg = 2.1 eV) [91] is capable of visible light
absorption, and the valence band edge (EVB = +2.38 V vs.
NHE) [92, 93] is thermodynamically suitable for water
oxidation reactions. However, there are several intrinsic
properties that deteriorate the solar-to-fuel efﬁciency of
α-Fe2O3. The drawbacks include limited photon harvesting
due to the high light penetration depth [94], and the
incapability of hydrogen production because of an unfavorable conduction band edge (ECB = +0.28 V vs. NHE) [95],
as well as sluggish water oxidation kinetics resulting from
a short photohole diffusion [96]. The issue of photohole
dynamics is particularly critical, thus invigorating broad
interests in studying the charge dynamics of α-Fe2O3.
Barroso et al. [47] reported a perspective that summarized
the recent studies on interfacial charge dynamics for
α-Fe2O3 by employing in situ TA spectroscopy. Figure 7A
shows the in situ TA spectra at 800 nm for Si-doped α-Fe2O3
photoanode. Under 0.5 V (vs. RHE) (around the ﬂat-band
potential), the spectrum exhibits a positive absorption at
580 nm, which rapidly decays within a few ms due to fast
electron–hole recombination. As the applied bias anodically shifts from 0.8 to 1.6 V, the TA lifetime notably increases by three orders of magnitude. A broad, long-lived
absorption centered at approximately 650 nm and a narrow, negative bleaching at 580 nm can also be noticed. To
gain insights into these origins, TA proﬁles at different
applied biases were further probed at 650 and 580 nm. In
Figure 7B, the TA absorption at 650 nm exhibits biphasic
decay kinetics at a bias more anodic than 0.8 V. A fast
decay component is observed at a timescale <10 ms,
followed by a slow decay feature beyond 10 ms. The fast
decay component can be attributed to electron–hole
recombination, which is suppressed under more anodic
bias conditions. The depressed charge recombination is
due to the formation of a depletion layer rendered by
the applied bias. However, the slow decay term can be
attributed to the formation of long-lived photoholes. In
Figure 7C, the TA bleaching at 580 nm can be ascribed to
the electronic transition from the valence band to the
shallow localized states below the conduction band. Note
that the negative bleaching reﬂects a photoelectron trapping
event at these intraband states, while the positive absorption corresponds to a photohole trapping process. At 0.5 V, a
nearly unbiased condition, the intraband states are ﬁlled
with electrons and thus function as photohole traps. Upon
UV excitation, the rapid photohole trapping process induces
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an ESA, producing positive TA signals at 580 nm observed at
0.5 V. Under anodic bias conditions (0.8 to 1.6 V), these
intraband states are oxidized to become electron traps. The
trapping of photoelectrons on the intraband states then give
rise to negative TA bleaching signals.
The origins of the two TA signals at 650 and 580 nm
are depicted in Figure 7D. Attention was ﬁrst given to the
long-lived absorption feature at 650 nm. Under an anodic
bias condition, a depletion layer was formed at the
photoanode surface, which facilitated charge carrier
separation to enable photohole accumulation. The recorded long-lived TA absorption with a considerably long
lifetime (>1 s) supported the argument. Figure 7E further
shows the correlation between the amplitude of the slow
decay term at 650 nm and the PEC activity of the α-Fe2O3
photoanode under different applied biases. The two traces
exhibited a similar onset potential and a bias-dependent
relation. This consistency conﬁrmed that the slow decay
term at 650 nm under an anodic bias resulted from the
long-lived photoholes, which was decisive to the water
oxidation activity. On the other hand, the TA bleaching at
580 nm under different applied biases was also analyzed.
In Figure 7F, the amplitude of the bleaching at 580 nm was
found to increase with the square root of the applied bias.
This relation is similar to the square-dependence of the
depletion layer thickness on the potential drop across the
depletion layer [97]. Such a similarity demonstrates that
the TA bleaching at 580 nm derived from charge carrier
generation within the depletion layer. Figure 7G depicts the
conceived charge dynamics mechanism of the α-Fe2O3
photoanode at different anodic biases. At 0.5 V, a nearly
unbiased condition, the Fermi level of α-Fe2O3 is close to
the conduction band edge, resulting in electron donation
to the intraband trap states. Upon photoexcitation, the
photoholes are rapidly captured by these states (<1 µs),
resulting in the positive TA absorption signals at 580 nm.
This TA absorption rapidly decays as the photoelectrons
are subject to recombination with the trapped photoholes.
At 1.1 V, a moderate bias, a depletion layer is formed at the
photoanode surface, sweeping out the trapped photoelectrons and emptying the intraband trap states inside the
depletion layer. Under this situation, the intraband states
serve as electron traps, capturing photoelectrons (<1 ms)
to cause TA bleaching. The trapped photoelectrons subsequently recombine with the photoholes on the ms timescale. At 1.6 V, a highly anodic bias, the strong built-in ﬁeld
drifted most of the trapped photoelectrons to the external
circuit. Therefore, the photoholes at the valence band
accumulate and diffuse to the photoanode surface, driving
water oxidation reactions on the timescale of a few
seconds.
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Figure 7: (A) In situ transient absorption (TA) spectra of Si-doped α-Fe2O3 photoanode at different applied biases after UV excitation (355 nm,
200 μJ cm−2). (B, C) TA proﬁles at 650 nm (b panel) and 580 nm (C panel) at different applied biases. (D) Origins of the two TA signals at 650 and
580 nm. (E) Correlation between the photocurrent and TA amplitude at 650 and 580 nm at 100 ms after UV excitation under different applied
biases. (F) Dependence of the square of the TA amplitude at 580 nm and 100 μs after UV excitation on the applied bias. (G) Proposed charge
dynamics mechanism of α-Fe2O3 under different applied biases. Reprinted with permission from a study by Barroso et al. [47]. Copyright 2013
Royal Society of Chemistry.

4 Photocatalytic systems

4.1 Cu2O photocatalysts

Literature regarding the use of in situ TA spectroscopy to
investigate photocatalytic systems is relatively scarce. Here,
we introduce two representative works that employed
in situ TA spectroscopy to explore the charge dynamics
of nanosized Cu2O [98] and TiO2 photocatalysts [99]. A
compendious discussion on the implications of charge
dynamics in photocatalytic reactions is also presented.

As a p-type semiconductor, Cu2O offers a narrow direct
bandgap (Eg = 2.0–2.2 eV) [100, 101] and an appropriate
band structure (ECB = −1.08 vs. NHE; EVB = +0.93 V vs. NHE)
[102] suitable for various solar-driven photocatalytic
applications. Since Tennakone et al. [103] ﬁrst demonstrated photocatalytic carbon dioxide reduction on Cu2O in
1989, Cu2O has been an appealing visible-responsive
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Figure 8: (A, B) Proposed charge dynamics
mechanism of pure Cu2O (A panel) and
Cu2O/RuOx (B panel). (C) In situ transient
absorption (TA) spectra of pure Cu2O in an
Ar-purged electrolyte with the addition of
0.1 M Na2SO3 or 0.1 M AgNO3 at 10 and
100 μs after UV excitation (355 nm,
1.2 mJ cm−2). (D) TA proﬁles of photoelectrons (950 nm) for pure Cu2O and Cu2O/
RuOx in an Ar-purged electrolyte with the
addition of 0.1 M Na2SO3. Reprinted with
permission from a study by Pastor et al.
[98]. Copyright 2014 Royal Society of
Chemistry.

photocatalyst for converting greenhouse gases into valueadded chemicals. However, the stability of Cu2O has been
a concern, since it can be easily oxidized or reduced by
photoexcited charge carriers. Additionally, for p-type
Cu2O, the downward band bending at the Cu2O/electrolyte would obstruct the photohole transfer to the surface,
which would hinder the oxidation reaction. As depicted in
Figure 8A, the overall photocatalytic performance is then
restrained by electron–hole recombination induced by
trapped photoholes. To achieve practical use of Cu2O
photocatalysts, appropriate surface modiﬁcation to
mediate interfacial charge dynamics is indispensable.
Pastor et al. [98] reported a visible light-driven photocatalytic carbon dioxide reduction system by using
RuOx-deposited Cu2O ﬁlms (Cu2O/RuOx) as a photocatalyst. After the deposition of cocatalyst RuOx, the
photoelectron lifetime of Cu2O was prolonged and the
carbon dioxide reduction performance was improved. As
illustrated in Figure 8B, RuOx was deposited on the surface of Cu2O in order to extract photoholes from the
valence band. The yield of long-lived photoelectrons can
be increased due to the suppression of electron–hole
recombination. In situ TA spectroscopy was performed for
the purpose of realizing the charge carrier dynamics of
Cu2O/RuOx. Pure Cu2O ﬁlm was ﬁrst measured in an Arpurged electrolyte under different experimental conditions (with the addition of an Na2SO3 as hole scavenger or
AgNO3 as electron scavenger). In Figure 8C, the TA spectra

of Cu2O without adding an electron/hole scavenger
exhibited a broad negative bleaching from 475 to 750 nm
and two positive absorption signals below 475 nm and
beyond 800 nm. The magnitude of the positive signal was
increased beyond 850 nm by the addition of an Na2SO3
hole scavenger and decreased by the introduction of
AgNO3 electron scavenger. Therefore, the absorption
beyond 850 nm can be attributed to the photoelectrons of
Cu2O. Similarly, the absorption below 475 nm was
ascribed to the photoholes of Cu2O since it was largely
enhanced by the addition of an AgNO3 electron scavenger.
Note that such electron/hole scavenging processes were
ultrafast (<10 µs) because the corresponding TA signals
already emerged at 10 µs after UV excitation.
The effects of RuOx deposition on the charge dynamics
of Cu2O were further examined. In Figure 8D, the TA
proﬁles of photoelectrons at 950 nm for pure Cu2O and
Cu2O/RuOx are compared. For pure Cu2O, the addition of
Na2SO3 only caused a fairly limited increase in the TA
amplitude, suggesting that photohole scavenging was
ineffective as a result of a pronounced charge recombination. With the deposition of RuOx, the TA amplitude was
largely increased, regardless of Na2SO3 addition, indicating an effective suppression of charge recombination. It
can be concluded that RuOx deposition can serve as a hole
acceptor to facilitate photohole transfer from Cu2O to RuOx.
This charge dynamics mediation increases the yield of
long-loved photoelectrons for Cu2O (> 100 µs), expediting
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Figure 9: (A) Proposed charge dynamics
mechanism of SnP-sensitized TiO2. (B) In
situ transient absorption (TA) spectra for
SnP, SnP + EDTA and SnP + EDTA + TiO2 at
30 μs after visible excitation (532 nm). (C) TA
proﬁles at 680 nm for SnP, SnP + EDTA and
SnP + EDTA + TiO2. (D) TA proﬁles at 680 nm
for SnP + EDTA under different EDTA concentrations. Reprinted with permission
from a study by Kim et al. [99]. Copyright
2010 Royal Society of Chemistry.

the oxidation reaction kinetics to improve the overall
photocatalytic activity.

4.2 Dye-sensitized TiO2 photocatalysts
Among the different semiconductor photocatalysts, TiO2 is
the most extensive photocatalyst for carbon dioxide
reduction by virtue of its good stability, nontoxicity, and
low price of production. Additionally, the intrinsic oxygen
vacancy can activate carbon dioxide molecules in dark
and irradiation conditions, making TiO2 an attractive
photocatalyst candidate for carbon dioxide reduction
[104]. Kim et al. reported a tin porphyrin (SnP)-sensitized
TiO2 photocatalyst and studied the charge dynamics
mechanism associated with hydrogen production by
employing in situ TA spectroscopy [99]. The general reaction mechanism is plotted in Figure 9A. In this sensitized
photocatalytic system, SnP is ﬁrst excited by visible light to
produce the triplet state 3SnP*, which then receives electrons from the ED, ethylenediaminetetraacetic acid
(EDTA), to become SnP∙−. Afterward, an interfacial electron
transfer from SnP∙− to the conduction band of TiO2 occurs.
Finally, a hydrogen production reaction takes place at TiO2
at the expense of the separated electrons. It is worth
mentioning that SnP was not chemically attached to the
TiO2 surface. Therefore, whether or not the electrons of ED
can swiftly transfer to the reactive sites of TiO2 determines
the photocatalytic activity. Figure 9B compares the in situ
TA proﬁles spectra for SnP, SnP/EDTA, and SnP/EDTA/
TiO2 at 30 µs after visible excitation. SnP itself did not show
substantial TA signals because of the fast charge recombination (<30 µs). In the presence of EDTA as ED, the

collected TA proﬁle showed a positive absorption signal
at 680 nm, which could be assigned to SnP∙− as a result of
the electron transfer from ED to 3SnP*. This positive TA
signal was depressed upon the addition of TiO2, which
could be accounted for by the electron transfer from SnP∙−
to TiO2. Figure 9C further shows the TA proﬁles collected at
680 nm for the three cases. SnP itself decays within 10 µs.
For SnP + EDTA, the decay of the TA absorption was
signiﬁcantly retarded, the degree of which became more
pronounced with an increasing EDTA concentration (as
shown in Figure 9D). This feature reﬂects the production of
long-lived SnP∙−, which can survive for minutes. However,
for SnP + EDTA + TiO2, the TA absorption decay was
accelerated to reach a lifetime <30 μs. Effective hydrogen
production was achieved on the present SnP-sensitized
TiO2 system, even though SnP was not chemically attached
to TiO2. The success was made possible because the lifetime of SnP∙− was sufﬁciently long to enable an interfacial
electron transfer to TiO2 for hydrogen production.

5 Summary and perspectives
Interfacial charge dynamics play a pivotal role in governing the solar-to-fuel efficiency of semiconductor nanostructures in PEC and photocatalytic reactions. In situ TA
spectroscopy allows for the veritable charge dynamics
mechanism of samples under PEC and photocatalytic
operating conditions to be elucidated. In this Review, we
summarized the recent efforts of using in situ TA to perform
real-time observations of interfacial charge dynamics
for representative photoelectrodes (TiO2, BiVO4, WO3,
α-Fe2O3) and photocatalysts (Cu2O, TiO2). Although great
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progress has been made, there is substantial room for
further advancement. For example, the majority of the
studied photoelectrodes is of the photoanode type made of
n-type semiconductors. Few studies are available on realtime observations of charge dynamics for p-type semiconductor photocathodes [51]. Compared to the plentiful
examples of the studied photoelectrodes, research is relatively scarce on the topic of exploring the in situ charge
dynamics of photocatalysts. Continuous efforts must be
made in an attempt to acquire the true charge dynamics
mechanism of semiconductor nanostructures for photocatalytic reactions, especially for carbon dioxide reduction, which is an ideal and practical platform for realizing
artiﬁcial photosynthesis.
Compared with other ultrafast spectroscopic systems, for example, time-resolved photoluminescence, TA
spectroscopy with the temporal resolution down to fs can
serve as a more reliable tool to analyze ultrafast charge
dynamics, such as charge trapping and detrapping processes, which lie in the fs to ps timescale [105, 106]. In
particular, the trapped charge carriers can be directly
detected by TA because of their strong transient optical
absorption. This feature makes TA perfectly suited for
the analysis of ultrafast charge dynamics. Undoubtedly,
using in situ TA to intuitively monitor interfacial charge
dynamics of semiconductor nanostructures can provide
links to the actual charge transfer scenarios for optimizing
PEC and photocatalytic systems. However, the spectroscopic setup of in situ TA is still divergent from the
experimental conditions of practical PEC and photocatalytic reactions. For example, in situ TA uses a pulsed
laser as an excitation source, while real PEC and photocatalytic systems operate under continuous irradiation.
Concerns are also raised by the variant charge transfer
behaviors as a result of the exceeding laser power of
TA. The charge transfer scenarios derived from the
in situ TA setup are therefore likely to be defective. In this
regard, introducing continuous illumination into the
time-resolved spectroscopic setup [107] can allow for
probing interfacial charge dynamics in a perfectly
compliant manner. Such an operando spectroscopic
measurement is of essential signiﬁcance and can offer
more reliable information on the charge dynamics
mechanism for working photoelectrodes and photocatalysts. Future utilization of this technique will beneﬁt
from the ongoing development of more sophisticated
materials systems, such as single atom-based photoelectrodes [108] and photocatalysts [109], for advanced
PEC and photocatalytic applications.
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