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Abstract. In this work, a new approach to the preparation of heterostructured nanoparticles (NPs)
based on bismuth silicates BizSiOs/Bi12SiO2 is proposed and implemented. This approach is based
on solid-phase synthesis by annealing of a pre-homogenized mixture of [(-BizOs and SiO2 powders
in different ratios. For this purpose, industrial silica nanopowder and B-bismuth oxide NPs powder
obtained by pulsed laser ablation (PLA) in air are used. The morphology, phase composition and optical
properties of the obtained materials are studied. By changing the ratio of precursors, the powders
similar in structure to single-phase bismuth silicates Bi2SiOs and Bi12SiO2¢ as well as heterostructured
NPs on their basis are obtained. The activity of the photocatalysts in the reactions of Rhodamine B
(Rh B) decomposition and selective oxidation of 5-hydroxymethylfurfural (5-HMF) is estimated. The
best photocatalytic activity is demonstrated by powders with a similar Bi2SiOs/Bi125102¢ (or 4Bi: 1Si)
phase ratio. As a result of the analysis of the data obtained, the formation of a type II heterojunction
is proposed.
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Introduction

In recent years, photocatalytic (PC) technologies have attracted increasing interest due
to their great potential for solving challenges in green energy, bioresource processing, and ecol-
ogy [1-3] Photocatalysis is effective for cleaning the industrial wastewater from synthetic dyes,
phenols, and antibiotics [4]. Another promising area of photocatalysis is the production of
valuable materials with high added value by oxidizing intermediate products of processing of
biomass, the most accessible raw material on Earth [5]. For instance, selective photooxidation
of 5-hydroxymethylfurfural (5-HMF) can produce 5-formyl-2-furancarboxylic acid (FFCA) and
subsequently 2,5-furandicarboxylic acid (FDCA) [6]. The FFCA and FDCA are an alternative
substitute for phthalic acid and furan polymers, which are obtained from fossil resources and are
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widely used in industry. The ability to use sunlight as a radiation source and non-toxic, low-cost
materials as catalysts makes photocatalysis a safe and environmentally friendly method.

The effectiveness of PC technologies primarily depends on the catalyst characteristics. Cur-
rently, the most successful and promising photocatalysts are materials based on semiconductor
nanoparticles (NPs). Due to a wide choice of semiconductor materials, it is possible to se-
lect a photocatalyst with the desired value of the band gap (E,) for optimal light absorption.
The use of NPs as photocatalysts is due to their unique physical-chemical properties, including
size, morphology, surface charge, large specific surface area, spectroscopic characteristics, and
the presence of defects. Among the wide variety of photocatalysts, bismuth-based materials are
distinguished [7, 8], in particular bismuth silicates (BizSiOs, Bij2SiOgg) [9, 10], which feature
suitable physical-chemical properties. However, as in the majority of single-phase semiconduc-
tors, a relatively rapid charge recombination occurs in bismuth silicates, which reduces their
PC activity [11]. The best solution to this problem is currently considered to be the creation
of heterostructured NPs consisting of two or more semiconductors with different band gaps.
If the heterojunction is of the so-called type II, then spatial charge separation occurs better
in such a composite particle. If the Z-scheme of operation is implemented in NPs based on
such a heterojunction, then it is also possible to increase the oxidation-reduction capacity of the
photocatalyst [12,13].

An important task in the development of the PC technologies is the elaboration of methods
to synthesize new photocatalysts. It is possible to increase the variability and effectively con-
trol the structure and properties of materials by combining different synthesis methods. This
approach also allows one to avoid the limitations inherent in any single method. For instance,
along with traditional chemical synthesis approaches, the laser methods to synthesize the nano-
materials for photocatalysis have recently been actively developed [14,15]. Thus, by combining
procedures such as pulsed laser ablation (PLA), laser treatment (LT) of colloids, coprecipitation,
drying and annealing, various single-phase and composite particles based on bismuth oxides and
silicates were obtained [16,17].

In this work, a new approach to prepare the heterostructured NPs of bismuth silicates
BiySiO5/Bi12Si090 was proposed. The approach was based on solid-phase synthesis by an-
nealing a pre-homogenized mixture of 8-BisO3 and SiOs powders in different ratios by grinding.
In this case, S-bismuth oxide powder obtained by PLA in air was used as one of the precursors.
The structure and properties of the obtained powders as well as their PC activity in the reac-
tions of Rhodamine B (Rh B) decomposition and selective oxidation of 5-HMF were studied and
analyzed.

1. Materials and methods

The samples were obtained by the solid-phase synthesis from precursors, namely, SiO, and (-
BizO3 nanopowders. The 8-Bi2O3 powder was obtained by PLA of metallic bismuth (99.5 % pu-
rity) in atmospheric air. Ablation was carried out by focusing radiation of the LS2131-20 Nd:YAG
laser (LOTIS TII, Belarus) (1064 nm, 7 ns, 150 mJ, 20 Hz) onto the target. The laser power
density on the target surface was 1200 MW /cm?. The nanopowder obtained as a result of the
PLA consisted predominantly of the 8-bismuth oxide phase (~94 %, with an admixture of non-
stoichiometric bismuth oxide) with an average particle size of 20 nm and a specific surface area
of 44 m?/g. The experimental technique and powder characteristics are described in detail in
Ref. [18]. Silica of the Polysorb MP brand (JSC "Polysorb", Russia) had a particle size of less
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than 10 nm and a specific surface area of 300 m?/g.

Bismuth and silicon oxides were mixed at atomic ratios Bi:Si = 2:1, 4:1, 6:1, 8:1, 12:1.
The extreme ratios in this series correspond to stoichiometric Bi3SiOs and Bi;2SiOsg bismuth
silicates. The mixtures were then thoroughly ground in an agate mortar for 15 min. The resulting
series of samples was calcined at 600 °C in a muffle furnace for 4 h.

The size and shape of the NPs were analyzed using the CM12 transmission electron microscope
(Philips, Netherlands). The crystal structure of the powders was studied by X-ray diffraction
using the XRD 6000 diffractometer (Shimadzu, Japan). The phase content was analyzed using
the Powder Diffraction Database PDF-4 (ICDD, USA) and PowderCell 2.4 software. The optical
properties of the powders were studied by diffuse reflectance spectroscopy (DRS) in the UV-Vis
range using the Cary 100SCAN spectrophotometer (Varian, Australia) with the DRA-CA-30I
add-on (Labsphere, USA). The band gap (E,) was estimated using two methods. The widely
used Tauc method involved estimating the E, by the edge of the absorption band using the
following equation:

(ah)"'™ = A (hw — E,), (1)

where « is the absorption coefficient, hv is the photon energy, A is a constant independent of
energy, n is a parameter depending on the type of transition (n = 2 for indirect transition,
n = 1/2 for direct transition).

As an alternative, the DASF (Derivation of Absorption Spectrum Fitting) method [19] was
used. This method is not sensitive to the transition type and is particularly effective in assessing
multiphase composite semiconductor particles. The F, is estimated according to the equation:

9o (a/A)] /O[1/A] =m/ (hv — Eg), (2)

where m is constant, A is a wavelength.

The PC activity of the samples was studied in the reactions of Rh B decomposition and
selective oxidation of 5-HMF under LED irradiation with a wavelength of A = 375 nm.

During the Rh B decomposition in water, the total optical power of the LEDs was
Wiad = 50 mW, the solution volume was 30 ml, the photocatalyst mass was 15 mg, and the
dye concentration was 5 x 10~% M. Before the irradiation, the dispersion was stirred in the dark
for 1 h to establish the adsorption-desorption equilibrium. After irradiation, the absorption
spectra of the Rh B were recorded at regular intervals on the SF-56 spectrophotometer (LLC
"SDB SPEKTR", Russia). Based on the change in the Rh B concentration at the absorption
maximum at A = 553 nm, the rate constant of the first-order reaction was calculated according
to the equation:

In(Cy/C) = Knt, (3)

where Cj is the concentration of Rh B at the initial moment of time, C'is the current concentration
value, t is the time of the PC reaction.

During selective photooxidation of 5-HMF, the total optical power of the LEDs was
Wiaa = 2 W. The reactor was loaded with 100 mg of the photocatalyst under study and 100 ml
of the HMF aqueous solution with a concentration of 0.01 M. Nay;CO3 was added as an alkaline
agent at a concentration of 0.04 M. The dispersion was stirred in the dark for 1 h, similar to the
experiment with Rh B. During the photocatalysis, the reactor with the dispersion was purged
with atmospheric air. Photoproducts were analyzed by a high-performance liquid chromatogra-
phy (HPLC) using the Prominence-i LC-2030C chromatograph (Shimadzu, Japan). The Rezex
ROA-Organic Acid H+ (8 %) LC column and 0.025 M HySO, eluent as well as PDA detector
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were used for separation and registration of the components. The 5-HMF, 5-hydroxymethyl-2-
furancarboxylic acid (HMFCA), 2,5-furandicarboxylic acid (FDCA), 2,5-diformylfuran (DFF),
and 5-formyl-2-furancarboxylic acid (FFCA) reference solutions were used to calibrate the detec-
tor, with the compound concentrations being determined from the peak areas. The analysis was
carried out at the eluent flow rate of 0.8 mL/min, and the injection volume was 10 pL. Prior to
the analysis, 50 pul aliquot taken was diluted with 1 mL of 0.0125 M H>SO4. The HMF conversion
X(HMF), product yield Y(4), and selectivity S(i), were calculated based on the concentrations
determined by HPLC:

X (HMF) = o -100%, (4)

HMF), — C (HMF)
C (HMF),
C(i

i)
C (HMF), — C (HMF)

where C(HMF)y and C(HMF) are initial and current HMF concentrations, mol/1; C(i) is current
concentration of the i product, mol/l; i = HFCA, FDCA, DFF, and FFCA.

S(i) = - 100%, (5)

2. Results and discussion

Fig. 1 shows the diffraction patterns, and Tab. 1 presents the phase composition of the
obtained samples. The samples synthesized at the 2Bi:1Si and 12Bi:1Si ratios are pre-
dominantly represented by the phases of the orthorhombic bismuth metasilicate BisSiOg
(PDF-4 #00-036-0287) with the space group Cmc2; and the lattice constants a = 15.22 A,
b=547A, ¢ =5.33 A and cubic sillenite Bi;5SiOq (PDF-4 #04-007-2767) with the space group
123 and the latticie constant a = 10.11 A, respectively. At intermediate non-stoichiometric Bi:Si
ratios, two phases of bismuth silicates BisSiO5 and Bij2SiOsg are formed in the samples after
calcination. Their content correlates with the bismuth oxide and silicon oxide ratios selected
during the synthesis. Tab. 1 shows the data on the phase content in the samples and crystallite
sizes (based on the calculation of coherent scattering regions (CSR)). According to the XRD
analysis, with varying Bi-to-Si ratio, the CSR size changes in the range and does not exceed
56—90 nm.
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Fig. 1. XRD patterns for synthesized powders
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Table 1. Phase content, CSR size, and Fg values for studied samples

Sample Phase content, mass. % CSR size, nm Eg4, eV
BiQSiO5 BimSiOgo BiQSiO5 BimSiOQo Tauc method DASF method

2Bi:1Si 99.8 0.2 57 — 3.9 3.8
3Bi:1Si 66 36 87 90 3.3/39 3.3/38
4Bi:1Si 47 53 75 90 3.3/39 3.3/38
6Bi:1Si 21 79 56 77 3.2 3.0-3.3
8Bi:1Si 19 81 62 82 3.2 3.0-3.3
12Bi:1Si 3 97 — 82 3.1 3.0

In solid-phase synthesis, as a result of calcination, a homogenized mixture of powders of
NPs of amorphous silica and highly active particles of the quasi-stable phase of the g-bismuth
oxide, their effective chemical interaction with the formation of bismuth silicate phases, sintering
and coarsening occur. Fig. 2 shows the morphology of the obtained particles. The NPs feature
an irregular shape with rounded edges, some of the particles are fused together, forming spatial
structures, which is typical for such materials [16]. In addition, at high magnification, small
(~5 nm) spherical NPs are observed in the samples, which are located on the surface of large
particles. Depending on the Bi-to-Si ratio, these particles can be attributed to either bismuth
metasilicate or silica [16]. Due to the complex shape and sintering, we did not evaluate the particle
size, but from Fig. 2, it is evident that with an increase in the Bi fraction in the samples in
relation to Si, an increase in the average particle size can also be observed. The largest particles
are characteristic of the sample obtained with a ratio of 12Bi:1Si and represented predominantly
by the metasilicate phase. Fig. 2d shows a single composite particle of the 4Bi:1Si sample and
the corresponding selected area electron diffraction (SAED) (Fig. 2e). The SAED data (Fig. 2e)
show the presence of reflections belonging to two the BiSiO5 and Bi;2SiO4 silicate phases,
which is consistent with the XRD data and confirms the presence of the composite particles
in the sample.

Fig. 3a shows the UV-vis spectra of the samples characterizing the absorption. They were ob-
tained by transforming the reflectance spectra using the Kubelka-Munk function F(R). For the
nearly monophase 2Bi:1Si sample consisting of BisSiOs5, the absorption band edge lies in the spec-
tral region of 300-340 nm. With an increase in the Bi concentration, the absorption band edge
shifts towards the long-wavelength region of the spectrum to 380-420 nm for the 12Bi:1Si sample
consisting of the Bi;2SiOoy phase. For the 3Bi:1Si and 4Bi:1Si samples, two absorption bands
can be observed in the spectra, which is consistent with the XRD analysis data on the presence
of several phases in the sample.

Tab. 1 and in Fig. 3b (an example for the DASF method) show the results of the E, esti-
mation. According to the literature data [20,21], both BisSiO5; and Bi;2SiOgg are direct-gap
semiconductors, the £, values for them are 3.9-3.5 eV and 2.9-3.3 eV, respectively, and can vary
depending on the particle size and a number of other factors. In our case, for single-phase bis-
muth metasilicate BiySiO5 (sample 2Bi:18i), the E, value is estimated by both Tauc and DASF
methods as 3.8-3.9 eV, for sillenite Bi;2S109 (sample 12Bi:18i), the E, value is 3.0-3.1 eV.

In heterostructured NPs, the absorption of the short-wave semiconductor can be observed
up to the 4Bi:1Si ratio. The optical width of its band gap remains unchanged (the position of
the short-wave peak in Fig. 3b). The long-wave band related to Bi;2SiOgg and the corresponding
band gap with an increase in the content of this phase in the heterostructure is shifted towards
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Fig. 2. TEM images of 2Bi:1Si (a), 4Bi:1Si (b, d), 12Bi:1Si (c¢) samples and SAED of 4Bi:1Si
sample (e)

the long-wave region from 3.3 to 3.0 V. A broad band with the redistributed maxima can indicate
the presence of particles with different ratios of bismuth metasilicate and sillenite in such samples.
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Fig. 3. UV-Vis spectra (a) and DASF plots (b) of Bi2SiOs5/Bi;251029 samples

Fig. 4 shows the results of the study of the PC decomposition of Rh B in the presence of
the obtained photocatalysts. Without a catalyst, no decomposition of the dye occurs during
the experiment under soft UV irradiation (Fig. 4b). As a result of the Rh B destruction in the
presence of the photocatalyst, a decrease in its intensity occurs in the entire spectrum range, and
a shift in the absorption maximum from 553 nm towards the short-wave region of the spectrum
is observed (Fig. 4a), which indicates the occurrence of the process of Rh B N-deethylation with
the formation of the intermediate product Rhodamine 110 [22]. Calculation of the reaction rate
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Fig. 4. Rh B spectra during PC decomposition (a), kinetic curves (b), and deethylation rate
constant Ky for different samples (c)

constant Ky (Fig. 4c¢) shows that at a non-stoichiometric Bi:Si ratio, the samples work more
efficiently than the monophasic samples 2Bi:1Si (BizSiO5) and 12Bi:1Si (Bi125i04). The highest
efficiency is demonstrated by the 4Bi:1Si sample, in which the phase ratio is 47 % BiySiO5 and
53 % Bi12Si09. For comparison, the catalytic activity of a simple mixture of 2Bi:1Si and 12Bi:1Si
monophasic powders in a 50/50 ratio, corresponding in composition to the 4Bi:1Si composite,
was also investigated. The data in Fig. 4 show that the powder mixture works significantly
worse than the 4Bi:1Si sample obtained by the solid-phase synthesis. The reaction rate constant
Ky for the mixture lies between those for the monophasic samples indicating the independent
operation of the two phases in the powder mixture during photocatalysis. Based on the data
obtained, it can be concluded that in the composite samples consisting of two phases of bismuth
silicates, there is a better separation of the photogenerated charges. Thus, it can be assumed
that a type II heterojunction is formed between two semiconductors BisSiO5 and Bi2SiOsgg.

Fig. 5 shows the histograms of 5-HMF conversion and product yield in the selective PC
oxidation of 5-HMF. It is evident from Fig. 5 that the oxidation of 5-HMF occurs both through
the formation of DFF and HMFCA. Then, the subsequent oxidation of the semi-products to
FFCA and even to FDCA occurs. The lowest 5-HMF conversion (~11 %) and selectivity are
demonstrated by the 2Bi:1Si sample, which consists of the Bi2SiO5 phase (Fig. 5a). As in the
case of the Rh B decomposition, the best efficiency is demonstrated by the sample obtained
at the 4Bi:1Si ratio with a similar contents of bismuth metasilicate and sillenite. The 5-HMF
conversion for this sample for 8 h of irradiation reached 35.1 %, while the yields of the products
FFCA and FDCA are 10.0 and 2.1 %, respectively (Fig. 5¢). It is noteworthy that the samples
synthesized in this work by the solid-phase synthesis method show better PC characteristics in the
5-HMF oxidation under the same conditions compared to the composite NPs $-BisO3/Bij2SiO2g
(conversion is 20.6 %, selectivity towards FFCA is 9.4 % and the one to FDCA is 1.3 %), which
we obtained earlier using the PLA in liquid [17].

Using the optical band gap estimated from the spectra, the energy band positions were
calculated and the energy state diagram was constructed (Fig. 6). The calculation was based
on the technique described in Refs. [23,24]. In the literature, BisSiOs is defined as the n-type
semiconductor [25], and Bij2SiOqg is defined as the p-type semiconductor [26]. After contact,
these semiconductors form a type II heterojunction. In addition, sillenite Bi;2SiO9y has a unique
feature: upon photoexcitation, the long-lived electron-donor center Big;”rh*, which is 1 eV above
the valence band [27], is populated; this leads to a decrease in the band gap and an additional
shift of the Fermi level. In this case, the conductivity type also changes from p-type to n-type
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Fig. 5. Photocatalytic oxidation of 5-HMF in the presence of NasCOjs over 2Bi:1Si (a),
3Bi:1Si (b), 4Bi:1Si (c¢), 6Bi:1Si (d), 8Bi:1Si (e), and 12Bi:1Si (f) samples
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Fig. 6. Scheme of energy states in individual semiconductor NPs (left) the BiySiO5/Bi;2SiO20
heterostructure in the dark (middle) and under the influence of light (right)

(Fig. 6, left). It can be assumed that during the operation of such a heterojunction, the Z-scheme
(dotted arrow) is implemented, however, this assumption requires additional studies.

Conclusion

In the present work, heterostructures based on bismuth silicates BizSiO5/Bi;2SiO2o were
obtained by the solid-phase synthesis from a mixture of bismuth and silicon oxides, their
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phase composition, morphology and optical properties were studied. Photocatalytic activity
of powders was tested in reactions of Rhodamine B decomposition and selective oxidation of
5-hydroxymethylfurfural. Successful synthesis was ensured by both high dispersions of both
precursors and high activity of the powder of unstable 8-BiO3 phase obtained by pulsed laser
ablation of metallic bismuth in air. It was shown that at stoichiometric ratios Bi:Si = 2:1 and
12:1, BisSiO5 and Bi2SiO9g powders similar to single-phase composition were formed, respec-
tively. At the Bi:Si ratios of 3:1, 4:1, 6:1, and 8:1, the samples consisted of two phases of bismuth
silicates, thus forming a heterojunction. Formation of composite particles was confirmed by the
SAED data. Analysis of the optical characteristics of the obtained BisSiO5/Bij2SiOgp nanopar-
ticles showed that the heterojunction belonged to the second type. This explained the increase
in the PC activity of the composite nanoparticles, which was maximum for the sample with
a similar content of bismuth metasilicate and sillenite obtained at the Bi:Si ratio of 4:1.

This work was supported by the Russian Science Foundation, grant no. 19-73-30026-P.
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Teepaodasublii cuntes u POTOKATAJIUTUIECKNE CBOMCTBA
rerepocTpyKTyp BisSiO5/BinSiOy

Anekcangapa I'. T'osryboBcKast
Tamapa C. XapJisiamoBa

Banepnit A. CBeTsimuHbI
Tomckuit TOCy1TapCTBEHHBIN YHUBEPCUTET
Towmck, Poccuiickass Penepartiust

Awnnoranus. B pabore npejiozken u peajn3oBaH HOBBIA MOIXOJ K CO3JAHUIO ME€TEPOCTPYKTYPHBIX Ha-
nouacrur, (HY) Ha ocHoBe cuimkaros BucMyTa BizSiOs/Bii2SiO20. B ocHOBe JAHHOTO MOAXOIA JIEKUT
TBEPIODA3HBIN CUHTE3 IIyTEM OTYKHUTA MPEIBAPUTETHHO TOMOTEHIU3NPOBAHHON TEPETUPAHNEM CMECH IT0-
pomikoB 3-BizOs un SiO2 B paznuunom coorHomenun. JIjisi 9T0Oro UCIoIb30BAIUCH TPOMBIIIICHHBIA Ha-
HOIIOPOIIIOK JIMOKCUJIa KPEMHHUs U ITOPOIIOK HAHOYACTHUI[ [-OKCHJA@ BUCMYyTa, HOJYYEHHBIH MMITYJILCHOM
nazepuoit abaanueit (JIA) B Bosmyxe. Uccnenosansr mopdosorus, ba3oBbIil COCTAB U ONITUIECKHE CBOM-
CTBA TOJIyYEHHBIX MaTEePUAJIOB. VI3MeHsisi COOTHOIIEHUE IPEKYPCOPOB, ObLIN IOy YeHbI TIOPOIIKY, O3~
KHe TI0 CTPYKType K MOHO(a3HbIM cuiaukaraM BucMyTa BiaSiOs u Bi12SiOgg, Tak u rerepocTpyKTypHBIE
HY na nx ocuoBe. OneHeHa aKTUBHOCTH (DOTOKATAJIU3ATOPOB B PeaKIUsaX pasJioxkenus Pomamuna B u
CEJIEKTUBHOTO OKucyieHus S-ruppokcumernidbypdypona (5-HMF). Jlyumyo dhoTokaTa uaTHIecKyo ak-
TUBHOCTb JE€MOHCTPHUPYIOT MOPOIIKY ¢ Giu3kuM coorHommenueM a3 BiaSiOs/Bi12Si02 (mn 4Bi:181).
B pesynbrare aHanmmnza mosryIeHHBIX PE3YILTATOB OBLIO IMIPEIIOJIOXKEHO (POPMUPOBAHUE TeTEPOITEPEX0IA
II Tumna.

KuroueBbie cioBa: TBepoda3HbIil CUHTE3, CUJIUKATHI BUCMYTA, FeTEPOCTPYKTYPHBbIE HAHOYACTHUIIHI,
WMIYJIbCHAsI Jia3epHasi abusinms, (porokaraans, rereporepexos 11 tuma, 5-ruapoxrcumeruadpypdypoi,
ponamun B.
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