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Abstract: Hot electrons activate reactants and reduce the
activation energy barrier (Ea) of a reaction through electron
donation. However, a comprehensive understanding of the
intrinsic driving force of this electron-donating effect is lacking,
let alone the precise manipulation of electron donation
processes. Herein, the essential and promotional role of hot
electron energy on the electron-donating effect was elucidated
using molecular oxygen activation (MOA) as a model reaction.
Through providing an available electron source to the conven-
tional photo-thermal conversion system, the high energy
carried by hot electrons was liberated and greatly enhanced
the electron donation towards the LUMO (p*) orbit of O2. The
energy was also transferred to O2 and elevated the potential
energy surface (PES) of MOA, which was reflected by the
enhanced formation of superoxide oxygen anions. As predict-
ed, the Ea of MOA decreased by 45.1 % and exhibited
a substantial light dependence, demonstrating that MOA
became energy-efficient due to improved exploitation and
conversion of photon energies.

Introduction

Molecular oxygen activation (MOA) is essential to trigger
ubiquitous heterogeneous catalysis for clean energy conver-

sion, environmental catalysis and chemosynthesis.[1, 2] Elec-
tron transfer from the catalyst surface to the dioxygen
molecule is the critical step in MOA, rendering it more
reactive towards reactants. These results have been confirmed
by observations of transition-state O2 (superoxo and peroxo
states).[3, 4] The extent of this transfer depends on the
electronic and geometric structure of the catalyst surface.[5]

Therefore, heterogeneous structures and surface vacancies
have been proposed to tune the local surface electron density.
In addition, the antenna structures were utilized to enlarge
the specific area to increase the potential for electron
transfer.[6–8] However, electrons as an omnipresent catalyst
are more than merely a substance but also carry energy and
are often overlooked.[9]

Recently, the activation barriers (Ea) have been high-
lighted for effectively reflecting the potential energy surface
(PES) of electron-induced reactions and probing the reaction
activation effect of electron transfer.[10, 11] Essentially, differ-
ent types of catalysis (electro-, photo- and thermocatalysis)
utilize different energies to power the electrons for interfacial
transfer.[10, 12,13] The energy carried by electrons is later
converted into the kinetic energy of the complex (catalyst
and adsorbates system in transition state) along the reaction
coordinate, providing forces for chemical bond activation and
governing the PES of the entire complex.[9,10] Therefore, it
should be possible to elevate the efficiency of reaction
processes by increasing the energy of excited electrons, which
can be probed by Ea. For decades, hot electrons (e@hot)
generated by metals (Pt, Cu, Ru) or semiconductors (MoS2,
WO3@x) have drawn extensive attention for their high energy,
which could boost interfacial reactions through either (in)-
direct injection into the specific orbitals of absorbates or
thermalizing and transferring their energy to phonons at an
elevated reaction temperature.[6, 14–17] To date, results indicate
that in photoelectron-driven catalysis systems, increased
photon flux, photons with higher energies and better light
absorptance could increase the reaction rate.[12, 18] However,
a comprehensive understanding on the intrinsic driving force
of electron-donating effect is lacking, let alone the precise
manipulation of electron donation processes. Therefore,
characterization of Ea and its relationship to the energy of
the electrons is desired for tuning interfacial charge transfer
to promote MOA.[19]

In this work, we studied the relationships between the
energy of the electrons and Ea for MOA using a photothermal
catalysis platform. The energetic hot electrons generated in
MoS2 nanosheets during photothermal conversion were
liberated for MOA by employing anatase TiO2 (AT) as an
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electron source. The results indicated that energetic hot
electrons in this platform decreased the Ea of MOA by 45.1%
compared to pure photocatalysis systems. Moreover, Ea

exhibited a substantial light dependence (14.1–10.4 kJmol@1)
due to the energy differences of the photogenerated hot
electrons. By operando electron spin resonance (operando-
ESR), an increased amount of superoxide anions were
confirmed on the photothermal platform, demonstrating an
enhanced MOA process. Density functional theory (DFT)
calculations further revealed that electrons with a higher
energy exhibited a stronger donation effect towards an O2

molecule, populating its LUMO (p*) and leading to promot-
ed activation. In addition, hot electrons not directly involved
in MOA thermalized and produced heat to power MOA
(energy efficiency of & 80.3 %). Thus, hot electrons linked
photochemical and thermochemical energy, resulting in
synergistic activation of the photothermal catalysis.

Results and Discussion

Characterization of the photothermal catalysis platform

This photothermal catalysis platform involved heteroge-
neously structured MoAT23 that was synthesized by hydro-
thermally incorporating MoS2 nanosheets onto anatase TiO2

nanoparticles (AT), and MoS2 as a x% mass fraction of
catalyst was denoted as MoATx (Figure S1). TiO2 nano-

particles were encapsulated by 3–4 layers of 2H-MoS2 nano-
sheets (Figure S1a–d, dlayer = 0.61 nm, h001i).[20, 21] Although
the anatase TiO2 could only utilize 18 % of entire solar
spectrum, MoAT23 achieved a very broad absorption as high
as & 96 % ranging from 200 nm to IR region, almost the same
as that of pure MoS2 (Figure S1e, & 97%). This material was
located at the air–water interface, where solar irradiance
(energy input), water (electron source) and O2 (electron sink)
are sufficient, making it ideal for MOA (Figure 1a). Phenol
was chosen as the model substrate to confirm the MOA
performance of the photothermal catalysis platform with its
strong reactivity with reactive oxygen species (ROS), vola-
tility and neglectable adsorption by MoS2 and AT (Figure S2).
Under one sun irradiance (1 kWm@2), MoAT23 and MoAT60
effectively converted solar energy into heat to pump water
and concentrate contaminants (Table S1) to the platform for
oxidation via evaporation (efficiencies & 80.3%, Figure S3).
In addition, the photothermal heating effect could shift
electrons towards higher energies according to the Fermi-
Dirac equation.[14, 22,23] Therefore, more energetic electrons
have a higher probability of participating in the reaction.[24]

As a result, 35% and 75% of phenol in condensed water were
removed for MoAT60 and MoAT23, respectively, while pure
MoS2 exhibited little catalytic ability, demonstrating that only
heat was not enough to drive the catalysis and the AT
constituent was vital in MoATx for photothermal catalysis
(Figure 1b).

Figure 1. Characterization of the photothermal catalysis platform. a) Schematic diagram of the photothermal catalysis platform. b) Phenol
concentration of condensed water during a 10-hour solar evaporation test (initial phenol concentration 1 mgL@1). c) Free radical quenching tests
for AT and MoAT23. d) The Ea and activated sites (A: pre-exponential factor) of AT and MoAT23 under one sun irradiance. e) 3D representation of
Ea(l, I) for different wavelengths and intensities. f) Schematic diagram for the light dependence of Ea.
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Effects of the hot electrons on the MOA performance

AT was used as a reference to study the properties of the
photothermal catalysis platform. Because a higher temper-
ature would accelerate the reaction, the contributions from
the photothermal heating effect and hot electron activation
were scientifically distinguished to elucidate the enhancement
in the reaction rate. After calculating the photothermal
heating effect, the steady-state temperature difference across
the MoAT23-water interface (< 6.25 X 10@6 K) was negligible
(supporting information S3). Thus, the effects of the thermo-
chemical catalysis could be ruled out by precise temperature
control. Under 25 88C, MoAT23 accelerated the reaction by
83% compared to AT. Therefore, activation induced by
energetic hot electrons was inferred to be the predominant
effect that promoted the catalytic performance (Figure S4).

From scavenger-quenching experiments, the roles of hot
electrons and the resulting MOA in phenol oxidation were
clarified. TEMPO, isopropanol and oxalate were used as
scavengers to quench the photo generated O2C@ , COH and
holes (h+), respectively.[25] Both superoxide and hydroxyl
radicals were important in the catalysis process (Figure 1c
and Figure S5). Although the photogenerated holes were
quenched, the rate coefficient of the reaction (kobs) for both
MoAT23 and AT increased. This result suggested that the
photogenerated holes did not directly participate in phenol
oxidation but acted as an electron source to provide electrons
for MOA. The resulting superoxide radicals further trans-
formed into hydroxyl radicals to oxidize phenol.[26, 27] Because
the radical transformation and reaction proceeded very well
once initiated, interfacial MOA was the rate determining step
(RDS) in phenol oxidation.[28] This result was also supported
by the much smaller reaction order for MoAT23 (0.2452)
compared to that of AT (0.6380) under one sun irradiance
(Figure S6). Because a low phenol concentration hindered
effective collisions, MOA on MoAT23 was more efficient and
produced more superoxide radicals, leading to higher reac-
tivity under a low phenol concentration. Therefore, hot
electrons dominated the kinetic and thermodynamic proper-
ties of phenol oxidation.

Photocurrents were measured to monitor the interfacial
electron transfer rate. The trend for this rate was MoAT23 >
AT > MoS2 (Figures S7, S8), indicating that interfacial
electron transfer from MoAT23 to O2 was the most favored.
According to the nitrogen adsorption-desorption isotherms of
both AT and MoAT23, the BET surface area was
62.3935 m2 g@1 for AT and 47.9963 m2 g@1 for MoAT23 (Fig-
ure S9), indicating that incorporation of MoS2 nanosheets
only slightly affected the surface area of catalysts. However,
based on reaction kinetics, the preexponential factor for AT
was 21.6 mmolL@1 s@1, which was 24 times that of MoAT23
(0.899 mmolL@1 s@1, Figure 1d). This result indicated that the
active sites of AT were much more than those of MoAT23.[29]

This contradiction indicated that by ruling out the influence of
the temperature difference, even with smaller surface area
and fewer active sites, electron transfer from MoAT23 to O2

was still more efficient than that of AT. Therefore, electron
transfer should essentially be governed by internal factors

related to the electron itself rather than external factors, such
as active sites or the specific area of catalyst.

Energy dependence of MOA

Quantity and energy are the two main parameters for
photogenerated electrons, and they are closely related to the
intensity (I) and wavelength (l) of the irradiance. Thus, the
effect hot electron activation was characterized by measuring
the kinetic parameters of phenol oxidation under light
irradiation with varied intensities and wavelengths. As shown
in Figure S10, the reaction rate of phenol oxidation increased
linearly with the irradiance intensity, demonstrating that this
reaction progress was directly driven and dominated by hot
electrons.[9] Surprisingly, the activation barrier (Ea) was
remarkably reduced from 20.6 kJ mol@1 (AT) to 11.3 kJmol@1

(MoAT23) under one sun irradiance (Figure 1d, see details in
determination of activation energy, supporting information
section 1). Furthermore, Ea of MoAT23 was measured over
a range of temperatures for each wavelength and intensity. A
three-dimensional (3D) contour map illustrated that Ea

exhibits a substantial light dependence (Figure 1e). This
value decreased with both higher light intensity (I) and
shorter wavelength (l). Moreover, for shorter l, the reduction
of Ea with light intensity was more remarkable. Because Ea

was determined by measuring the reaction rate under differ-
ent controlled temperatures, the hot electron activation could
be distinguished from the photothermal heating effect.
Therefore, this result indicated that MOA was dominated by
the energy of the photogenerated electrons (Figure 1 f), and
hot electrons with higher energies enabled more efficient
MOA by changing the PES of it, which accounted for the
reduction and light dependence of the Ea for MoAT23.[30,31]

Electron transfer of MoATx for enhanced MOA

To understand the relationships between the energy of the
electrons and reaction activation, the electron pathways in
MoAT23 were investigated. Pure AT exhibited a strong
photoluminescence (PL) emission peak at 556 nm when
excited by 340 nm light (Figure 2a, 77 K). However, when
incorporated with MoS2 nanosheets, this typical PL emission
decreased dramatically, and no more emission peaks for ATor
MoS2 appeared. Moreover, the florescent lifetime of MoAT23
was 1.900 ns, which is longer than that of AT (1.497 ns). This
result indicates a slightly enhanced charge separation in the
AT constituent of MoAT23 (Figure 2b).[16] Quenching of the
PL emission as well as the longer fluorescent lifetime of
MoAT23 indicate that the photogenerated electrons were
transferred from the AT cores to the MoS2 nanosheets when
excited. With Kelvin Probe Force Microscopy (KPFM), both
contact potential difference (CPD) and Surface Photovoltage
(SPV, SPV= DCPD = CPDlight@CPDdark) on MoAT23 were
measured to elucidate the charge transfer between TiO2 and
MoS2 nanosheets. The results showed that the SPV of MoS2

nanosheets became negative while TiO2 became positive
under sunlight, demonstrating that the electrons were trans-

Angewandte
ChemieResearch Articles

4874 www.angewandte.org T 2020 Wiley-VCH GmbH Angew. Chem. Int. Ed. 2021, 60, 4872 – 4878

http://www.angewandte.org


ferred from AT to MoS2 nanosheets. The accumulation of
electrons on MoS2 decreased its surface potential (Figure 2c,
Figure S11).[32–34] Consistently, the XPS results indicated that
compared to pure MoS2, the binding energies of Mo 3d3/2 and
3d5/2 were redshifted after incorporation, and the ratio of Mo

3d3/2 (232.88 eV) to Mo 3d5/2 (231.78 eV) decreased dramat-
ically (Figures S12a, c). Correspondingly, the binding energies
of the Ti 2p1/2 and 2p3/2 in MoAT23 increased, confirming that
MoS2 accepted electrons from AT in MoAT23 (Figures S12b,
d). As shown in Figure 3 a, hot electrons in MoS2 were excited
by sunlight and ended up in non-radiative decay with heat
generation. While in MoAT23, the photogenerated electrons
in AT induced by ultraviolet light were injected to MoS2

nanosheets. These electrons served as the source of hot
electrons generated in the MoS2 nanosheets, liberating them
for catalysis by a non-thermalization process. According to
the valence-band XPS analysis (Figure S13), the valence band
(VB) of MoS2 was 2.31 eV positive than the VB of AT. Thus,
the hot electrons on MoS2 could be exited to higher energy
levels, which could account for the reduction of the Ea of
MOA.

Therefore, ROS were detected to study the feature of the
interfacial hot electron transfer towards reactants. Consistent
with the results from the PL and KPFM tests, superoxide and
hydroxyl radicals formed in both the AT and MoAT23
catalysis systems in water (Figure 3b). AT endowed MoAT23
with the ability to gain electrons from H2O (forming hydroxyl
radicals) and donate them to O2 (MOA, forming superoxide
radicals). To define the intensity of the electron donation
during MOA, operando ESR (90 K) was employed. Super-
oxide oxygen anions (gxx = 2.004, gyy = 2.009, gzz = 2.061)
formed under one sun irradiance for MoAT23 and AT
(Figure 3c, Figure S14).[7,35–41] Clearly, formation of super-
oxide oxygen anions was enhanced on MoAT23 compared to
AT. Even in the dark, MoAT23 still exhibited a typical tiny

Figure 3. Characterization of the electron pathways of MoATx. a) Schematic diagram of electron transfer in MoAT23. b) ESR spectrum of DMPO-
·OH (in water) and DMPO-O2C@ (in methanol) generated by MoAT23 and AT under one sun irradiance after 15 min (298.15 K). c) Operando ESR
spectra recorded at 9.45 GHz and 90 K of MoAT23 and AT in the dark or under one sun irradiance.

Figure 2. Characterization of the electron transfer in MoATx. a),b) Pho-
toluminescence (PL) spectrum (a) and fluorescent lifetime (b) of AT
and MoAT23 under 77 K (excitation wavelength 340 nm). c) SPV
images of MoS2 nanosheets incorporated TiO2 film on an FTO
substrate (left) and the SPV profile along the white dashed line (right).
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peak corresponding to the superoxide oxygen anion. How-
ever, no typical peak was observed for AT. Correspondingly,
the formation of intermediate Ti3+ (gxx = gyy = 1.990, gzz =

1.86, Figure S14) was prominent compared to the superoxide
oxygen anions for AT under sunlight irradiance.[36, 37, 42] In
contrast, the Ti3+ peak was less prominent for MoAT23
(Figure 3c). These results indicated that the electron donation
to adsorbed O2 was slow for pure AT, resulting in more
photogenerated electrons being trapped by surface TiIV. In
contrast, hot electrons on the MoAT23 surface were more
reactive and preferentially donated to adsorbed O2 rather
than being trapped by surface TiIV.[6, 7] Thus, absorbed O2

molecules were excited and become more reactive for the
following transformations and reactions, accounting for the
changing of PES and the reduction of Ea of MOA.

DFT simulations

To understand the stronger donation effect of hot
electrons, DFT calculations were performed. The work
function of MoAT23 (5.34 eV) was lower than that of AT
(6.43 eV, Figures S15b, d), indicating that the ground-state
surface electrons in MoAT23 had a higher energy and could
more easily escape from the surface and participate in MOA.
Therefore, under the same irradiance, the photogenerated
electrons of MoAT23 were more ener-
getic and exhibited a stronger donating
effect than those of AT. As a result, the
adsorption energy of O2 on the MoAT23
surface was @0.12 eV, which is more
negative than that on AT surface
(@0.062 eV). This result indicates a stron-
ger interaction between O2 and the
MoAT23 surface, which is consistent with
the reduced Ea of MoAT23 (Figures 4a,
S16).

Furthermore, according to the lowest-
energy principle, Vanderbilt ultrasoft
pseudopotentials were utilized through-
out the analysis to modify the energy of
electrons and confirm the dominance of
electron energy on electron donating
effect.[43–45] The work function of
MoAT23 decreased from 6.69 eV to
5.31 eV with its surface charges changing
from positive to negative, indicating that
the energy of surface electrons increased
(Figure S15). On a neutral surface
([MoAT23]), the electrons slightly accu-
mulated near two O atoms and were
depleted between these atoms (Fig-
ure 4a). However, when decreasing the
energy of the surface electrons
([MoAT23]+, Figure 4b), both electron
accumulation and depletion were weak-
ened. In contrast, surface electrons with
higher energies ([MoAT23]@) induced
stronger electron accumulation around

O atoms. The higher electron density and steeper gradients of
these two peaks illustrated the enhancement of the electron
donation from [MoAT23]@ to adsorbed O2. Noticeably, two
new peaks corresponding to electron accumulation appeared
at both ends of the linear O2 molecule (Figure 4c), which
could be attributed to the LUMO (p*) of the O2 mole-
cule.[46–48] Thus, electrons from [MoAT23]@ primarily occupied
the LUMO (p*) of O2. In addition, the relative electron
depletion between the two O atoms suggested that occupa-
tion of LUMO (p*) weakens O-O, making O2 more reactive
on [MoAT23]@ .[4, 6] Correspondingly, the adsorption energy of
O2 on [MoAT23]+, [MoAT23] and [MoAT23]@ were @0.022,
@0.12 and @0.65 eV, respectively, demonstrating that elec-
trons with higher energies could enhance the interaction
between the catalyst surface and adsorbed O2 via electron
donation and activate O2. These aforementioned tendencies
were also verified for AT, where [AT]@ also exhibited stronger
electron donation to O2 and minimized adsorption energy
(@0.26 eV) compared to [AT] and [AT]+ (Figure S16). There-
fore, these results explained the light dependence of Ea for the
photocatalysis platform, where photogenerated hot electrons
with higher energies under shorter wavelength and stronger
intensity irradiance decreased Ea by enhancing their donation
from the catalyst surface to the adsorbed O2.

Figure 4d shows the overall pathways of the electrons in
MoAT23. Under solar irradiance, charge separation occurred

Figure 4. Charge transfer between the O2 molecule and MoAT23 surface with different
electron energies. a)–c) Charge density difference (CDD) for O2 adsorption on neutral
[MoAT23] (a), positively charged [MoAT23]+ (b) and negatively charged [MoAT23]@ (c).
d) Schematic diagram of the hot electron pathways during photothermal catalysis.
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in AT and the MoS2 nanosheets. Photogenerated holes on AT
gained electrons from H2O and supplied them to the MoS2

nanosheets. With the electrons from AT, a portion of the hot
electrons generated in the MoS2 nanosheets could be
liberated and injected into the LUMO (p*) of O2 to reduce
Ea of MOA while the rest recombined with holes on the MoS2

nanosheets to produce a large amount of heat. Therefore, hot
electrons linked the thermochemistry and photochemistry
during photothermal catalysis.

Conclusion

In summary, hot electrons have been utilized for highly
efficient MOA through a photothermal catalysis platform.
This platform integrated photochemical catalysis enabled by
electron donation and thermochemical catalysis enabled by
nonradiative recombination. A strong correlation between
the energy of hot electrons and Ea of MOA was found in
photothermal catalysis process. Hot electrons with higher
energies exhibited stronger donation towards O2 molecules
than normal photogenerated electrons, making adsorbed O2

molecules more reactive and assisting MOA. Therefore, the
Ea of MOA was reduced by 45.1%, and this reduction could
be further enhanced by increasing the energy of photo-
generated electrons. In addition, a higher temperature
elevated the average energy of electrons, increasing their
potential participating in the reaction. The concept presented
here may contribute to the creation of more active photo-
thermal catalysts driven by more energetic electrons.
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