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ABSTRACT

S-scheme heterojunctions have become an emerging type of effective
photocatalysts to convert biomass. However, there are few reports on the synergistic S-
type heterojunction and oxygen vacancy enhanced photocatalytic biomass conversion.
Here, an AgInS;@CeO>-x S-scheme heterojunction photocatalyst with abundant
oxygen vacancies was developed through a simple thermal and mild annealing process,
allowing for the simultaneous production of xylonic acid and CO. Under visible light,
the xylonic acid yield and CO evolution rate reached 60.0% and 3689.9 pmol g!' h!,
respectively, through the decomposition of xylose. It was found that the S-scheme
staggered band structure could improve sunlight utilization, increase the reduction
power of photogenerated electrons, and enhance the separation and transfer of
photogenerated charge carriers. Furthermore, oxygen vacancies on the surface of CeO>
for AgInS>@CeO»-x heterojunction can suppress the recombination of generated
electrons and holes. This study offers a promising approach for designing artificial

photosynthetic systems to promote photocatalytic biomass conversion.

Keywords: S-scheme heterojunction; Oxygen vacancies; Xylonic acid; CO; Photocatalytic

biorefinery;
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1. Introduction

As the only renewable carbon source in nature, biomass stores solar energy and
carbon through photosynthesis [1, 2]. The abundance of chemicals and fuels are
converted from biomass. Photocatalysis is a promising strategy to produce value-added
chemicals, which has attracted increasing attention [3, 4]. Various photocatalytic
processes and photocatalysts have been developed for biomass conversion to produce
hydrogen, liquid fuels, and other chemicals [5-7]. Xylonic acid, which is a biomass-
derived acid, was listed by the US Department of Energy as one of the thirty most
potential compounds [8]. Meanwhile, photocatalytic biorefinery is an important
pathway to produce xylonic acid [9].

Compared with traditional high-temperature chemical and biological methods,
photocatalytic technology has diversified advantages, such as mild reaction conditions,
high efficiency, and low energy consumption [10]. For example, Liu et al. employed
carbon aerogel material (a-TiO@MC) by anchoring chitosan and sodium
carboxymethylcellulose. The xylonic acid yield reached its maximum (52.26%) from
xylose under visible light irradiation [11]. Nevertheless, the above research only
focuses on the liquid products in the reaction without gas products. In previous reports,
Wang et al. dispersed Cu on titanium oxide nanorods for the selective conversion of
biomass-derived sugars into CO [5]. Zhang et al. reported 1213.88 pmol g h'! CO
evolution during the photocatalytic process of producing xylonic acid from xylose
using CIS/GO@3D-OMA photocatalyst [12]. These reported research findings suggest
that the co-production of xylonic acid and CO in the photocatalytic biorefinery process
is a feasible process, which improves atomic utilization. To achieve this, it is essential
to design a photocatalyst with high selectivity and activity.

In the past decades, rare earth metal oxide materials have shown tremendous
capabilities in efficient and cost-effective photocatalysis for various reactions due to
their unique physical and chemical properties [13]. Cerium oxide (CeO>) is regarded as
one of the most promising photocatalysts, due to high structural stability, low cost, and

excellent redox ability [14, 15]. The rich surface chemical features of CeO; including
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Lewis acidic site, Lewis basic site, Bronsted acidic site, and oxygen vacancy provide
an ideal platform to understand the influence of adsorption behavior on the catalytic
performance of CeO»-based heterogeneous catalysts. Oxygen vacancies and Ce*" ions
in ceria can improve oxygen gas adsorption and activation as well as oxygen self-
diffusion in the lattice of nonstoichiometric ceria, benefiting the redox process and
catalytic reaction [16]. Serving as electron donors, oxygen vacancies improve electron
migration in the photocatalytic process [17, 18]. The formation of oxygen vacancies
can be controlled by rationally tunning thermal-treatment temperature and oxygen
partial pressure, doping elements and content, synthesis methods, surface stress, and
electrical field [16]. Nevertheless, the wide bandgap and low visible light utilization
hinder CeO; as efficient photocatalysts [19, 20]. Additionally, a single photocatalyst
cannot reserve both the strong oxidation ability of holes and the strong reduction ability
of electrons due to band structure limitations [21].

It is challenging to develop an efficient photocatalytic system that simultaneously
exhibits visible light responses, effective charge separation and strong redox
capabilities. In this regard, constructing an S-scheme heterojunction composed of
reduction photocatalysts (RP) and oxidation photocatalysts (OP) is a promising strategy
for improving photocatalytic efficiency. S-scheme heterojunction has proven to be a
superior junction system with a strong built-in electric field, which facilitates the
separation of electron-hole pairs and maintains their high redox ability [22]. When RP
and OP come into contact without light irradiation, band bending and an internal electric
field appear at the interface of the two semiconductor contacts. Upon light irradiation,
electrons are excited to form electron-rich and hole-rich regions in RP and OP,
respectively. Driven by an internal electric field, the photo-generated electrons on the
conduction band (CB) of OP consume holes on the valence band (VB) of RP.
Simultaneously, photo-generated electrons and holes with strong redox abilities are
increasingly retained on the CB of RP and the VB of OP, ensuring the high redox ability
of S-scheme heterojunctions [23, 24].

One typical example to demonstrate the highly efficient photocatalyst of S-scheme

heterojunctions is Ni@6MOF/BiVOs, prepared using an H-bonding-induced assembly
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process [25]. The CO photo-conversion of Ni@6MOF/BiVO4 was reported to be 66
times higher than that of BiVO4 nanoparticles in pure water, because of the favorable
charge separation under the positive influence of S-scheme heterojunctions. Moreover,
You et al. developed a hollow structured S-scheme heterojunction named h-
ZnSe/Pt@TiOz to produce Hz and formic acid in pure water. The productivities of H»
and formic acid reached 1858 and 372 pumol g™ h!, respectively, for over 300 h [26].

AgInS; quantum dots (QDs), typical reduction photocatalysts (RP), have garnered
increasing interest in the field of photocatalytic degradation, originating from AgInS»
featured by high chemical stability, tunable band structure and excellent visible light
response [27, 28]. Furthermore, QDs exhibit better electron-hole pairs separation
compared with bulk materials due to the short electron-hole diffusion distance [29, 30].
Previous studies have demonstrated that constructing heterojunctions via incorporating
pure AgInS, with additional compatible photocatalysts can effectively improve the
photocatalytic activity [31].

In this study, we have devised a 0D/3D S-scheme heterojunction involving CeO»
adorned with AgInS> QDs to improve the photocatalytic efficiency using
straightforward two-step hydrothermal and mild annealing processes. Electron
paramagnetic resonance (EPR) analysis has confirmed the increased oxygen vacancies
in the successfully constructed S-scheme heterojunction, which serve as electron
donors to favor the photocatalytic performance. Moreover, staggered band structures
with distinct Fermi levels between AgInS> QDs and CeO; effectively enhances charge
separation. Accordingly, our S-scheme heterojunction yields superior photocatalytic
performance, resulting in the highly efficient production of xylonic acid (60.0%) and
CO (3689.9 umol g!' h'!). The underlying charge transfer mechanism in S-scheme is
elucidated through in-situ X-ray photoelectron spectroscopy (in-situ XPS) and Kelvin
probe force microscopy (KPFM) spectra. This study offers a promising approach for
developing defect-rich S-scheme photocatalysts for the production of biomass-derived

chemicals and fuels via photocatalytic biomass refining.
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2. Experimental section

2.1. Preparation of CeQ:.

First, 4 mL of N-butyl silicate, 60 mL of ethanol, and 9 mL of ammonia solution
were mixed with 100 mL of deionized water, followed stirring for 1 h. The mixed
solution was centrifugated at 5,000 rpm for 10 min to obtain SiO». The collected powder
was dried at 60 °C for 8 h to obtain Si0O,. Afterward, 0.15 g of SiO> were added to 30
mL of ethanol and sonicated for 30 min to obtain a homogeneous suspension, referred
to as suspension A. Next, 2.6 g of Ce(NO)3-6H>0 and 0.8 g of urea were dissolved in
50 mL of deionized water to create solution B. Suspension A and solution B were
thoroughly mixed in a stainless-steel autoclave and treated at 160 °C for 8 h in an Ar
atmosphere. At the end of the reaction, the white powder of SiO,@CeO; was obtained
after centrifugation and drying. Finally, 2 g of SiO2@CeO; was added to 80 mL of 2 M
KOH and treated in a beaker using a water bath at 80 °C for 2 h. These steps should be
repeated six times. After drying at 60 °C for 4 h, the powder was annealed at 600 °C for

2 h in an air atmosphere to obtain the yellow powder of CeOs.

2.2. Preparation of AginS> ODs.

1.1678 g of indium acetate, 12.2928 g of glutathione, 0.6748 g of silver nitrate,
and 10 mL of an 8 mM NaxS solution were added into 250 mL of deionized water. The
pH of resulting mixture was adjusted to 8.0 using a concentrated NaOH solution.
Subsequently, the solution was treated in a round-bottom flask in an oil-bath at 100 °C
for 3.5 h. After chilling to the room temperature, an excess of ethanol was added to the
solution to precipitate AgInS> QDs. Next, the mixture was centrifugated at 8,000 rpm
for 10 min to obtain a black precipitate. The black precipitate was then washed several
times with deionized water and ethanol. Finally, the black powder AgInS, QDs were

obtained through the process of drying.

2.3. Preparation of AginS>@CeQO:-x photocatalysts.

0.5 g of CeO: and a specific amount of AgInS, QDs were added into 10 mL of
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deionized water. The mixture was evaporated to dryness at 90 °C to give a dry powder.
Subsequently, the blend of CeO, and AgInS; QDs was annealed at 200 °C for 20 min
in an Ar atmosphere to produce the AgInS>@CeO»-x heterostructure. The mass ratios
of AgInS; QDs to CeO2 were 5%, 10%, 20%, and 30%, respectively. Correspondingly,
the resulting materials were labeled as AglnS:@Ce0»-5, AgInS>@CeO»-10,
AgInS>;@Ce0»-20, and AgInS>@Ce02-30, respectively.

2.4. Photocatalytic co-production of xylonic acid and CO from xylose

Typically, 10 mg of AgInS>@CeO>-x and 200 mg of xylose were added into 20
mL of a KOH aqueous solution. The photocatalytic co-production of CO and xylonic
acid was carried out under visible light irradiation using the Perfectlight PCX 50C
multi-channel photocatalytic reaction system, with varying reaction temperatures,
irradiation times, and alkali concentrations. Finally, the resulting liquid product and the
generated CO were analyzed using high-performance liquid chromatography (HPLC)
and gas chromatography (GC), respectively.

2.5. Poisoning experiments.

Typically, 10 mg of AgInS>:@Ce0,-20, 200 mg of xylose and 20 mmol of
sacrificial agents (tryptophan (Trp), p-phthalic acid (PTA), p-benzoquinone (BQ), and
ethylenediaminetetraacetic acid (EDTA)) were added into 20 mL of a 0.1 M KOH
solution. The reaction was conducted under visible light irradiation at approximately
60 °C for 1 h. Finally, the resulting liquid product and the generated CO were analyzed

using the methods mentioned above.

2.6. Recycling experiments.

The methods of recycling experiments were the same as described above. In each
cycle, 10 mg of AgInS>@Ce0O»-20 and 200 mg of xylose was added into 20 mL ofa 0.1
M KOH solution. The reaction was irradiated by visible light at ~ 60 °C for 1 h. The

obtained liquid product and the generated CO were analyzed using the methods
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mentioned previously. At the end of each cycle, the system was centrifugated at 5000
rpm for 10 min to recover AgInS>@Ce0»-20. Meanwhile, HPLC and GC were used to

analyze the produced liquid product and CO for each cycle.
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3. Results and discussion

3.1 Catalyst Preparation and Characterizations.
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Fig. 1. The schematic illustration of fabricating AgInS>@CeO-x.

Fig. 1 illustrates the two-step hydrothermal and mild annealing processes for
preparing AglnS>@CeO>-x, involving the loading of AgInS; QDs to form a tightly
bonded heterojunction. Photocatalysts with varying mass ratios of AgInS> QDs and
CeO; were prepared and named AgInS,, CeOx-x, AgInS>@Ce0:-5, AgInS>@Ce0O>-10,
AglnS:@Ce02-20, and AgInS2:@Ce02-30, respectively. The  microscopic
morphologies of the prepared samples were investigated using scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). Fig. 2A, 2B and STA
depict that the AgInS>@Ce02-20 shows a hexahedral block structure formed by
arrangement of nanospheres. CeO: exhibits a layered block like structure with
nanospheres arrangement (Fig. SIB and S1C). Fig. S2 displayed the N> sorption
isotherms of CeOz, and SiO2@CeO:. All of them exhibited type IV isotherm patterns,
suggesting the existence of numerous mesopores in these samples. Compared to the
SiO,@CeO0> (15.7 m*/g), the specific surface area (28.9 m?/g) of CeO> was greatly
enhanced after the removal of SiO», which created more mesopores. The enhanced

specific surface area could facilitate the diffusion of xylose into photocatalysts. As



213  shown in Fig. S3, the presence of Ag, In, and S elements was detected in the

214 AglnS,@Ce0,-20, confirming the successful introduction of AgInS, QDs.
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216  Fig. 2. SEM images of AgInS>@Ce0,-20 (A and B). TEM image (C) and HRTEM
217  image (D) of AgInS> QDs. HRTEM images of AgInS;@Ce0,-20 (E and F). The
218 HADDF-STEM image (G) and the EDX mapping images (H-M) of AgInS>@CeO»-20.
219  The XRD patterns of CeO2, AgInS, QDs, and AgInS@CeO»-x (N).
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TEM image and high-resolution TEM (HRTEM) images of AgInS> QDs (Fig. 2C
and 2D), its size ranges from 3 to 5 nm [32], while its lattice fringes with d-spacing of
0.173 nm correspond to the (322) crystal plane of AgInS, QDs. Furthermore, HRTEM
image (Fig. 2E) of AgInS;@Ce0,-20 confirm the formation of heterogeneous
structures, identifying the crystalline phases of AgInS, QDs and CeO», respectively.
The d-spacing value of 0.173 nm in AgInS> QDs corresponds to the (322) crystal plane,
while the 0.312 nm d-spacing in CeO> corresponds to the (111) crystal plane [33] (Fig.
2F). To further investigate the loading of AgInS; QDs, energy-dispersive X-ray
spectroscopy (EDX) analysis was performed, confirming the successful introduction of
all elements (Ag, In, and S) from the AgInS> QDs (Fig. 2J-L). Fig. 2N presents X-ray
diffraction (XRD) patterns for CeO>, AgInS> QDs, AgInS>@Ce0>-5, AgInS>@CeO»-
10, AglinS:@Ce0,-20, and AgInS:@Ce02-30. Pristine CeO> exhibits four typical
diffraction peaks at 28.4°, 33.0°, 47.4°, and 56.4°, attributed to the (111), (200), (220),
and (311) crystal planes of CeO; (JCPDS No.34-0394), respectively [33]. The
diffraction peaks of AgInS, QDs match those of standard orthorhombic AgInS; crystals
(JCPDS No.25-1328) [34]. Notably, no diffraction peaks of AgInS; are observed in the
XRD pattern of AgInS>@CeO»2-x due to the low crystallinity of AgInS> QDs [35].
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Fig. 3. High-resolution ex-situ XPS spectra of Ce 3d (A) and O 1s (B) for CeO> and
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AgInS>@Ce02-20, along with Ag 3d (D). EPR spectra of CeO; and AgInS>@Ce02-20
(C). High-resolution XPS spectra of In 3d (E) and S 2p (F) for AgInS,; QDs and
AgInS>@Ce0,-20.

X-ray photoelectron spectroscopy (XPS) was conducted to further investigate
chemical composition and state of elements in the prepared photocatalysts. The XPS
survey spectrum of AgInS>@Ce0O2-20 confirmed the presence of Ce, O, Ag, In, and S
(Fig. S4). As shown in Fig. 3A, several peaks in CeO», located at 916.5 eV, 907.4 eV,
900.7 eV, 898.1 eV, 888.8 eV, and 882.3 eV, were attributed to Ce (IV) species, while
the peaks at 902.4 eV and 884.9 eV in CeO; were associated with Ce (III) species [36].
Notably, after the heterojunction was formed between AgInS> QDs and CeO, the
binding energy of Ce (III) species in the AgInS>@Ce02-20 complex decreased as
compared with CeOz. This suggests that in the absence of illumination, the CeO- acts
as an ¢~ acceptor in AgInS>@Ce0»-20 complex. Interestingly, the peak area ratios of Ce
(IIT) to Ce (IV) in CeO7 and AgInS>@Ce02-20 were calculated to be 5.28% and 36.84%,
respectively. A high ratio of Ce (II) to Ce (IV) is advantageous for creating abundant
oxygen vacancies, thereby enhancing photocatalytic activity [37]. Oxygen vacancies
can function as € or h" capture sites, improving charge separation by restraining the
recombination of h'-¢” pairs [38]. The O 1s spectrum of CeO; can be fitted with two
peaks at 532.0 eV and 529.3 eV, attributing to surface oxygen vacancies (Oy) and lattice
oxygen (Olat), respectively (Fig. 3B) [39, 40]. Evidently, the peak area of Oy species in
AgInS>@Ce02-20 (69.6%) is higher than that in CeO2 (46.19%), primarily due to the
higher concentration of Ce (III) species on the AgInS>@Ce0;-20 leading to the
formation of oxygen vacancies. To further confirm the existence of Oy, electron
paramagnetic resonance (EPR) technology was employed (Fig. 3C). Both the CeO: and
AgInS>;@Ce02-20 sample exhibited EPR signals centered at g = 2.003, indicative of €
trapped at Oy. The noticeable increase in the signal peak intensity of AgInS>@Ce02-20
suggests an increase in Oy, implying the role of mild annealing [41]. The Ag 3d
spectrum in AgInS; QDs reveals two peaks at 373.7 eV and 367.7 eV, attributed to Ag
3d3» and Ag 3dsp, respectively (Fig. 3D). As displayed in Fig. 3E, the peaks at 452.2



268
269
270
271
272
273

274

275

276
277
278
279
280

281

282

283

284

285

eV and 444.6 eV in the In 3d spectrum of AgInS, QDs correspond to In 3d32 and In 3d
dsp for In**, respectively [42]. The S 2p spectrum of AgInS, QDs can be deconvoluted
into two characteristic peaks at 162.5 eV and 160.9 eV (Fig 2F), assigning to S 2pi.
and S 2ps2 for S*, respectively [43]. Remarkably, in comparison to AgInS,, the binding
energies of Ag 3d, In 3d and S 2p in AgInS,@Ce0>-20 increased, which may be
attributed to the interfacial interactions between AgInS> QDs and CeO, [44]. These

results further confirm the successful preparation of AgInS>@Ce0O,-20.

3.2 Optical and electrical properties.
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Fig. 4. The UV-vis DRS of CeO, AgInS, QDs, and AgInS>@CeO>-x (A). The plots of
the transformed Kubelka-Munk function versus photo energy for CeO2 and AgInS:
QDs (B). The PL spectra of CeO», AgInS; QDs, and AgIinS>@CeO»z-x (C). The OCVD
of CeO2, AgInS; QDs, and AgInS>@Ce02-20 The EIS curves (E) and photocurrent
response plots (F) of CeO,, AgInS> QDs, and AgInS>@CeO2-x.

To evaluate the light absorption characteristics of the prepared samples,
ultraviolet-visible diffuse reflectance absorption spectra (UV-vis DRS) were employed.
As exhibited in Fig. 4A, the absorption edge of CeO: is observed at approximately 560

nm. After introducing AgInS> QDs, an evident redshift of the absorption edge is
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observed in AgInS>@CeO»-x, indicating that the introduction of AgInS; QDs improves
the absorption of photocatalysts in the visible light and near-infrared region. Notably,
AgInS>@Ce0,-20 can capture light at all wavelengths. The bandgaps of CeO> and
AgInS; QDs are calculated as 2.7 eV and 1.7 eV from plots of the transformed Kubelka-
Munk function versus photo energy (Fig. 4B). As we known, charge recombination
hinders photo-generated h*-¢” pairs from effectively participating in the redox reaction,
significantly impeding photocatalytic processes. Steady-state photoluminescence (PL)
spectroscopy was carried out to investigate charge recombination. As depicted in Fig.
4C, the PL intensity of AglnS>@Ce0O2-20 is the lowest among all sample, indicating
the weakest charge recombination [45]. As shown in Fig. S5, the oxygen vacancies of
CeO; generate electron trapping states during the photocatalytic process [46]. The trap
states can form more easily due to the presence of oxygen vacancies, which can trap a
portion of excited electrons to partially inhibit direct recombination of the
photogenerated carriers. As shown in the open-circuit voltage decay (OCVD) in Fig.
4D, AgInS>@Ce02-20 exhibits the strongest photo-voltage and slowest photovoltage
decay, indicating the highest carrier concentration and longest carrier lifetime. In the
photocatalytic process, a long carrier lifetime enables photo-generated h'-e” pairs to
come into more extensive contact with the reactants. To investigate the charge transfer
in each photocatalyst, electrochemical impedance spectroscopy (EIS) was carried out.
As displayed in Fig. 4E, the impedance of all AgInS>@CeO»-x samples is lower than
that of CeO> and AgInS> QDs after combing AgInS; QDs. Moreover, AgInS>@CeO»-

20 shows the lowest impedance, indicating that an S-scheme heterojunction is
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beneficial for carrier transfer. As shown in the transient photocurrent response plot (Fig.
4F), a similar result with the EIS can be observed. The photocurrent intensity of
AgInS>@Ce02-20 1s 1.8 and 2.2 times higher than that of CeO2 and AgInS; QDs,
respectively, confirming rapid carrier separation under the positive influence of S-

scheme heterojunctions.

3.3 Photocatalytic activity of AgInS>@CeO>-x.
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Fig. 5. (A) The photocatalytic conversion of xylose using different samples under
visible light irradiation (xylose: 200 mg, samples: 10 mg, KOH solution: 0.30 M, 20
mL, irradiation time: 3 h, reaction temperature: 50 °C). Notes: I: CeO»; II: AgInS, QDs;
II: AgIinS>@Ce0»-5, 10, 20, and 30. The effects of reaction temperatures (B) (xylose:
200 mg, AgInS>@Ce02-20: 10 mg, KOH solution: 0.3 M, 20 mL, irradiation time: 3
h), irradiation time (C) (xylose: 200 mg, AgInS>@Ce02-20: 10 mg, KOH solution: 0.30
M, 20 mL, reaction temperature: 60 °C) and KOH concentrations (D) (xylose: 200 mg,
AgInS>@Ce02-20: 10 mg, irradiation time: 1 h, reaction temperature: 60 °C) on the co-
production of CO and xylonic acid. (E) The recycling test (xylose: 200 mg,
AgInS>@Ce02-20: 10 mg, irradiation time: 1 h, reaction temperature: 60 °C, KOH
solution: 0.1 mol/L). (F) The XRD patterns of fresh and recycled AgInS>@Ce0O»-20.

The photocatalytic performance of CeO2, AgInS; QDs, and AglnS>@CeO»-x was



327  assessed under visible light irradiation. Initially, the photocatalytic performances of
328  various photocatalysts were compared in a 0.3 M KOH solution at 50 °C for 3 h. Fig.
329  5A shows that the xylonic acid yield and CO evolution rate tends to increase with the
330 addition of different photocatalyst. To determine the optimal reaction parameters, the
331 effects of reaction temperature, reaction time, and alkali concentration were
332 investigated. Fig 5B displays the impact of reaction temperature, with the highest yield
333  (45.1%) of xylonic acid obtained at 60 °C. The CO evolution rate displayed a volcano-
334 like trend, reaching the highest value of 3199.4 umol g”! h'! at 50 °C. However, at high
335 temperature, lactic acid and other by-productions were released in significant quantities
336  due to the overoxidation of xylonic acid (Fig. S6B). In addition, the reaction under dark
337  conditions was performed (Fig. S7). The yield of xylonic acid was only 32.9% and CO
338  production of only 1625.26 umol g h'! at 60 °C in the dark, indicating a possible minor
339  photothermal process [47]. Noteworthy, photocatalysis is the dominating process to
340  ensure highly efficient productions of xylonic acid and CO, proving the superior
341 photocatalytic performance of the as-developed S-scheme heterojunction. The yield of
342  xylonic acid and CO evolution rate exhibited similar trends (Fig. 5C). The maximum
343  wvalues for the xylonic acid yield and CO evolution rate were 49.7% and 3601.8 pmol
344  g' h! at 60 min, respectively, before gradually decreasing. With increasing reaction
345  time, the production of by-products increased, like because xylonic acid was degraded
346  into small molecular products (Fig. S6C). Finally, the influences of alkali concentration
347  inthe reaction system were investigated. The xylonic acid yield reached its peak at 60.0%
348 in 0.1 M KOH (Fig. 5D). In system with high alkali concentration, an excess of -‘OH
349 radicals may oxidize xylonic acid into other organic acid, leading to a reduction in yield
350 (Fig. S6D). Similarly, CO showed the highest evolution rate (3689.9 umol g h') in
351 0.1 M KOH solution. Notably, the yield of xylonic acid (60.0%) using AgInS>@CeO:-
352 20 was 3.2 times higher than that in a photocatalyst-free system (18.9%), implying the
353  indispensable role of the AgInS>@Ce0O>-20 photocatalyst (Fig. S7). Moreover, the
354  AglnS:@Ce0O2-20 photocatalyst exhibited good cycling stability over five consecutive
355  photocatalytic cycles and no significant change in chemical composition (Fig. SE and

356  5F). As shown in Fig. S8, electron paramagnetic resonance (EPR) technology was
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employed. Both the fresh and recycled AgInS>@CeO»-20 sample exhibited EPR signals
centered at g = 2.003, despite the slightly decreased peak intensity upon recycling. This
result suggests excellent stability of AgInS>@CeO»-20.

3.4 Catalytic Mechanism of AgInS>@CeQO>-x.

>
=
@)

TEMPO-e TEMPO-h" DMPO--0,

& . - IControl
3 Control 3 IControl 5
= 8 b b b 15
z z z W
E L-5 min 5 I\ﬁ‘qf"ﬂv‘—’"\f'—* 3
E /A AA— E E

L-10 min L-10 min_j, A A MJ\/\\/H/\/,—J

320 322 324 326 328 320 322 324 326 32 320 322 324 326 328
Magnetic field (mT) Magnetie field (mT) Magnetic field (mT)

=
=1
=

5000

r4000 -

DMPO--OH TMPONE-'0, 60

)

(%)

IControl

s

T T T T 0- L0
324 326 328 324 326 328 None Trp PTA BQ EDTA
Magnetic field (mT) Magnetic field (mT)

[Control

L-5 min A q fl A

45-

(pmol g

3000
30

ion

F2000 -

Intensity (a.u.)
Intensity (a.u.)

Xylonic acid yield

O evolut

L1000

C

Fig. 6. TEMPO ESR spin-labelling of ¢ (A) and h" (B), DMPO ESR spin-labelling
of -0y (C) and -OH (D), TEMPONE ESR spin-labelling of 'O, (E). The effects of
different oxidation active species on the co-production of xylonic acid and CO from

xylose through AgInS>@CeO,-20 photocatalysis (F).

To detect the radicals generated during the reaction and assess the redox
capabilities of AgInS>@Ce0:-20, ESR characterizations were performed. Three
capture agents were used to prove the existence of photo-generated e, h*, Oy, -OH,
and '0; in the ESR spectrum of AglnS>@Ce02-20. 2,2,6,6-tetramethylpiperidine-N-
oxyl (TEMPO) was employed to capture ¢” and h”". As shown in Fig. 6A and 6B, the
TEMPO signals weakened with increasing irradiation time, suggesting the presence of
¢ and h*. Similarly, the capture agents 5,5-dimethyl-1-pyrroline-N-oxide (DMPQO) were
utilized to detect the generation of -O>” and -OH. Under light and catalyst conditions,
the signals of DMPO--O," and DMPO--OH adducts appeared and increased. The

DMPO--0s" signal was observed, and the signal intensity was 1:1:1:1 (Fig. 6C and 6D).
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Additionally, the signal intensity of DMPO--OH was 1:2:2:1. These results suggest
that Oy and -OH are produced in the system with AgInS>;@Ce0O»-20 under light
irradiation. Similarly, 2,2,6,6-tetramethyl-4-piperldone-1-oxyl (TEMPONE) was used
as a capture agent to detect !O,. Triplet peaks with equal intensity appeared under light
irradiation, indicating the presence of 'O, in the system (Fig. 6E). A poisoning
experiment was conducted to assess the impact of active oxidation species. Various
sacrificial agents (e.g. Trp, PTA, BQ, EDTA) were employed to remove these species.
As shown in Fig. 6F, the introduction of these sacrificial agents resulted in changes in
the yield of xylonic acid and CO evolution rate: 45.5%/1696.4 umol g h™' (Trp),
38.1%/1116.7 pmol g h'! (TPA), 26.2%/614.7 umol g h'! (BQ), 1.3%/286.1 pmol g
U'h! (EDTA). These results suggest that the influence of h* is greater than those of
'0,, -OH, and O>".
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In 3d (F) in the AgInS>@Ce02-20. The schematic illustration of the S-scheme charge

transfer mechanism of AgInS>@CeO:-x heterostructure.

In this study, the Mott-Schottky (M-S) analysis was employed to determine the
conduction band (CB) energy level. The flat band potentials of AgInS> QDs and CeO»
were -1.27 and -0.68 V vs. Ag/AgCl, respectively (Fig. 7A). The positive slopes of
AgInS; QDs and CeO; indicated that they were both n-type semiconductors. For n-type
semiconductors, the flat band potential was positive 0.2 V as compared with CB. Thus,

the CBs of AgInS> and CeO> were -1.27 V and -0.68 V vs. normal hydrogen electrode
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(NHE), respectively, using the Nernst formula (Eyue = Esgueci + 0.197, pH = 7). The
valence band (VB) position was determined through VB-XPS analysis. As displayed in
Fig 7B, the VBs of CeO2 and AgInS; QDs were 2.1 V and 0.46 V, respectively. The
work function (®) of semiconductors was calculated using ultraviolet photoelectron
spectroscopy (UPS). Fig 7C revealed that the @ of AgInS> QDs and CeO, were
calculated to be 3.59 eV (= 21.20 - 17.61 eV) and 3.92 eV (= 21.20 - 17.28 eV),
respectively, with 21.20 eV being the energy of UV excitation. Meanwhile, the Fermi
level (Ey) can be calculated using the formula: (Ey= © - 4.44 eV), where 4.44 eV is the
difference between the vacuum level and NHE. Thus, the Erof AgInS> QDs and CeO»
are calculated to -0.85 V and -0.52 V vs. NHE. Therefore, the staggered band structure
of CeO and AgInS, QDs is depicted in Fig. 7G (i). As compared with CeO», AgInS,
QDs have a higher @, indicating its stronger ability to bind electrons (e°). The carrier
migration path was investigated via the ex-situ and in-situ XPS analysis. According to
the ex-situ XPS results (Fig. 3A and D-F), the binding energies of Ce 3d shifted
negatively, while the binding energy of Ag 3d, In 3d, and S 2p shifted positively,
suggesting that carriers in AgInS> QDs flowed to CeO: until Ef is balanced. These
results in the positive and negative charge accumulation around the interface of AgInS,
QDs and CeO», respectively, leading to the presence of an internal electric field.
Furthermore, the band edges of AgInS> QDs and CeO> bend upwards and downwards
(Fig. 7G (i1)), respectively. As shown in Fig. 7D-F, under UV lamp irradiation, the
binding energies of Ag 3d, In 3d, and Ce 3d shifted negatively and positively,
respectively, indicating that carriers migrate from CeOz to AgInS; QDs. Under light
irradiation, the photo-generated e” in the CB of CeO: recombines with the holes in the
VB of AgInS; QDs. As a result, highly reducing e in the CB of AgInS; QDs and highly
oxidizing h* in the VB of CeO; are retained, participating in reactions on the surface of
the photocatalyst (Fig. 7G (iii)). The Kelvin probe force microscope (KPFM) and
atomic force microscope (AFM) were used to further verify the existence of an
interfacial electric field and the direction of electron transfer in AgInS>@CeO»-x. As
shown in Fig. S9A and S9B, the morphology of AgInS>@CeO,-x was basically not

affected by visible light irradiation. The surface potential difference between AgInS:
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QDs (point a) and CeO> (point b) was about 51 mV in the dark (Fig. S9C), indicating
the formation of an interface electric field from point a to point b. Furthermore, the
potential of point a in dark is -393 mV, which declines to -435 mV under the lights (Fig.
SO9E). The decrease (42 mV) of point a (AgInS> QDs) was much than that (13 mV) of
point b (CeO2) indicating the migration of photogenerated electrons from CeO: to
AgInS; QDs [48]. This results further evidenced the formation of the S-scheme
heterostructure between them. In summary, all the results confirm the formation of an

S-scheme heterojunction in AgInS>@CeO»-x.

OH OH O

OWOH — HO\)\r‘{')k/OH — OMOH
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Fig. 8. The possible reaction pathway for photocatalytic co-production of xylonic acid

and CO in xylose-alkaline system through AgInS>@CeO:-20 photocatalysis.

According to previous reports [49], a possible conversion mechanism for xylose
on AgInS;@CeO:-x was proposed (Fig. 8). Initially, under visible light irradiation, €
transition from the VB to the CB of AgInS>@CeO:-x, resulting in the formation of h'-
e pairs. Subsequently, these h'-¢” pairs actively contribute to the generation of reactive

oxygen species. The mechanism can be summarized as follows:

AgInS,@CeOr-x + hv » ¢ +h"
Ox+e - Oy
OH +h" - -OH

‘0 +h" - 10,
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It is clear that CeO; is the main reactive active center in the photocatalytic selective
oxidation of xylose for the co-production of xylonic acid and CO. Firstly, the staggered
band structures (Fig. 7G) of CeO2 and AgInS, QDs were confirmed through Mott-
Schottky (M-S) analysis, valence band spectrum, and ultraviolet photoelectron
spectroscopy (UPS). CeO: served as an oxidation photocatalyst (OP) in an
AgInS>@CeO»-x S-scheme heterojunction due to a more positive valence band position.
Under light irradiation, the photo-generated e exists in the CB of CeO2 and holes
manifest in the VB of AgInS, QDs. As a result, highly reducing e in the CB of AgInS»
QDs and highly oxidizing h* in the VB of CeO are retained, participating in reactions
on the surface of the photocatalyst. Furthermore, various scavengers were injected to
remove the oxidation active species, specifically, Trp for 'O,, PTA for -OH, BQ for -O>’,
and EDTA for h" in poisoning experiments. As shown in Fig. 6F, the yield of xylonic
acid was trace (1.3%) and the CO evolution was 286.1 pmol g! h!, indicating that h*
played an important role in the selective oxidation of xylose. Finally, the large number
of oxygen vacancies in CeO> was confirmed by XPS spectra and EPR spectra in this
work. Under the positive influence of fast carrier separation and oxygen vacancies, the
yield of xylonic acid and CO evolution was greatly increased. In summary, we consider
CeO: as the main reactive active site in the reaction of selective oxidation of xylose for
the co-production of xylonic acid and CO.

Regarding xylonic acid, it is considered the initial product resulting from the
selective oxidation of xylose. Simultaneously, xylose and the generated xylonic acid
undergo peroxidation to give oxalic acid through a-oxidation. Additionally, f-oxidation
yield formic acid. Ultimately, partial formic acid was generated from oxalic acid.
Furthermore, xylose can partly isomerize into xylulose, after which glycolaldehyde and
dihydroxyacetone are formed through the cleavage of the C-C bond. These compounds
then further transform into glycolaldehyde and glyceraldehyde. Subsequently,
glyceraldehyde gives rise to CO and formic acid. Lactic acid is produced through the

hydration process of pyruvaldehyde.

4. Conclusions
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In conclusion, we successfully load AgInS; QDs onto CeO: to form S-scheme
heterojunction and enhance oxygen defects via two-step hydrothermal and mild
annealing processes. XPS and EPR analysis confirm the increase in oxygen vacancies.
The Er calculation, situ irradiated XPS results, and Kelvin probe force microscopy
(KPFM) spectra confirm the S-scheme mechanism in AgInS>@Ce02-20. The
AgInS>@Ce02-20 photocatalyst showed excellent performance (60.0% xylonic acid
yield and 3689.9 umol g! h™! CO evolution rate) at 60 °C in 0.1 M KOH under visible
light irradiation, which are much higher than CeO, and AgInS, QDs. ESR results and
poisoning experiments indicate the generation of reactive oxygen species and major
role of h™. The possible pathways for the conversion of xylose to CO and xylonic acid
have been proposed. This work provides a potential strategy to develop defects rich S-

scheme photocatalysts for co-product xylonic acid and CO via biorefinery.
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