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ABSTRACT: Dual-band-gap systems are promising for solar water
splitting due to their excellent light-harvesting capability and high
charge-separation efficiency. However, a fundamental understanding
of interfacial charge-transfer behavior in the dual-band-gap config-
uration is still incomplete. Taking CdS/reduced graphene oxide
(CdS/RGO) nanoheterojunctions as a model solar water splitting
system, we attempt here to highlight the interaction-dependent
interfacial charge-transfer behavior based on both experimental
observations and theoretical calculations. Experimental evidence
points to charge transfer at the CdS—RGO interface playing a
dominant role in the photocatalytic hydrogen production activity. By
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tuning the degree of reduction of RGO, the interfacial interaction, and, thereby, the charge transfer can be controlled at the
CdS—RGO interface. This observation is supported by theoretical analysis, where we find that the interfacial charge transfer is a
balance between the effective single-electron- and hole-transfer probability and the surface free electron and hole concentration,
both of which are related to the surface potential and tailored by interfacial interaction. This mechanism is applicable to all
systems for solar water splitting, providing a useful guidance for the design and study of heterointerfaces for high-efficiency

energy conversion.
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ydrogen generation from solar water splitting over

semiconductor photocatalysts offers a promising sol-
ution to mitigate global energy crisis and reduce greenhouse
gas emission because hydrogen can be stored, transported, and
used without producing harmful byproducts.' > However,
most solar water-splitting systems reported always have low
efficiencies, mainly due to the high recombination rate of
photogenerated electrons and holes.”” Recent computational
investigations have further demonstrated that in rutile TiO,
single-band-gap configuration, rather than its intrinsic catalytic
activity, the low concentration of photogenerated holes
reaching the surface is the main obstacle to oxygen evolution
before it reaches the estimated threshold in the photocatalytic
system.® In comparison with single-band-gap systems, dual-
band-gap systems can suppress charge recombination in the
semiconductor because the built-in electric field formed at the
interfacial region of two semiconductors, due to the
equilibration of the individual Fermi levels, allows for charge
separation, offers additional photovoltage to drive the surface
reaction besides that produced at the semiconductor-liquid
interface,”'” and also serves to suppress the photocorrosion of
semiconductors by efficient charge extraction.'' "3 In addition,
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dual-band-gap systems with an ideal theoretical efficiency of
41% have the best chance of realizing the minimum efficiency
requirement of 10% for practical solar water splitting compared
to single-band-gap systems.”'* Thus, extensive efforts have
been directed toward the development of different types of
dual-band-gap systems, such as type I, type II, and Z
schemes.””™' In a type I band alignment for example, both
conduction band (CB) and valence band (VB) edges of one
semiconductor are localized within the energy gap of the other
semiconductor, due to which an eflicient separation of
photogenerated charge carriers can occur, resulting in
increased lifetime of photocarriers at the interface. This effect
is due either to the difference between the migration rates of
electrons and holes or to the passivation of surface states,
typically in the CdS/ZnS photocatalyst, although both
photogenerated electrons and holes transfer to the same
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Figure 1. (a) Raman spectra of GO and CdS/RGO composites. (b) XRD patterns and (c) UV—vis diffuse reflectance spectra of CdS and CdS/
RGO composites. (d) Visible-light driven photocatalytic H, production rate (ry;,) of CdS, GO, and CdS/RGO composites. A 0.1 M Na,S and 0.1

M Na,SO; solution was used as the sacrificial reagent; a 350 W xenon arc lamp with a 420 nm cutoff filter was used as the light source.

In single-band-gap configuration, the kinetic charge transfer
(CT) at the semiconductor/electrolyte interface depends both
on the number of electrons/holes at the semiconductor surface
and on the energetics of the semiconductor band edges.”****
In dual-band-gap systems, the built-in electric field at the
interface region of two semiconductors, which is characterized
by surface potential in the semiconductors, has critical
influence on interfacial CT behavior and, thereby, the solar
water splitting activity as shown by experimental results.'”***°
However, an in-depth physical mechanism explanation at the
microscopic level applicable to all systems for solar water
splitting has been missing so far,'”'>**> which is central to
understanding and controlling the key process for efficient
solar water splitting.

In this work, we have identified the critical role of interfacial
charge transfer and attempted at a physical understanding of
charge-transfer behavior modulated by interfacial interaction in
a semiconductor CdS/reduced graphene oxide (RGO)
composite model system for solar water splitting, using both
experimental and theoretical approaches. We have chosen the
CdS/RGO system as a case study for three reasons. First,
dramatically improved photocatalytic performances have been
experimentally observed over semiconductors based on
graphene or graphene-derivatives such as RGO;***” second,
the key role of the interface in facilitating charge separation
when using CdS/RGO as a photocatalyst has been
demonstrated, although no insight into the fundamental
mechanism of this process has been provided;***’ third, the
electronic properties (especially the Fermi level) of RGO can
be tuned in a wide range by controlling its degree of reduction,
making RGO an ideal candidate material to investigate and
control interfacial CT behavior.”*™** We have experimentally
correlated the photocatalytic activity of CdS/RGO photo-
catalysts to the interfacial interaction-dependent CT behavior.
In addition, our theoretical analysis reveals that interfacial
charge transfer is a balance between the effective single-
electron- and single-hole-transfer probability and the surface
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free electron and hole concentration, both of which are
associated with the surface potential and depend intimately on
the interfacial interaction, thus providing support to our
experimental observations. This mechanism can be generalized
to all interfaces for solar water splitting and other energy
conversion applications.

CdS/RGO nanocomposites with different degrees of
reduction of RGO were synthesized by the solvothermal
treatment of CdS/GO composites and labeled as Cg,, Cg,
Cg,, Cgs and Cg, in the increasing order of the volume of
hydrazine used in the reduction process (please see the
Experimental section of the Supporting Information for more
details). The stepwise reduction of RGO in the composites was
verified by Raman and X-ray photoelectron spectroscopy
(XPS) data. The Raman spectra of CdS/RGO composites in
Figure la show the characteristic D and G bands of the carbon
material,”* and the intensity ratio of D to G band (I/Ig) can
be used to evaluate RGO graphitization degree because the
formation of new and small nanocrystalline sp> domains after
removing oxygen-containing groups during the chemical
reduction of GO can increase the Iy/I; ratio.”> * The Ip-
to-I; ratios of CdS/RGO samples increase monotonically from
0.87 to 1.12 when going from Cg, to Cg,, indicating the
gradual reduction of RGO in the composites. Moreover, the C-
to-O ratio of RGO in the composites obtained from XPS
spectra (Figure S1) increases from 4.63 for Cg, to 9.16 for Cg,
due to the gradual removal of oxygen-containing groups in
RGO sheets, which further proves that the degree of RGO
reduction increases from Cg, to Cg,. XRD patterns (Figure
1b) indicate the formation of CdS with the cubic crystal
structure (JCPDS no. 80-0019). From the width of the (111)
diffraction peak and using the Scherrer formula, the average
grain sizes of the CdS nanocrystals in the composites were
estimated; these were found to be very similar (~2.2 + 0.2
nm). Transmission electron microscopy (TEM) images show
that the aggregated CdS nanocrystals form larger particles,
most of which have sizes >50 nm, and no obvious change in
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Figure 2. (a) PL spectra of CdS, Cg,, Cg,, and Cg,. Gaussian fits to the PL spectra of (b) CdS and (c) Cg,. (d) SPV spectra of CdS, Cg,, Cg,, and
Cg,. (e) Zoomed-in view on the blue rectangular section in panel d for isolated SPV spectra of CdS (top) and Cg, (bottom); regions of constant
slope are fitted by straight lines, and the points of intersection of the lines are marked by arrows.

the morphology are observed in the CdS/RGO nano-
composites with different degrees of RGO reduction (Figure
S2). The above results indicate that the reduction process has
little effect on the crystal structure and morphology of CdS/
RGO composites. To make sure that the prepared CdS/RGO
composite is suitable for surface potential investigations, we
have analyzed the band bending and band edges in CdS. For a
50 nm CdS particle, the potential drop between the surface
and the center of the particle is calculated to be as high as 42
mV (see the Band Bending in Photocatalysts section in the
Supporting Information). The high potential drop suggests
that band bending occurs within the CdS particle and its
contribution to the interfacial CT process cannot be neglected.
Moreover, the flat-band potentials of the photocatalysts are not
fixed by the possible adsorption of sulfide ions on the surface
of CdS (Figure $3).*” Thus, band bending and tunable band
edges in CdS together render the CdS/RGO composite an
ideal system to investigate the influence of the surface potential
on the interfacial CT efficiency.

Following composition and structure characterization, the
light absorption data of the composites were analyzed, from
which four main conclusions can be drawn. (i) Little difference
is seen in the optical absorption edges of the different
composites (Figure 1c), displaying that their optical band gaps
(i.e., absorption thresholds) are similar (Figure S4). This result
indicates that optical absorption does not play a role in the
difference in photocatalytic activity between the samples. (ii)
The optical band gaps of all the composites (2.23—2.28 V)
are smaller than that of bulk CdS (2.42 eV), and Urbach tails
are observed in the band gap for all of the samples, including
bare CdS particles (Figures SS and S6), which means that the
observed band gap shrinking in CdS is presumably due to the
presence of Urbach tails in the band gap.** (iii) CdS/RGO
nanocomposites have larger Urbach energies than bare CdS
particles (Figure S6). It is well-established that Urbach tails are
caused by structural disorder and/or electron—phonon
coupling (EPC). Therefore, it can be inferred that the
presence of RGO might increase the degree of structural
disorder in CdS, the EPC, or both."'~* (iv) Finally, localized
states associated with Urbach tails may act as shallow trap
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states to prolong the lifetime of charge carriers and play a
crucial role in CT behavior.****

The solar water-splitting activity of the samples was accessed
by measuring photocatalytic hydrogen production under
visible-light irradiation (Figure 1d). Bare CdS has the lowest
H, production rate of 5.21 gmol h™, which could be due to
the rapid recombination of photoexcited electrons and
holes.**™*" For the CdS/RGO composites, the degree of
RGO reduction is found to have a significant influence on the
activity of the CdS/RGO nanocomposites; the activity initially
increases with increasing degree of RGO reduction, reaching
the highest H, production rate of 53.06 ymol h™' for Cg, and
then decreases with further RGO reduction. The amount of H,
evolved over each photocatalyst increases proportionally with
reaction time (Figure S7), and no appreciable amount of H, is
detected in the absence of either irradiation or photocatalyst in
control experiments, suggesting that H, was produced
exclusively by photocatalytic reactions on the photocatalysts.
To explain the observed difference in photocatalytic activity
among our samples, we first considered the effect of the
variable proton reduction ability of the hydrazine-treated
RGO. RGO with high reduction degree should possess a low
proton reduction ability resulting from its lower number of
oxygen containing groups.”” Moreover, because no appreciable
amount of H, is detected for bare GO and bare RGO with
different reduction degrees under the same experimental
conditions, this factor can be safely ruled out. Other possible
influencing factors such as residual hydrazine, solubility of
RGO, heating effect of RGO, and specific surface area have
also be systematically excluded (see the Other Factors that
Possibly Influence Photocatalytic Activity section, Figure S8,
and Table S1 in the Supporting Information). Because both
light absorption and surface proton reduction reaction appear
to have little influence on the photocatalytic activity, we
conclude that CT in the photocatalysts should instead play a
dominant role.

To investigate the CT behavior in the nanocomposites,
photoluminescence (PL) and surface photovoltage (SPV)
spectroscopy were performed to obtain the energy distribution
of localized states in the band gap of CdS.’°~>” The four
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samples including bare CdS, Cgy, Cg,, and Cg, (all of which
show typical photocatalytic activities) have a broad PL
emission in the range of 1.5—-3.0 eV (Figure 2a). The broad
emission bands of bare CdS were fitted to three bands centered
at 2.0 (peak 1), 2.2 (peak 2), and 2.4 eV (peak 3); some
emission bands below 2.0 eV associated with deep trap states
(unfitted) are also observed (Figure 2b).”* The intense peak 1
is ascribed to the recombination of holes in the VB tail and
electrons in deep trap states generated by sulfur vacancies
(V$**) in the CdS nanocrystals (Table S2).°**° Taking into
account the optical band gap of ~2.2 eV, peak 2 is assigned to
recombination of electrons and holes at the CB tail and the VB
tail. The weak peak 3 is attributed to the recombination of
electrons trapped at shallow states due to cadmium interstitials
and holes in the VB tail.>* The high-intensity peak 1 dominates
the PL spectrum of the bare CdS, suggesting a high rate of
electron—hole recombination in deep trap states. The same
three emission bands are also observed in the fitted PL spectra
of the CdS/RGO composites (Figure 2c), where, compared to
those of bare CdS, peaks 1 and 2 become much weaker, while
peak 3 remains almost unaltered (Figure S9). This indicates
that RGO can passivate deep trap states in CdS nanocrystals,
thus promoting the quenching of PL emission originating from
deep trap states but without affecting the CT pathways
associated with shallow trap states. It is well-known that
electrons trapped in deep trap states are energetically
unfavorable for proton reduction; this passivation role of
RGO is thus beneficial for hydrogen production because it
makes more electrons and holes available for photocatalytic
reactions. It is also seen that the intensity of PL initially
decreases at low degree of RGO reduction (Cg, and Cg,) but
shows an increase when RGO in the nanocomposite is highly
reduced (Cg,) (Figure S9). This result indicates that for the
CdS/RGO nanocomposites with high degree of RGO
reduction, the CT from CdS to RGO is somewhat hampered,
as compared to those with low degree of RGO reduction.
Thus, CT from CdS to RGO is found to be closely associated
with the degree of RGO reduction. This result is further
confirmed from SPV spectral data. The SPV values of the
CdS/RGO composites are much smaller than that of the bare
CdS (Figure 2d), owing to the trapping of photoexcited
electrons in CdS by RGO.*® SPV data also show the highest
charge separation efficiency of photoexcited carriers in Cg, due
to its lowest SPV intensity. Additionally, as shown in Figure 2e,
carrier transitions related to the Vg**-induced surface trap
states (2.02—2.07 eV), band tail edges (2.25—2.26 V), and
shallow trap states (2.4 eV) are present in the SPV spectra of
CdS and Cgy, in agreement with PL results.”” The two distinct
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states appearing below 2.0 eV originating from deep trap states
in the SPV spectrum of CdS are not detected for Cg,, which
validates the role of RGO in passivating deep trap states in
CdS. Thus, our PL and SPV results clearly show that CT
between CdS and RGO is first facilitated and then hindered
with increasing degree of RGO reduction, and it corresponds
well with observed dependence of photocatalytic activity on
RGO reduction degree, confirming that interfacial CT between
CdS and rGO is key to improving the photocatalytic activity of
CdS/RGO composites.

It is known that interfacial CT behavior is closely related to
the interaction of the two components at the interface,' "
which, in our model system, are CdS and RGO. To reveal how
the interaction between CdS and RGO varies with the degree
of RGO reduction, resonance Raman spectroscopy was used to
analyze the local strain at the interface.”” " A pair of major
bands assigned to the first- and the second-order longitudinal
optical (1ILO and 2LO) phonons in CdS are seen in the
Raman spectra (Figure 3a).*” The 1LO phonon peak of Cg,
shifts to higher frequency by 4 cm™" with respect to that in
bare CdS (blue line in Figure 3b), indicating the presence of
strain.””®” The observed strain might be due to the presence of
a large number of oxygen-containing groups on RGO in Cg,
that allows for increased electrostatic interaction between
RGO and CdS nanocrystals (Figure $10). This strong binding
interaction can give rise to compressive strain in the CdS
lattice. The presence of strain can be further confirmed by
testing the local coordination environment of cadmium in the
CdS/RGO composites via extended X-ray absorption fine
structure (EXAFS) spectroscopy. EXAFS fitting results (Figure
3c and Table S3) show that the Cd—S bond length in Cg, is
slightly lower than that in bare CdS, indicating the presence of
compressive strain in CdS.°*** Further reducing RGO will
decrease the number of oxygen-containing groups, which in
turn, reduces the electrostatic interaction between CdS and
RGO, as a result of which the compressive strain is relaxed and
the Cd—S bond length in CdS/RGO gradually recovers to its
value in bare CdS; hence, the 1LO phonon peak in the Raman
spectra shifts to lower frequency from Cg, to Cg,. In addition,
the increase in the Cd—S bond length leads to an increased
relative ion displacement, which, in turn, will increase EPC in
CdS.* This variation of EPC strength in CdS can be estimated
by measuring the intensity ratio of the 2LO to 1LO (I o/I;10)
peaks in Raman spectra as a function of the degree of RGO
reduction; it is seen that the intensity ratio increases with
increasing degree of RGO reduction (red line in Figure 3b).
Thus, changes in both the local strain and EPC confirm that
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the interaction between CdS and RGO decreases with
increasing degree of RGO reduction.

To unveil the relationship between CT and interaction at
interfaces, we carried out theoretical calculations of the CdS/
RGO system based on density functional theory (DFT).**%
Our methodology involves the construction of five typical
CdS/RGO models with decreasing number of hydroxyl groups
in the RGO sheet, to represent the gradual increase in the
degree of reduction of RGO, by systematically varying the
interfacial interaction between CdS and RGO; these samples
are denoted as CG,, CG;, CG,, CG;, and CG,. The optimized
structures of the five models are shown in Figure S11. The
calculated binding energy between the CdS cluster and RGO
sheet decreases with decreasing number of oxygen-containing
groups (Table 1), indicating that the interaction between CdS

Table 1. Results of DFT Calculations for the Model System
CdS/RGO

sample E, (eV)* deas (A)Y Ap, (1073 e A7)
CdsS - 2.584 -
CGy —8.14 2.548 +0.891
CG, —7.68 2.550 +0.787
CG, —-1.25 2.567 —0.201
CG; —1.14 2.579 —0.240
CG, —0.28 2.579 —0.294

“E,, is the binding energy. bdey is the average Cd—S bond length.
“Ap, is the average interface charge density difference along the Z
direction induced by interaction at the interface.

and RGO becomes weaker with increasing RGO reduction,
which agrees well with the result from Raman spectra. The
increase in the average length of the Cd—S bond with
increasing RGO reduction degree is also consistent with the
Cd—S bond length variation obtained from the EXAFS. To
investigate the effect of the interfacial interaction on the CT
between RGO and CdS, the planar-averaged charge density
differences along the Z direction perpendicular to the RGO
sheet were calculated for all the models. A dipole-like charge
density distribution (pink region in Figure 4a) arises from the
charge redistribution caused by the difference in Fermi levels
between RGO and CdS, which leads to an interfacial dipole—
dipole interaction.®® These local interfacial dipoles give rise to
a net electric field and modify the CdS surface potential Vg
relative to its bulk Fermi level. Because the local interfacial
charge density (p) increases monotonically with Vg, the change
in Vg can be directly determined from a change in p (Ap). The
average Ap values along the Z direction (Ap,) induced by
interfacial interaction for the different CdS/RGO samples are
listed in Table 1. A negative shift in Ap; at the interface is seen
when the interfacial interaction becomes weaker due to
increased reduction of RGO); this will lead to a decrease in
the local interfacial charge density as well as in the surface
potential Vg on CdS.

At thermal equilibrium, the free electron concentration on
the surface of CdS in the CdS/RGO system in the dark is:*’

(1)

where n; is the thermal equilibrium free electron concentration
in the bulk of the semiconductor, kg is the Boltzmann constant,
T is the absolute temperature in Kelvin, and g is the charge of
electron. Eq 1 suggests that the free electron concentration on
the surface of CdS is higher at lower Vg values. Based on

_ —qV,/kgT
ng =nye 1
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Ap, (10°e A?)

Figure 4. (a) Planar-averaged electron density difference Ap, along
the Z direction for the five model composites. Diagrams of interfacial
potential and charge distribution for the CdS/RGO system (b) with
low RGO reduction degree and (c) with high RGO reduction degree.
Ecp, Eyp, and Ep are the conduction band minimum, valence band
maximum, and Fermi level, respectively. The pink zone represents the
interface between CdS and RGO and blue and red circles with plus
and minus signs denote local interfacial electrons and holes
respectively; surface free electrons on CdS are shown by orange
open circles. Systems with higher RGO reduction degree are found to
have weaker interaction, less local interfacial charge density, smaller
Vs, and higher surface free electron concentration n.

previous studies on the band structure of CdS and RGO,”*~"

a Type I band alignment between CdS and RGO can be
confirmed regardless of the reduction degree of RGO in our
systems. Accordingly, the surface potential and charge
distribution for the RGO/CdS system with low and high
reduction degree of RGO are illustrated in Figure 4b,c.

Based on Marcus theory’””* and assuming pinning of the
Fermi level of the RGO surface at a certain value owing to its
high density of states, the interfacial electron-transfer rate can
be written as:

kgr = "s(qu)ko,n(HDA; A ‘IVS) (2)

where k,, can be understood as an effective single-electron-
transfer probability, which increases as the driving force qVj
increases. From eq 2, it is clear that the total electron-transfer
rate is the product of the surface free electron concentration
and the effective single-electron-transfer probability. Consid-
ering both electron and hole transfer at the interface, the
interfacial CT photocurrent density is written as (the detail can
be found in the Interfacial Charge Transfer section of the
Supporting Information)

~ q(”éight - ”s)ko,n - q(Pshght

where nl8" is the surface free electron concentration under

irradiation; pi"™ and pg are the surface free hole concentrations
under irradiation and in the dark, respectively; and kO,p is the
effective single-hole-transfer probability. The expression for
jight suggests that two factors determine the steady photo-
current of a photocatalyst, namely, the surface free electron/
hole concentration and the effective single electron- and hole-
transfer probability. Here, it should be noted that as the surface
free electron and hole concentration and the effective single
electron- and hole-transfer probability are associated with the
surface potential, the above model will be invalid if band
bending at the interface is no longer effective as in the case of
quantum dots.”> Because the electron and hole currents show
similar behavior except for moving in opposite directions, we

light
Jint

— Pk, 3)
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consider only the case of the electron current in the following
discussion. When the surface potential V5 on CdS is decreased,
the free electron concentration ng on the surface of CdS
increases, while the effective single-electron-transfer probability
ko, decreases. As a result, the maximum interfacial photo-
current density can be expected at some intermediate value of
Vs, where the product of the free electron concentration on the
surface and the effective single-electron-transfer probability is a
maximum. Because Vg decreases with increasing degree of
reduction of RGO in the composites, it is obvious that the
interfacial photocurrent density, i.e., the photocatalytic activity,
can be maximized by controlling the degree of reduction of
RGO at an intermediate value.

Based on the above experimental and theoretical analysis,
the underlying mechanism for the photocatalytic activity of
CdS/RGO can be understood as follows: in bare CdS, most
photoexcited electrons are captured by deep traps and
recombine with photoexcited holes, leading to a low
photocatalytic activity. Upon introducing RGO, deep traps
present in CdS are passivated, which increases surface free
electron concentration ng, resulting in a greater number of
electrons and holes to transfer from CdS to RGO through the
conduction band and the valence band of CdS, respectively.
Owing to the upward bend bending on the CdS surface, the
transfer of holes to RGO is easier than the transfer of electrons
due to the absence of energy barrier for holes. The hole has a
higher mobility than electron in RGO’ and can therefore be
quickly consumed by the Na,S/Na,SO; hole scavengers, thus
ensuring that electrons react with protons for efficient
hydrogen evolution on RGO. Here, it should be emphasized
that the feasibility of this process is closely related to degree of
reduction of RGO. With increasing RGO reduction degree, the
interfacial interaction between CdS and RGO is weakened,
which decreases the surface potential V5 on CdS, simulta-
neously leading to a monotonic increase in surface free
electron concentration ng but a corresponding decrease in
single-electron-transfer probability ko, Consequently, the
photocatalytic activity of CdS/RGO photocatalysts reaches
its highest level at some intermediate degree of RGO
reduction, which, in our case, corresponds to the sample Cg,.

In conclusion, using a combination of theory and experi-
ment, we have attempted to gain insightful understanding on
the interfacial interaction-dependent charge-transfer behavior
using CdS/RGO nanocomposites as a model system. Owing to
a modulation of the interfacial charge transfer by variations in
CdS—RGO interactions, the photocatalytic activity of CdS/
RGO photocatalysts shows a non-monotonic behavior with an
increasing degree of RGO reduction; this trend results from a
decrease in effective single-electron-transfer probability and an
increase in surface free electron concentration. The above
results show that it is the interfacial charge transfer rather than
the intrinsic catalytic activity of the photocatalyst that plays a
dominant role to determine the photocatalytic activity in the
CdS/RGO system, and the charge-transfer behavior can, in
turn, be finely controlled by tailoring interfacial interaction.
These findings can be generalized to photoelectrochemical
water-splitting processes, where the surface potential as well as
the interfacial state coupling could be affected by the applied
external electric field and both the effective single electron- and
hole-transfer probability and the surface free electron and hole
concentration will be changed accordingly, and also to other
solar energy conversion systems after a modification of specific
parameters for the system under study. Thus, our work
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provides useful guidance for the design and study of
heterointerfaces for high-efficiency energy conversion.
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