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GRAPHICAL ABSTRACT
PUBLIC SUMMARY

- Selectivity control in the photocatalytic conversion of alcohols via engineering the surface static electric field of the CdS

semiconductor has been achieved.

- The intensity of the surface static electric field can be controlled via Au–CdS interaction induced lattice strain.

- The induced surface static electric field preferentially activates the C–H bond over the O–H bond and changes the selectivity
from aldehydes to dimers.
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Photocatalysis has shown great potential in organic reactions, while con-
trolling the selectivity is a long-standing goal and challenge due to the
involvement of various radical intermediates. In this study, we have real-
ized selectivity control in the photocatalytic conversion of alcohols via en-
gineering the surface static electric field of the CdS semiconductor. By
leveraging the Au–CdS interaction to adjust lattice strain, which influences
the intensity of the surface static electric field, we altered the pathways of
alcohol conversion. The increased intensity of the surface static electric
field changed the activation pathways of the C–H/O–H bond, leading to
the selective formation of targeted C/O-based radical intermediates and
altering the selectivity from aldehydes to dimers. A wide range of alcohols,
such as aromatic alcohol and thiophenol alcohol, were selectively con-
verted into aldehyde or dimer. This work provides an effective strategy
for selectively controlling reaction pathways by generating a surface elec-
tric field.
INTRODUCTION
Photocatalysis shows great potential in a series of chemical reactions due to

its utilization of renewable solar energy and operation under mild conditions.1–10

However, controlling the selectivity of chemical reactions, particularly in semicon-
ductor-based photocatalytic organic reactions involving hydrogen abstraction
from the O/C–H bond to form various radicals, remains a long-standing chal-
lenge.11–19 As exemplified by photocatalytic alcohol conversion, C–Hbondcleav-
age will generate carbon-centered radicals and produce dimers via C–C bond
coupling, while O–H bond cleavage usually favors aldehyde formation.20–22

Methanol is a plentiful and renewable C1 feedstock derived from both fossil re-
sources and biomass resources.23,24 The dehydrogenation of methanol will pro-
duce formaldehyde, which is the major component in fixatives and disinfec-
tors,25,26 while the dehydrocoupling of methanol will generate ethylene glycol
(EG), which is awidely used diol for the synthesis of polyethylene terephthalate.27

The selective upgrading of methanol to either formaldehyde or EG is highly
attractive but very challenging due to involving various reactive intermediates.28

Overall, present studies show selectivity to either formaldehyde or EG, but lack an
efficient method to control the selectivity.29–31

The electric field can change the activation barriers by interacting with the di-
poles of chemical bonds and thus affecting the reactivity and selectivity.32–34

Most works use an external electric field for organic reactions, such as the
Diels-Alder (D-A) reaction and aldehyde ammoxidation, which generally needs
extra voltage or salt additives.35–39 The intrinsic electric field occurs naturally
in semiconductors.40,41 The surface of the semiconductor is usually charged
by accepting/donating electrons from/to the bulk to match the Fermi level due
to the structural differences between the bulk phase and surface state.42,43

Once the as-indued surface electric field is strong enough to alter the energies
of molecular orbitals of adsorbates, it is expected to affect the activation of ad-
sorbates and tune the selectivity, but this has been rarely explored.44,45

The charges on the surface are heavily affected by electron transfer between
the surface state and bulk phase. The greater structural differences between
the bulk phase and surface state will accumulate more charges on the sur-
face.46 Consequently, the strength of the surface electric field could be
enhanced via tuning the surface structure to induce more structural differences
to bulk phase. Herein, we intend to reveal the effect of the surface static electric
field (SSEF) of CdS on photocatalytic alcohol conversion. We use metal-support
interaction to distort the surface structure over Au/CdS. The strong interaction
between Au and CdS creates lattice strain, contributing to the formation of the
ll
SSEF. The intensity of the SSEF is tunable via adjusting the lattice strain.
The introduction of the SSEF changes the pathways of alcohol conversion
by differential activation of the C–H/O–H bond of alcohol adsorbates, resulting
in changing the selectivity from aldehydes to dimers. This work provides
new inspiration to utilize surface electric field to control selectivity for
photocatalysis.

RESULTS
Theoretical calculation of the electric field effect
The conversion of methanol usually involves the activation of its O–H or

C–H bond, resulting in the formation of different C/O-based radical intermedi-
ates (Figure 1A).47,48 The electric field could activate the chemical bonds via
affecting their dipoles.49 Considering that the O–H and C–H bonds show differ-
ential polarity,50 it is possible to selectively activate the O–H/C–H bond via
introducing the electric field. To explore this, we conducted density functional
theory (DFT) calculations to investigate the effect of the electric field on the
O–H/C–H bond cleavage of methanol. The electric field shows a stronger ef-
fect on the polar O–H bond compared to the C–H bond. The change of
C–H bond length was negligible with increasing the electric field, while the
O–H bond length was shortened by 1.2%, rendering the O–H bond more diffi-
cult to break (Figure 1B). Moreover, as the electric field increased, the formation
energy (DE) of $OCH3 radicals increases to 2.4 eV, while the DE of $CH2OH rad-
icals decreases to 1.9 eV, indicating that preferential cleavage of the C–H bond
occurs over the O–H bond in the presence of the electric field (Figure 1C).
Calculation results demonstrate that the electric field favors C–H bond cleav-
age and prohibits O–H bond cleavage. Therefore, the differential activating
C–H/O–H bond by the electric field is supposed to effectively tune the reaction
pathways of alcohol conversion.

The strain analysis of Au/CdS
Then, we try to introduce the electric field in the photocatalytic system.

Different from previous works that use an external electric field, we intend to uti-
lize the SSEF of semiconductors, which naturally exists but is usually tooweak to
affect the reaction. The challenge is to control the intensity of the SSEF on CdS.
The charges on the surface will generate the SSEF, and tuning the surface
charges is an effective way to control the SSEF. The surface charges rely heavily
on the electron transfer between the surface state and bulk phase. The greater
structural differences between the bulk phase and surface state will lead to
more charges accumulating on the surface.43 Then, we tried to increase the
strength of the SSEF via tuning the surface structure of CdS to induce more
structural differences to the bulk phase. This was achieved through metal-sup-
port interaction, which distorts the surface structure and is reflexed by lattice
strain. Au/CdS with tunable lattice strain was prepared via an acidity regulation
strategy. The strain intensity was positively correlated to the acidity and thus
can be easily regulated.
Au/CdS samples were prepared via impregnation of gold in the aqueous solu-

tion with different pH values, denoted as AC-x, x = 1, 2, 3, and 4, corresponding to
the pH values of 4.1, 2.8, 1.7, and 0.5, respectively (Figure 2A). The Au content of
all sampleswas nearly 1.9wt%as determined by inductively coupled plasma-op-
tical emission spectroscopy (ICP-OES) (Table S1). X-ray diffraction patterns re-
vealed that all the Au/CdS samples exhibited typical hexagonal CdSwith a space
group of P63mc (JCPDS no. 41-1049) (Figure 2B).51 The increase of acidity in-
duces stronger metal-support interaction and makes the lattice compressed,
as evidenced by the shift of the CdS (102) plane toward the higher angle. The lat-
tice parameters decrease from a = b = 4.1486 and c = 6.7464 Å to a = b =
4.1192 and c = 6.6920 Å (Figure S1). The effect of acidity on Au–CdS interaction
The Innovation 5(5): 100659, September 9, 2024 1
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Figure 1. The concept of electric field tuning the reaction pathways of methanol conversion on CdS (A) Scheme of the electric field tuning the pathways of methanol conversion on
CdS (100) facet. (B) The change of C–H/O–H bond length with increasing the electric field. (C) The formation energy of $OCH3 and $CH2OH radicals on CdS (100) facet with increasing
the electric field.
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was further confirmed by X-ray photoelectron spectroscopy characterization.
The peaks of Au 4f shift toward lower binding energy by 0.1 eV accompanied
by the positive shift of S 2p peak, indicating the strong interaction between Au
and CdS, and the photoinduced electrons could effectively transfer from CdS
to Au (Figures S2–S4).52–54 The lattice strain can be controlled via tuning the
acidity, as shown by the positive increase of lattice strain with the acidity (Fig-
ure 2C). All Au/CdS samples show similar light adsorption and band gap, and
no obvious surface plasmon resonance effect was observed (Figure S5).

The effect of Au–CdS interaction on lattice strain was further investigated by
transmission electron microscope characterization. Au nanoparticles with the
size of 3.2–4.1 nm were dispersed on a CdS nanorod (Figures S6 and S7).
AC-1 shows weak Au–CdS interaction, as evidenced by a large contact angle
of 134� (Figure 2D), while the interaction is stronger in AC-4 with a contact angle
of 75� (Figure 2E).55 The stronger Au–CdS interaction shrinks the CdS (102)
plane lattice from 2.504 to 2.467 Å (Figure S8). As shown in geometric phase
analysis, the more obvious color contrast of AC-4 further reveals a larger lattice
strain in AC-4 than in AC-1 (Figure S9).56 The above results confirmed that the
2 The Innovation 5(5): 100659, September 9, 2024
Au–CdS interaction becomes stronger with the increase of the acidity and,
consequently, causes lattice contraction.

The analysis of electric field
Lattice strain usually leads to nonuniform charge distribution on the surface

and bulk of semiconductors due to breaking of the symmetry of crystal struc-
tures, thus contributing to the formation of the internal electric field (IEF).57

DFT calculations were performed to investigate the effect of charge distributions
induced by lattice strain over Au/CdS. Au slightly contacting with CdS exhibits a
0.7 eV electric potential (VBB) difference between the surface and bulk, whereas
stronger Au–CdS interaction leads to a larger VBB difference (2.6 eV) (Figure S10).
The structural differences between the surface layer and bulk phase lead to
nonuniform charge distribution on the surface and bulk of CdS (Figure 3A), form-
ing the IEF in the space region (blue area).57 The relative IEF intensity of Au/CdS
samples, measured based on the model proposed by Kanata et al. (Figures S11
and S12),58 was increased with the increase of lattice strain (Figure S13). Conse-
quently, the increased IEF effectively facilitates the charge separation and inhibits
www.cell.com/the-innovation
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Figure 2. The strain analysis of Au/CdS (A) Scheme of the preparation of Au/CdS samples with the acidity regulation. (B) X-ray diffraction patterns of Au/CdS samples. (C) The
relationship between lattice strain of Au/CdS samples and acidity. (D and E) High-resolution transmission electron microscopy images and εxx strain component determined via
geometric phase analysis of AC-1 and AC-4 samples.
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their recombination, as evidenced by the stronger photocurrent response,
smaller Nyquist plots, weaker fluorescence intensity, and longer carrier lifetime
(Figures S14–S17).59

The charges accumulating on the surface generate a SSEF (gray area). The
magnitude of the SSEF can be determined through the carrier concentration (Fig-
ure S18) and the depletion layer thickness (D) (for detailed calculations, see the
supplemental information).60–62 The D could be reflected by the VBB. The VBB at
the surface of samples was measured by surface photovoltage.63 With the in-
crease of lattice strain, the VBB increases from 54 to 217 mV (Figure 3B), and
the D increases from 5.93 to 8.40 nm. More compressive lattice strain leads to
greater structural differences between the bulk phase and surface layer, leading
to a wider depletion layer. Consequently, more electrons accumulate on the sur-
face layer and thus generate a larger VBB. The intensity of the SSEF in the AC–4
sample is 3.1 times that of the AC-1 sample (Figure 3C). The above results illus-
trated that the larger lattice strain will induce a stronger SSEF.

SSEF regulated methanol conversion
To evaluate the effect of the SSEF on the reaction, photocatalytic methanol

conversion was performed in a homemade quartz tube reactor (6.5mL) and irra-
diated by a 455 nm light-emitting diode. There are two pathways for methanol
conversion. One is the dehydrogenation to HCHO, and the other is C–C bond
coupling to EG (Figure 4A). H2, HCHO, and EG were almost linearly produced
as the reaction proceeded (Figures 4B–4D and S19). Compared with the AC-1
catalyst, the productivities of HCHO and EG of other samples were both
increased and released more H2, which could be attributed to effective charge
separation (Figure 4E). More importantly, the SSEF changes the reaction path-
ways. The dehydrogenation reaction is prohibited, and the C–C bond coupling re-
ll
action is promoted, via increasing the intensity of theSSEF,whichwas consistent
with DFT calculation results that the electric field favors C–H bond cleavage and
prohibits O–H bond cleavage. For AC-1 with a weak SSEF, the O–H bond cleav-
age is favored to form HCHO forms, while for AC-4 with a stronger SSEF, C–H
bond cleavage is more favored to produce EG. Consequently, the selectivity is
changed from 100% of HCHO to 92% of EG (Figure 4F). Compared with previous
works, the selectivity of HCHO or EG is excellent (Table S2). When the reaction
was conducted in acetonitrile solvent, AC-1 shows 45% conversion of the meth-
anol with 88% carbon yield of HCHO (carbon balance: 88%). AC-4 shows 99%
conversion of methanol with 82% carbon yield of EG, 8% carbon yield of
HCHO, and 1% carbon yield of glycoaldehyde (carbon balance: 91%) (Figure S20).
Besidesmethanol, we have performedphotocatalytic conversion of other alco-

hols, including aromatic alcohol and thiophenol alcohol, using the AC-1 and AC-4
catalysts (Table 1). AC-1 with a weak SSEF is selective to produce the corre-
sponding aldehydeswith 60%–98%yield and 94%–99% conversion. On the other
hand, AC-4 with a strong SSEF prefers to form coupling products with 63%–83%
yield and 95%–99% conversion. These results demonstrate the feasibility of the
SSEF in tuning the selectivity in photocatalytic alcohol conversion.

Reaction mechanism
We performed deep studies to elucidate the reaction mechanism of methanol

conversion under the effect of the SSEF. The addition of styrene nearly
completely suppressed the formation of HCHO and EG, suggesting a radical
route mechanism (Figure S21). The $CH2OH radical adducts were detected by
gas chromatography-mass spectrometry (Figure S22). In situ electron spin reso-
nance spectra (Figure 5A) using 5,5-dimethyl-1-pyrroline-N-oxide as a spin-trap-
ping agent reveals the generation of the $CH2OH and $OCH3 radicals
The Innovation 5(5): 100659, September 9, 2024 3



Figure 3. The analysis of the electric field (A) Scheme of the electric field distribution and the thickness of depletion layer of Au/CdS samples with lattice strain increasing. (B) Surface
photovoltage (SPV) signals of Au/CdS samples. (C) The intensity of SSEF of Au/CdS samples. In the equation, E is the intensity of the surface static electric field, e is the elementary
charge, D is the depletion layer thickness, Nd is the carrier concentration, εr is the relative constant, and ε0 is the permittivity of vacuum.
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(Figure 5B).30 The $CH2OH radical derived fromC–Hbond cleavage accounts for
the EG formation, whereas the $OCH3 radical resulting from O–H bond cleavage
is responsible for HCHO formation. DFT calculation results have revealed that
increasing the electric field will favor the formation of CH2OH radicals and pro-
hibit the formation of $OCH3 radicals (Figure 1C). This will lead to the generation
of different ratios of C/O-centered radicals, which is demonstrated by the
following radical trapping experiment. The $OCH3 radicals are dominant (80%)
in AC-1with aweak SSEF, while AC-4with a stronger SSEF exhibited a higher per-
centage of$CH2OH radicals (65%), indicating that the SSEF is more inclined to
selectively activate theC–Hbond than theO–Hbond, thus changing the reaction
pathway.

Methanol adsorption Fourier transform infrared (FTIR) spectroscopy was car-
ried out to further investigate the C–H/O–H bond activation mechanism (Fig-
ure S23). After the introduction of methanol vapor, the C–H stretching vibration
peak (2,948 cm�1 over AC-1) exhibited a negligible change (2,945 cm�1 over
AC-4).64 By contrast, the O–H stretching vibration peak was blue-shifted from
3,347 to 3,496 cm�1 after methanol adsorption on AC-4, indicating that the O–
H bond length shortened and was difficult to activate, consistent with the previ-
ous DFT calculations about the change of C–H/O–H bond length (Figure 1B).
The above results revealed that AC-4 has difficulty activating the O–H bond,
thus prohibiting the formation of aldehyde.

Attenuated total reflection FTIRspectroscopywas employed to investigate the
photocatalytic conversion of methanol (Figure 5C). As the light irradiation time
prolonged, a new peak at 1,728 cm�1 assigned to the carbonyl group of HCHO
4 The Innovation 5(5): 100659, September 9, 2024
appeared and gradually increased for both AC-1 and AC-4 samples.65 Besides,
an additional band centered at 1,460 cm�1 assigned to C–C bond symmetric
stretching of EG was observed in AC-4 samples but not in AC-1 samples.66

The introduction of the electric fieldmakes the scission of the O–H bond difficult
to generate $OCH3 radicals, and preferentially activates the C–Hbond for the for-
mation of $CH2OH radicals, thus tuning the products selectivity.
The density of states shows that the valence band of Au/CdS is mainly

composed of S orbitals and the conduction band primarily originates from the
Au orbitals, indicating that the holes accumulate on S and electrons accumulate
onAu (Figure S24). Herein, we proposedapossible photocatalytic reactionmech-
anism (Figure 5D). Photoirradiation of Au/CdSgenerates holes and electrons. For
AC-1 with a weak SSEF, the holes on CdS attack the O–H bond of methanol and
afford $OCH3 radicals, which are further converted into HCHO. By contrast, for
AC-4 with a strong SSEF, the holes on CdS prefer to activate the C–H bond
and produce $CH2OH radicals that subsequently couple to EG. The photoinduced
electrons transfer to Au and reduce the protons to generate H2.

CONCLUSION
In summary, we demonstrated that the SSEF can alter the reaction pathways

in the photocatalytic alcohol conversion over Au/CdS. The intensity of the SSEF
can be adjusted via Au–CdS-interaction-induced lattice strain. The inducedSSEF
preferentially activates the C–H bond over the O–H bond and changes the selec-
tivity from aldehydes to dimers. Through this strategy, we realized the selective
formation of aldehydes or dimers from photocatalytic conversion of alcohols via
www.cell.com/the-innovation

http://www.thennovation.org
http://www.thennovation.org


Figure 4. SSEF regulated methanol conversion (A) Two pathways of photocatalytic methanol conversion. (B–D) The time profiles of H2, HCHO, and EG productivity over AC-1 and
AC-4 samples. (E) The performance of photocatalytic methanol conversion over Au/CdS samples. (F) The product selectivity under different SSEFs. Reaction conditions: 5 mg of
catalyst, 1 mL of methanol, 1 atm of Ar, 455 nm LED. The error bars represent the relative deviation derived from parallel experiments.
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tuning the SSEF. This study provides a new idea for designing tailored catalysts
to steer the reaction pathway in semiconductor-based photocatalysis via utilizing
the surface electric field. In this strategy, the electric field can differentially affect
the chemical bond with different polarity, which is promising to be applicable for
selectivity control in organic synthesis involving polar molecules. Further works
will be devoted to the develop new method to effectively tune the SSEF for
various semiconductors beyond CdS.
MATERIALS AND METHODS
See the supplemental information for details.
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Table 1. Substrate scope of photocatalytic alcohol conversion
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