7 ROYAL SOCIETY

Nanoscale s OF CHEMISTRY

View Article Online

View Journal | View Issue

Janus silver/ternary silver halide nanostructures as
plasmonic photocatalysts boost the conversion of
CO, to acetaldehydef
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Photocatalytic conversion of carbon dioxide (CO,) to liquid product acetaldehyde (CH3CHO) remains a
great challenge due to the involvement of a complex 10-electron reduction process and a sluggish C-C
coupling reaction. Herein, we report the synthesis of Janus silver/ternary silver halide (Ag/AgCIBr) nano-
structures through precisely manipulating the growth kinetics and its function as a plasmonic photo-
catalyst to boost the conversion of CO, to CHzCHO. The obtained Janus nanostructures featuring both
spatially separated architecture and broad light-harvesting capability facilitate the photocatalytic reduction
of CO, under solar illumination. The photocatalytic CO, reduction with the characteristics of high activity
and good selectivity can generate a 10-electron reduction product CHzCHO with a generation rate of
209.3 + 9.5 umol h™ g and a selectivity of 96.9%, which are rarely achieved in previously reported
photocatalytic CO, reduction systems. The excellent photocatalytic performance can be ascribed to the
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plasmonic effect of Ag nanocrystals and the favorable active sites on the catalyst surface. This research
demonstrates for the first time the utilization of the Janus Ag/AgCIBr nanostructures to generate the
value-added C, liquid product through photocatalytic CO, reduction, paving the way for the design and
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Introduction

Solar-driven conversion of green-house gas carbon dioxide
(CO,) to chemical fuels and feedstocks is a potential strategy
to address the energy and environmental challenges, opening
a possibility of closing the anthropogenic carbon cycle in a
renewable and sustainable way.' Despite substantial endea-
vors, it remains challenging to efficiently convert CO, to value-
added fuels with high activity and good selectivity because of
the thermodynamically stable and chemically inert property of
the linear CO, molecules.” So far, semiconductor photocata-
lysts are widely applied in the photocatalytic CO, reduction
due to their excellent stability and high reactivity, while the
products are mainly limited to C; compounds such as CO,
CH,, and CH3;O0H. The formation of C, products with high
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construction of novel plasmonic photocatalysts.

volumetric energy densities remains a great challenge due to
the sluggish multielectron reduction dynamics process.” *°
Acetaldehyde (CH3;CHO) is an important chemical industrially
produced mainly by the Wacker process through the oxidation
of ethylene.'' The liquid product CH;CHO is much more
appealing in the CO, reduction because of its high energy
density and ease of storage and transportation.'>"* However,
the efficient production of CH;CHO through photocatalytic
CO, reduction is rarely achieved because of the involvement of
both 10-electron reduction and C-C coupling processes, which
are much more complex and sluggish than those of C; pro-
ducts. Therefore, the synthesis of new efficient photocatalysts
with the capability of reducing CO, to CH;CHO with high
activity and good selectivity is urgently needed.

The integration of plasmonic metals with semiconductors
to obtain plasmonic photocatalysts has triggered increasing
interest recently due to their potential for (1) promoting the
photocatalytic activity through the localized surface plasmon
resonance (LSPR) properties of plasmonic metals and (2)
unlocking the reaction pathways by reducing the activation
barriers."*>° Plasmonic metals (e.g., Au, Ag, and Cu) are par-
ticularly attractive because of their strong resonant behaviors
in response to ultraviolet, visible, and near-infrared light.
Moreover, the integration of semiconductors with plasmonic
metals can greatly enhance the photocatalytic performance
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through different non-mutually exclusive energy-transfer
mechanisms.> > Among different plasmonic metals, Ag is a
potential plasmonic photocatalyst for plasmon-driven CO,
reduction because (1) Ag has the characteristics of favorable
dielectric functions, nontoxicity, and relatively low cost;**** (2)
Ag possesses relatively large overpotential for the reduction of
protons and can efficiently suppress the photocatalytic hydro-
gen production, which is a fiercely competing reaction with
the photocatalytic CO, reduction;*® (3) Ag can significantly
improve the CH3;CHO selectivity in the CO, reduction by weak-
ening the binding energy of the reduced CH;CHO
intermediates.””””® Moreover, silver halides (AgX) are promis-
ing semiconductor photocatalysts with a variety of photo-
catalytic applications.”*** In comparison with binary AgX,
ternary AgX nanomaterials (e.g., AgCIBr) possess more energy
states in the valence band and higher conduction band edges,
making them excellent photocatalysts for CO, reduction.** We
suppose that the integration of the AgX semiconductor nano-
crystals with plasmonic Ag nanocrystals can obtain ternary
AgX nanocrystals with enhanced photocatalytic performance
and stability in the photocatalytic CO, reduction. However, the
development of Ag/ternary AgX nanostructures toward photo-
catalytic CO, reduction (especially for the generation of C, pro-
ducts) has rarely been reported so far.

Herein, we report the synthesis of the Janus silver/ternary
silver halide (Ag/AgCIBr) nanostructure through precisely
manipulating the growth kinetics and its function as a plasmo-
nic photocatalyst to boost the conversion of CO, to CH;CHO.
The composition and light-harvesting property of the Janus
nanostructures can be facilely adjusted by changing the molar
ratios of feeding reagents in the precursors. The obtained
Janus nanostructures featuring both spatially separated archi-
tecture and broad light-harvesting capability facilitate the
photocatalytic reduction of CO, under solar illumination. The
photocatalytic CO, reduction with the characteristics of high
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activity and good selectivity can generate a 10-electron
reduction product CH3;CHO with a generation rate of 209.3 +
9.5 pmol h™" g™ and a selectivity of 96.9%, which are rarely
achieved in previously reported photocatalytic CO, reduction
systems.

Results and discussion

The Janus nanostructures are obtained through the co-precipi-
tation reaction by titrating AgNOj; into an ethylene glycol solu-
tion composed of Br~ and CI™ ions. The injection rate and
reaction dynamics can be precisely controlled using a syringe
pump. Ethylene glycol instead of water is used as the solvent
in the whole process because of its relatively high viscosity
which can significantly decrease the precipitation reaction
rate, facilitating the nucleation/growth and the formation of
ternary AgCIBr nanocrystals.>* The composition of the ternary
AgCIBr nanocrystals can be adjusted by simply changing the
molar ratios of the halide ions in the precursors. In addition,
ethylene glycol may serve as a weak reductant in the presence
of polyvinylpyrrolidone (M,, = 40 000).>* It can reduce AgNO; to
tiny Ag nanoclusters that subsequently grow into Ag nanocrys-
tals on the surface of the ternary AgCIBr nanocrystals through
a self-catalytic reduction process.*® Consequently, the Janus
nanostructures with Ag and ternary AgCIBr nanodomains dis-
tributed onto the same surface are successfully synthesized.
The obtained Janus nanostructures are named Ag/AgCl,Br(;_y),
where the subscripts are determined by the X-ray photo-
electron spectroscopy (XPS) results (Fig. S1 and Table S17),
which will be discussed later.

Fig. 1a displays a representative low-magnification trans-
mission electron microscopy (TEM) image of the as-obtained
Janus Ag/AgCly ;9Br, »; nanostructures with excellent monodis-
persion and high number yield of Janus nanostructures. Each
asymmetric nanostructure comprises two segregated nanodo-
mains and a shared interface in contact with each other. The
sizes of the Ag nanocrystals and ternary AgCIBr nanocrystals
are 21.5 + 3.1 nm and 24.8 + 4.8 nm, respectively. A plasmon
peak located at 359 nm appears in the extinction spectrum
(Fig. 1b), indicating the presence of Ag nanocrystals in the
Janus nanostructures.”' Moreover, the Janus nanostructures
possess a wide light-harvesting range that spans the ultraviolet,
visible and near-infrared regions (Fig. 1b), suggesting that the
ternary AgCIBr nanocrystals can respond to the visible and
near-infrared light, which is critical for the solar-driven photo-
catalysis. Both the LSPR property of plasmonic Ag nanocrystals
and the wide light-harvesting range of ternary AgCIBr nano-
crystals endow the Janus nanostructures with the capability of
efficiently harvesting solar energy. Furthermore, high-angle
annular dark-field scanning transmission electron microscopy
(HAADF-STEM) imaging, energy-dispersive X-ray (EDX) spec-
troscopy mapping, and high-resolution TEM (HRTEM)
imaging were conducted to investigate the Janus feature
(Fig. 1c and d). The EDX mapping indicates that element Ag
disperses on both sides while elements Br and Cl are mainly

This journal is © The Royal Society of Chemistry 2021
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Fig. 1 Janus Ag/AgCIBr nanostructures. TEM image (a) and extinction spectrum (b) of the as-obtained Ag/AgCly79Bro21 nanostructures. (c)
HAADF-STEM image (left) and the corresponding EDX maps of a representative Janus Ag/AgClg 79Bro »1 heterostructure. (d) HRTEM image of a single
Janus Ag/AgCly 79Bro 21 nanostructure. Two typical regions marked by dashed white boxes (1 and 2) and the corresponding enlarged images verify

the facets of Ag and AgCIBr.

located on one side of the Janus nanostructure (Fig. 1c), con-
firming that the two sides of the Janus structure are Ag and
ternary AgCIBr, respectively. The lattice fringes taken from the
HRTEM image reveal that the one side of the Janus nano-
structure is made of metallic Ag and the other side is com-
posed of ternary AgCIBr (Fig. 1d), further verifying that the two
sides of the Janus nanostructures are Ag nanocrystals and
ternary AgCIBr alloy nanocrystals, respectively.

X-ray diffraction (XRD) and XPS were carried out to investi-
gate the crystalline nature and chemical composition of the
Janus nanostructures. As shown in the XRD result (Fig. 2a),
the diffraction peaks of the Janus Ag/AgCl,;oBry,; nano-
structures can be indexed according to the cubic structure of
Ag (space group, Fm3m; lattice constant, 0.408 nm) and cubic
structure of AgCIBr (space group, Fm3m; lattice constant,
0.5626 nm), respectively. The XPS survey spectrum demon-
strates the existence of the elements Ag, Br, and Cl in the
sample (Fig. 2b), with the signals of C and O coming from the
surfactant molecules and the signal of Si originating from the
Si substrate. The high-resolution Ag 3d XPS spectrum can be
fitted with two types of Ag components (Ag° and Ag") (Fig. 2¢).
The peaks located at 367.4 eV and 373.4 eV are attributed to
the binding energies of Ag 3ds, and Ag 3d;, of Ag' in the
AgCIBr nanocrystals, whereas the peaks at 367.8 eV and 373.8
eV are assigned to the pure metallic Ag nanocrystals.*® The
high-resolution Br 3d (68.3 eV and 69.2 eV) (Fig. 2d) and CI 2p
(197.7 eV and 199.3 eV) (Fig. 2e) XPS spectra suggest that the
valence states of Br and Cl in Janus nanostructures are both
—1 state.?” In addition, the molar ratios of Cl to Br can be cal-

This journal is © The Royal Society of Chemistry 2021

culated by integrating the peak areas. All the sample names in
this work are therefore determined on the basis of XPS results
(Fig. S1 and Table S17).

Since the morphological and structural properties of the
Janus Ag/AgCIBr nanostructures are highly sensitive to the
reaction dynamics, we performed a series of control experi-
ments to elucidate the effects of kinetic factors upon the
growth behavior of Janus nanostructures. Firstly, we investi-
gated the effect of the Cl/Br molar ratio upon the structural
and optical properties by changing the molar ratio of Br~ and
Cl™ ions and keeping the total halide ion amount constant in
the reaction solution (Fig. S2-S47). Although the Janus mor-
phology can be obtained with different Cl/Br molar ratios,
their optical and structural properties are significantly
different. With the increase of the CIl/Br ratio, the plasmon
peaks of Ag nanocrystals become more and more obvious
(Fig. 1b and S31), suggesting the formation of Ag nanocrystals
in the Janus nanostructures. This conclusion is supported by
the XRD results that the intensities of metallic Ag peaks
enhance with the increase of Cl/Br molar ratios (Fig. 2a and
S47). Simultaneously, the crystalline phases of AgX change
from AgBr to AgCIBr and eventually to AgCl. Secondly, we
studied the effect of the Ag/halide (Ag/X) ratio by changing the
amount of AgNO; and keeping the total halide ion amount
constant (Fig. S5-S71). When the Ag/X ratio is smaller than
1:1, the Janus nanostructures can hardly be obtained, with
neither an Ag plasmon peak in the extinction spectra (Fig. S67)
nor a metallic Ag peak in the XRD patterns (Fig. S71) being
observed. In contrast, the addition of sufficient AgNO; amount
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Fig. 2 Structure and composition of the Janus Ag/AgClIBr nanostructures. (a) XRD patterns of the Janus Ag/AgCly79Bro21 nanostructures. XPS
survey spectrum (b) and high-resolution Ag 3d (c), Br 3d (d), and Cl 2p (e) XPS spectra of the Janus Ag/AgCly 79Bro 21 nanostructures.

results in the red-shift of the plasmon peak of Ag nanocrystals
in the extinction spectra and the increase of the metallic Ag
peak in the XRD patterns due to the increased size of Ag nano-
crystals induced by the increasing AgNO; amount. Thirdly, we
investigated the effect of the injection rate of AgNO; (Fig. S8-
S107). The results suggest that an appropriate injection rate
(0.4-0.8 ml min™") is critical to the formation of the Janus
nanostructures. Above all, the morphological and structural
properties are highly dependent on the Cl/Br molar ratio, Ag/X
molar ratio and the injection rate of AgNO;.

The spatial architecture plays a significant role in the photo-
catalytic performance of the plasmonic photocatalysts.'®***°
The spatially separated design and excellent light-harvesting
capability of the Janus Ag/AgCIBr nanostructures facilitate the
plasmon-driven photocatalytic CO, reduction under solar illu-
mination. The photocatalytic experiments were conducted in
CO,-saturated KHCO;3 aqueous solution (0.1 M, 20 mL) under
AM 1.5G 1 sun illumination at an optical power density of
100 mW em™>, with triethylamine as the hole sacrificial agent.
The products were analyzed by off-line gas chromatography in
combination with ion chromatography.

AgX has been attracting increasing interest in the photo-
catalytic CO, reduction owing to their excellent electronic
structures. Halides may also act as the active sites by modulat-
ing the adsorbed CO, and intermediate molecular configur-
ation, which can efficiently reduce the activation barrier and
improve the photocatalytic performance.*'™** In comparison
with binary AgX, the ternary AgX is a more promising photo-
catalyst owing to its unique merit of facile modulation of elec-
tronic structures.>® In this regard, we first evaluated the photo-
catalytic performance of five types of Janus Ag/AgX nano-
structures with different Cl/Br molar ratios, including Ag/AgBr,

20292 | Nanoscale, 2021, 13, 20289-20298

Ag/AgCly 17Brg g3, Ag/AZCly 45Brg 55, Ag/AZCly 79Brg,1, and Ag/
AgCl. To our surprise, CH;CHO produced through the 10-elec-
tron reduction process, which has rarely been reported in pre-
vious photocatalytic systems, is the dominant product for all
these five catalysts (Fig. 3a). The Janus Ag/AgCl, ;Br,,; nano-
structures exhibit optimal photocatalytic activity toward
CH;CHO production with a generation rate of 209.3 + 9.5 pmol
h™ g™, which is 6.2-fold compared with that of the Janus Ag/
AgBr nanostructures. The CH;CHO production rate on the
Janus Ag/AgCl, 79Bry 1 nanostructures is comparable or even
superior to those representative works reported recently
(Table S27). Besides the liquid product CH;CHO, other three
gas products including CO, CH,, and C,H, are all detected in
these systems. But H, is not detected in our system, suggesting
that the photocatalytic hydrogen evolution is suppressed by
the reduction of CO,.** The selectivity of CH;CHO was evalu-
ated on the basis of the consumed electrons (see the experi-
mental section for details).”>*® The CH;CHO selectivity is
higher than 90% when the Cl/Br molar ratio is larger than
1:1, and reaches a maximum value of 96.9% at a Cl/Br molar
ratio of about 8: 2. Both the high activity and selectivity toward
CH;CHO production suggest that the two types of halide active
sites synergistically promote the CO, activation and facilitate
their conversion to the products. Since the Janus Ag/
AgCly 70Brg,; nanostructures exhibit optimal photocatalytic
activity and selectivity, we kept the Cl/Br molar ratio of the
Janus nanostructures at 0.79:0.21 and investigated the effect
of the Ag/X molar ratio upon the photocatalytic performance
(Fig. 3b). When the Ag/X ratio in the precursor is 1: 1, the cata-
lyst exhibits optimal photocatalytic activity and selectivity
toward CH3;CHO production. Therefore, the Janus Ag/
AgCl, 79Bry »; nanostructures are selected as the photocatalyst.

This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Photocatalytic CO, reduction performances. Photocatalytic CO, reduction activity and CHsCHO selectivity of the Janus Ag/AgCIBr nano-
structures with different Cl/Br molar ratios (a) and different Ag/X molar ratios (b). (c) Photocatalytic CHzCHO production activity and selectivity of
the Janus Ag/AgCly 79Brg21 nanostructures as a function of time. (d) Mass spectra extracted from the GC—MS analysis of 3CH5CHO (purple) and

the standard mass spectra of 2CH3*2CHO (green).

Under solar CH3;CHO production

increases with the irradiation time, but the selectivity remains

illumination, the

nearly constant (Fig. 3c). To reveal the origin of the produced
CH3;CHO, various control experiments were performed
(Fig. S117). No CH3CHO is detected under the following experi-
mental conditions: (a) without a photocatalyst, (b) in the dark,
and (c) under an Ar atmosphere, suggesting that the boosting
of the CH3;CHO product originates from the photocatalytic
reduction of CO, induced by the catalyst. The photocatalyst
activity decreases by 15.3% in the absence of a hole sacrificial
agent, indicating that the use of a sacrificial agent can efficien-
tly reduce the hot carrier recombination and facilitate the CO,
reduction by electrons. To further trace the carbon source of
product CH;CHO, we carried out a >CO, isotope labelling
experiment (Fig. 3d and Fig. S121). As displayed in Fig. S12a,}
only product CH;CHO is detected besides the hole scavenger
((C,H5)3N) in gas chromatography spectra of the reaction solu-
tion, suggesting that CH;CHO is the only liquid product of the
photocatalytic CO, reduction. The mass spectra of CH;CHO
and (C,Hs);N were extracted from the gas chromatography-
mass spectrometry (GC-MS) analysis (Fig. 3d and Fig. S12bf).
All the ion fragment peaks of the generated CH;CHO under a
C0, atmosphere exhibit clear shifts in comparison with

This journal is © The Royal Society of Chemistry 2021

those of the standard fragmentation pattern of >CH;'>CHO
(Fig. 3d), demonstrating that the generated CH;CHO is defi-
nitely derived from the photocatalytic CO, reduction. Note that
the presence of a hole scavenger has no apparent influence on
the mass spectra of the liquid product (Fig. S12b¥). To clarify
the role of Ag nanocrystals played in the photocatalytic CO,
reduction, the AgCl, ¢Br,, sample was prepared through a co-
precipitation approach?” and its photocatalytic performance
was studied (Fig. S13t). As shown in Fig. S13c,} the photo-
catalytic activity and selectivity of the AgCIBr sample toward
the reduction of CO, are 52.9 + 4.2 yumol h™' ¢™" and 78.3%,
greatly lower than those of the Janus Ag/AgCIBr nano-
structures. The poor photocatalytic performance of the AgCIBr
sample reveals the importance of the plasmonic effect of Ag
nanocrystals in the photocatalytic process. In addition, the
Janus nanostructures exhibit excellent recyclability and photo-
stability during photocatalytic CO, reduction. After three suc-
cessive cycles, the photocatalytic activity remains at 87.5%,
and the selectivity of CH;CHO remains almost constant
(Fig. S14t). Moreover, no morphological and structural change
is observed after the typical reaction process, suggesting the
excellent photostability of Janus nanostructures (Fig. S15 and
S167).

Nanoscale, 2021, 13, 20289-20298 | 20293
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To investigate the plasmonic effect of the Janus nano-
structure photocatalyst, we evaluated the photocatalytic per-
formance under solar or 4 > 420 nm light irradiation. Since the
plasmon peak of Ag nanocrystals is located at 359 nm (Fig. 1a),
LSPR of Ag nanocrystals almost takes no effect under A >
420 nm light irradiation (plasmon off state). In contrast, LSPR
of Ag nanocrystals is active under solar irradiation (plasmon
on state). As shown in Fig. 4a, the photocatalytic activity and
selectivity of the Janus nanostructures toward CH;CHO pro-
duction under the plasmon-off state are 71.1 + 1.2 pmol h™"
g~! and 80.6%, much lower than those under the plasmon-on
state. The photocatalytic activity under the plasmon-off state
decreases by 66% compared with that under the plasmon-on
state, suggesting that the plasmonic effect plays a critical role
in the photocatalytic CO, reduction process. The significant
difference in the photocatalytic performance under these two
states can be explained by their different reaction mechanisms
(Fig. 4b). Under the plasmon-off state, the ternary AgCIBr
semiconductor in the Janus nanostructures is excited to gene-
rate the electron/hole pairs in the semiconductor component
(mechanism 1 in Fig. 4b). The generated electrons participate
in the reduction of CO, and the holes are consumed by the
hole scavengers. Ag nanocrystals function as the cocatalyst in
this scenario. In contrast to the plasmon-off state, there are
three possible reaction mechanisms under the plasmon-on
state. Under solar irradiation, both plasmonic Ag nanocrystals
and ternary AgCIBr semiconductors can be excited. Similar to
the plasmon-off state, the electron/hole pairs are generated in
the semiconductor component (mechanism 1 in Fig. 4b).
Simultaneously, a strong local electromagnetic field that is
orders of magnitude larger than the photon field is generated
in the near-field region of Ag nanocrystals due to their LSPR
properties.>*> The part of the semiconductor close to the
metal/semiconductor interface is subjected to the strong elec-
tric fields. Since the electron-hole formation rate is pro-
portional to the local electric field intensity, the hot carrier
concentration in this region is greatly boosted (mechanism 2
in Fig. 4b). Moreover, electron/hole pairs can be generated in

20294 | Nanoscale, 2021, 13, 20289-20298

plasmonic Ag nanocrystals under resonance excitation. Hot
electrons with sufficient energy can be injected into the con-
duction band of the semiconductor and take part in the CO,
reduction process (mechanism 3 in Fig. 4b). Besides, the
photothermal contribution from the Ag nanocrystals is
believed to be very low owing to the use of a circulation
cooling system. Among these three hot carrier generation pro-
cesses, the improvement of photocatalytic activity under the
plasmon-on state should mainly benefit from the near-field
electromagnetic mechanism (mechanism 2 in Fig. 4b), which
promotes the formation of the electron/hole pairs and boosts
the generation of the CH3;CHO product. In addition, the
selectivity increases under the plasmon-on state, because the
plasmonic effect can unlock the reaction pathways to facilitate
the product conversion.'®> On the basis of the above results, we
can conclude that the conversion of CO, to CH;CHO takes
place at the AgBrCl surface, since CH;CHO can be produced
under the situation of plasmon on or plasmon off. Although it
has still remained elusive to tell the true active sites for the
CO, reduction, it is believed that the major active sites for the
CH3;CHO formation are located at the Ag/AgBrCl interface
because of the two following reasons. First, theoretical calcu-
lations have proved that the energy bandgaps and electronic
structures can be facilely adjusted through the substitution of
Cl atoms by Br atoms in the AgX semiconductor, facilitating
the CO, adsorption and conversion.***® Second, the presence
of metallic Ag on the AgBrCl surface can fill midgaps with
additional energy states,** which can not only improve the
light-harvesting of the AgBrCl catalyst but also promote the
photocatalytic activity. According to the near-field electromag-
netic mechanism, the hot carrier concentration close to the
Ag/AgBrCl interface is greatly boosted. Benefiting from more
available energy states and the presence of metallic Ag in this
region, the reduction of CO, mainly takes place at the interface
of Ag/AgBrCL

The adsorption and activation of CO, molecules play irre-
placeable roles in the photocatalytic CO, reduction due to the
thermodynamically stable and chemically inert properties of

This journal is © The Royal Society of Chemistry 2021


https://doi.org/10.1039/d1nr05801k

Published on 08 November 2021. Downloaded on 1/15/2026 12:53:07 PM.

Nanoscale

the CO, molecules. The bending of the linear CO, molecules
and even the cleavage of C=0O bonds must overcome a large
activation barrier,*® which can be largely reduced by the intro-
duction of active sites on the catalyst surface.’*>* To investi-
gate the excellent photocatalytic performance on the Janus
nanostructures, in situ Fourier transform infrared (FT-IR) spec-
troscopy was employed to precisely track the reaction inter-
mediates during the photocatalytic CO, reduction process. As
shown in Fig. 5, in situ FT-IR spectra of the reaction solution
are collected as a function of irradiation time. The bands of
1000-2200 cm™ ' region originate from the carbonate adsor-
bates of CO,, and the peaks at 1551, 1312, and 1730 cm ™"
correspond to monodentate carbonate (m-CO;>7), bidentate
carbonate (b-CO;*>7), and chelating-bridged carbonate
(c-CO3>7) adsorbed on the catalyst surface, respectively.**>?

Absorbance (a.u.)

1000 1200 1400 1600 1800 2000 2200
Wavenumber (cm-)

Fig. 5 In situ FT-IR spectra recorded as a function of time during the
photocatalytic CO, reduction on the Janus Ag/AgCly79Bro21
nanostructures.
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The presence of various carbonate species suggests that CO,
can be adsorbed and activated on the catalyst surface in
different modes. The irradiation time-dependent increase in
peak intensity indicates the boosting of activated CO, molecules
on the catalyst. In addition, the peaks at 1430 and 1167 cm™*
are assigned to the v,4(CO;) and §(OH) modes of bicarbonates
(HCO;™), which originate from the interaction of the adsorbed
CO, and H,O on the catalyst surface.*>>* The appearance of the
1048 cm™' peak indicates the generation of *CHO.’* The two
peaks at 1946 and 2076 cm™" result from the Ag-CO adsorbed
species, suggesting the existence of *CO intermediates in the
photocatalytic process. The above FT-IR results demonstrate
that the catalyst surface facilitates both the adsorption/acti-
vation of CO, molecules and the generation of the product.
Based on the above results, we proposed a hypothetical
photocatalytic CO, reduction mechanism for Janus Ag/AgCIBr
nanostructures. The surface of AgCIBr nanocrystals possesses
a large number of accessible active sites. Once CO, molecules
interact with these active sites, they are polarized to generate
electron repulsion that can bend the linear molecular struc-
ture. In comparison with the linear structure, the bent CO,
molecules greatly decrease their lowest unoccupied molecular
orbital level to favour the electron injection from the plasmo-
nic photocatalyst. Subsequently, hot carriers are generated
according to different mechanisms under solar irradiation
(Fig. 4b). The photogenerated electrons transfer to the lowest
unoccupied molecular orbital, enabling the conversion of CO,
molecules to different intermediates. Fig. 6 displays the reac-
tion pathways for the reduction of CO, to CH;CHO product.
The whole process can be divided into three stages including
(1) the generation of C; intermediates (Fig. 6a and b), (2) C-C
coupling of two adjacent C; intermediates (Fig. 6c), and the

a

0=C=0 ) i

| O\\(‘»/'O HO\ C/O
e | H* | H* +¢ |
-H,O
b
H OH
0=C=0 c \("3/
SC% #Co, H 0
l 0/ S O/ \O 0 ~No#
(S | | Ht+te | | H* | < |
OH,4s
C
5 H
| [ C—C coupling [ _Hf+te
d 0 0
\ }II \ }II u
/C\C/OH C\ C/
Ht+e H | H++e C—CH, H*+e H H e, cHcHO
| -H,O
H  OH

Fig. 6 Reaction pathways for the photocatalytic reduction of CO, to CHzCHO product.
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conversion of C, intermediates to the CH3;CHO product
(Fig. 6d). It is generally accepted that the formation of one-elec-
tron reduction product CO,™™ is thermodynamically unfavourable
but is the prerequisite for the CO, conversion.” This process is
achieved through the adsorption of CO, on the active sites and
reduction by photogenerated electrons under solar irradiation.
Owing to the various binding modes of CO, molecules on the
Janus Ag/AgCIBr nanostructures, monodentate and bidentate
binding of CO,™™ are mainly formed on the active sites (green
color in Fig. 6a and b) and the CO,™ intermediates are sub-
sequently converted to two different C,; intermediates including
*CO and *CHO (red color in Fig. 6a and b), as revealed by the
in situ detection results. In addition, a C, intermediate glyoxal
(CHOCHO, yellow color in Fig. 6¢) can be formed through dimeri-
zation of two *CHO or C-C coupling between *CO and
*CHO.>*>® To gain a deep insight into the reaction pathways,
the theoretical calculation was conducted to reveal the C-C coup-
ling mode of CH;CHO formation (Fig. S171). Evidently, the C-C
coupling mode between *CO and *CHO is thermodynamically
more favorable than the dimerization of two *CHO. The glyoxal is
therefore formed through the C-C coupling process (Fig. 6c).
Eventually, the liquid product CH;CHO is produced through sub-
sequent stepwise hydrogenation (Fig. 6d).

Conclusions

In summary, we developed a facile method to synthesize the
Janus Ag/AgCIBr nanostructures and systematically investigated
the photocatalytic performance of the Janus nanostructures as
the plasmonic photocatalysts to boost the conversion of CO, to
CH;CHO. By precisely controlling the reaction conditions, we suc-
cessfully synthesized the Janus nanostructures composed of Ag
nanocrystals and ternary AgCIBr alloy nanocrystals with a sharing
interface. The obtained Janus nanostructures possess spatially
separated morphology and wide light-harvesting capability,
endowing them with a unique photocatalytic property to reduce
CO, under solar illumination. The photocatalytic CO, reduction
with the characteristics of high activity and good selectivity can
generate a 10-electron reduction product CH;CHO with a gene-
ration rate of 209.3 + 9.5 pmol h™" g™ and a selectivity of 96.9%.
The excellent photocatalytic performance can be ascribed to the
plasmonic effect of Ag nanocrystals and the favorable active sites
on the catalyst surface. A rational reaction mechanism for the
photocatalytic CO, reduction to the CH;CHO product has been
proposed. This research provides a new strategy to synthesize
efficient plasmonic photocatalysts for photocatalytic reduction of
CO, to CH3CHO, paving the way for fully utilizing solar energy to
drive valuable chemical conversions.

Experimental
Chemicals

Polyvinylpyrrolidone (PVP, M, = 40 000), potassium bicarbon-
ate (KHCOj;, 99.7%), and silver nitrate (AgNO;, >99.0%) were
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purchased from Sigma-Aldrich. Potassium bromide (KBr),
sodium chloride (NaCl), ethylene glycol (C,H¢O,), and triethyl-
amine (TEA) were obtained from Sinopharm Chemical
Reagent. Carbon dioxide (CO,, 99.999%), nitrogen (N,,
99.999%), hydrogen (H,, 99.999%), argon (Ar, 99.999%), and
helium (He, 99.999%) were used as received. *CO, (*’C,
99.0%; '°0, <3%) was purchased from Aldrich. Deionized
water with a resistivity of 18.2 MQ cm was used in all
experiments.

Synthesis of the Janus Ag/AgCIBr nanostructures

Taking the synthesis of Janus Ag/AgCl, ;9Br, 1 nanostructures
as an example, NaCl (0.26 mmol), KBr (0.065 mmol) and PVP
(2.5 g, M,, = 40000) were added into C,HsO, (12 mL) in a
25 mL three-necked round-bottom flask. The mixture was
heated and refluxed in an oil bath at 60 °C under magnetic
stirring. After the complete dissolution of solid powders,
AgNO; solution (0.34 M in C,H0,, 1 mL) was titrated into the
solution using a syringe pump (LSP02-1B,
LongerPump) at a rate of 0.6 mL min~". The resultant solution
was kept stirring for 2 h in a 60 °C oil bath. The whole process
was conducted in the dark and protected with N,. The syn-
thesis of other Janus nanostructures was similar to that of the
Janus Ag/AgCl, ;9Bry,; nanostructures except the change of
the CI/Br or Ag/X molar ratio.

mixture

Photocatalytic CO, reduction experiment

The photocatalytic CO, reduction reactions were performed in
a customized gastight reaction system (65 mL) equipped with a
quartz window on the top and an inlet and an outlet on the
side. For a typical photocatalytic reaction, the photocatalyst
(40 mg) was dispersed into a solution mixture (20 mL) contain-
ing NaHCO; (0.1 M) and TEA (1 mL). TEA was employed as the
hole scavenger. Prior to the irradiation, the solution was
bubbled with high-purity CO, gas (99.999%) for at least 30 min
at a speed of 20 mL min~* and the final pressure in the reac-
tion system was maintained at 1 atm after closing the inlet and
outlet. A 500 W Xenon lamp (CEL-S500, CEAULIGHT)
equipped with an AM 1.5G filter (100 mW cm™?) was used as
the light source for illumination and a circulation cooling
system was employed to control the reaction temperature at
25 °C. The photocatalytic products were quantitatively ana-
lyzed wusing an offlline gas chromatograph (Agilent
Technologies 7890B) equipped with a thermal conductivity
detector (TCD) and a flame ionization detector (FID). He gas
(99.999%) or H, gas (99.999%) was utilized as the carrier gas.
The selectivities of the products were calculated on the basis
of the consumed electrons.*>*® Taking CH3;CHO as an
example, its selectivity can be calculated as follows.

Selectivity cy, cno=
[10n(CH;CHO)]
[2n(CO)+8n(CH,)+10n(CH3;CHO)+12n(C,Hy)]

x100%

where n(CO), n(CH,), n(CH3;CHO), and n(C,H,) are the
amounts (moles) of the products CO, CH,, CH;CHO, and C,H,
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formed in the photocatalytic CO, reduction reaction. The
3CO0, isotope labeling experiment was carried out under the
same conditions except that '*CO, was replaced by *CO,, and
the liquid products were detected by gas chromatography-
mass spectrometry (GC-MS, Agilent 7697-5975C).

Calculation details

The density functional theory (DFT) calculations were con-
ducted with the Vienna Ab Initio Simulation Package.’”*® The
ionic cores and valence electrons were described using the pro-
jected augmented wave potentials.>”®® The exchange corre-
lation interaction was solved by the Perdew-Burke-Ernzerhof
formulation.®' The plane wave cutoff energy was set at 400 eV.
The classical rock-salt type AgCl unit cell was employed to
demonstrate the equilibrium lattice constant. The constant
was further optimized with a 9 x 9 x 9 Monkhorst-Pack k-point
grid for Brillouin zone sampling to be a = 5.527 A. The catalyst
surface was modelled with a 2 x 2 periodicity in the x and y
directions and 2 stoichiometric layers (4 atomic layers) in the z
direction. This surface model consists of 32 Ag and 32 Cl
atoms and 6 Cl atoms were replaced by Br atoms. The free
energy of each reaction intermediate on the catalyst surface
was calculated according to the equation G = E + ZPE — TS,
where E is the electronic energy, ZPE is the zero-point energy,
and TS is the entropy contribution.

Characterization

TEM imaging was performed on an HT7700 electron micro-
scope at 100 kV. HRTEM, HAADF-STEM imaging and EDX
mapping were carried out on an FEI Talos F200S microscope.
Scanning electron microscopy (SEM) imaging was conducted
on a Hitachi SU8010 microscope. The extinction spectra were
recorded using a Hitachi U-3900 ultraviolet/visible/NIR
spectrophotometer. XRD patterns were conducted on a Smart
Lab Se diffractometer equipped with Cu Ka radiation. XPS
spectra were recorded on a Thermo Scientific ESCALAB 250Xi
spectrometer. In situ FT-IR spectra were obtained on a Nicolet
6700 spectrometer.
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