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Material and methods
Synthesis of supports and catalysts

Synthesis of 5Zr- SBA-15 support with ZrO2 content 5 wt.% was carried out by co- precipitation 
according to the modified methodology [1]. The molar ratio of the reagents was 0.017 P123: 1.0 TEOS: 
0.05 ZrOCl2 * 8H2O: 221.0 H2O: 1.0 NaCl. Pluronic P123 was dissolved at room temperature in distilled 
water, and NaCl was added. Then stirred vigorously at 35 °C for 2 h, followed by the addition of zirconium 
source, ZrOCl2. After 3 h after the addition of ZrOCl2, TEOS was injected dropwise and stirred at 
35 °C for 24 h. Hydrothermal treatment was carried out at 80 °C for 24 h. At the end of hydrothermal 
treatment, the material was filtered and washed with water to neutral. The precipitate was air dried 
for 2 days, followed by drying at 80 °C for 12 h. The structuring agent was removed by calcination at 
550 °C for 12 h (temperature rise rate 1 °C/min).

For the synthesis of composites with niobium oxide, the method of impregnation by moisture 
capacity was carried out [2] using niobium oxalate in 0.1 M oxalic acid. The sample was then air dried 
at room temperature for 12 h and at 80 °C for 8 h. It was then calcined at 450 °C for 4 h (2 °C/min). The 
resulting material containing 10.0 wt% niobium oxide was designated as 10Nb/5Zr- SBA-15.

Ruthenium deposition was carried out by the incipient wetness impregnation method (IWI) using 
aqueous solution of Ru(NO)(NO3)3. The reduction was carried out in a flow of H2 (200 mL/min), at 
300 °C (1 °C/min) for 2 h. The catalyst then was passivated with 1 % O2 in Ar [3]. For all the catalysts, 
the nominal loading of Ru 2 wt% was used. The catalysts were designated xRu/support, where the x 
is the Ru content in wt%.

Study of supports and catalysts

The acidic properties were studied by IR spectroscopy using pyridine as a probe molecule. The 
spectra were recorded on an IRTracer-100 FTIR spectrometer (Shimadzu, Japan) in the range of 
1350–4000 cm-1 with a resolution of 4 cm-1. The sample was calcined in vacuum in an IR cuvette for 1 
h at 500 °C and cooled. Pyridine adsorption was carried out at 150 °C for 20 min, then desorbed at 150 
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or 300 C by vacuuming for 30 min. The concentrations of Brensted and Lewis acid centers (BAS and 
LAS, respectively) were determined from the integrated intensities of characteristic absorption bands [4, 5].

The morphology was studied on a Hitachi Regulus SU 8230 FE-SEM scanning electron 
microscope (Japan) with an accelerating voltage of 5–30 kV. The samples were deposited on holey 
carbon substrates on copper grids. The structure and microstructure were studied by high- resolution 
transmission electron microscopy (HRTEM) using a ThemisZ microscope (Thermo Fisher Scientific, 
USA) with a Ceta 16 CCD array, an accelerating voltage of 200 kV, and a resolution limit of 0.07 nm. 
The instrument is equipped with a SuperX energy- dispersive X-ray characteristic emission (EDX) 
spectrometer (Thermo Fisher Scientific, USA) with a semiconductor Si detector with an energy 
resolution of 128 eV. Microphotographs were processed in ImageJ software [20].

XPS studies were carried out on a SPECS X-ray photoelectron spectrometer (Germany) using 
MgK radiation (1253.6 eV). The binding energy scale (Eсв) was calibrated using the Au4f7/2 (84.00 eV) 
and Cu2p3/2 (932.67 eV) lines, the Si2p (103.5 eV) line was used as an internal standard. The samples 
were applied on double- sided copper conductive tape. Recording at a transmission energy of 20 eV.

Diffuse reflectance spectra in the visible and ultraviolet regions (UV–Vis DRS) were recorded 
using a Shimadzu 3600 scanning spectrophotometer and an ISR-603 Integrating Sphere Attachment, 
spectral slit width 12 nm. The baseline was recorded relative to ultrapure barium(II) sulfate BaSO4. 
The reflectance spectra were transformed using the Kubelka- Munk function. A separate region of the 
spectrum of ruthenium containing samples (350–450 nm) was processed by subtracting the baseline 
(straight line from the outermost arms of the absorption bands) and decomposing the spectra into 
individual absorption bands (Gaussian functions).

Studies by the temperature- programmed reduction method were carried out on a ChemBET 
Pulsar TPR/TPD (Quantachrome Inst., USA). The samples were dried in helium flow at T = 130 °C for 
30 min. TPD profiles were recorded in a flow of a mixture of 10 %H2 in Ar in the temperature range 
from 30 °C to 900 °C. The heating rate was 10 °C/min. The profiles were normalized to mass.

Textural properties of samples were studied by low- temperature nitrogen adsorption- desorption 
method on the analyzer ASAP 2420 (Micromeritics). Pre- degassing of the samples was carried out 
at 350 °C for 8 h at P 7–10–6 Pa. Specific surface area (SBET) was calculated by BET method with 
correction by Ruckerol plot [6]. The pore volume was determined by the SinglePoint method at P/P0 = 
0.995. Pore size distribution was determined by the BJH-KJS method, mesopore diameter (D) by the 
maximum of the distribution. The wall thickness was determined as the difference between the cell 
parameter and the pore diameter.

Powder diffraction data were obtained on an X'Pert PRO diffractometer with a PIXcel detector 
(PANalytical) with a graphite monochromator and CuKα radiation. Patterns were taken in the low- 
angle range from 0.5 to 5° on the 2θ scale, step 0.026°, ∆t –  200 s. In the far- angle region from 3 to 80° 
2θ, step 0.026°, ∆t –  50 s. The cell parameter was calculated from the interplanar distance of the reflex 

.
Catalytic tests in the hydrogenation of xylose were carried out in a 100 mL AutoclaveEngineers 

(USA) autoclave reactor made of Hastelloy C 276. 0.3 g of xylose (Panreac, Pharm.), 0.1 g of catalyst, 
and 0.03 L of water were loaded. The reaction was carried out at 70 °C, 5.5 MPa H2, 1200 rpm. 
Quantitative analysis of xylose and xylitol was performed on an Agilent 1260 Infinity II HPLC, 
Rezex RPM–Monosaccharide Pb column2+ 300 × 7.8 mm, refractometric detection, eluent was 
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deionized water, 70 °C, 0.6 mL/min. Qualitative analysis was performed using an Agilent 7890A 
gas chromatograph with an Agilent 7000A quadrupole mass detector, HP-5ms 30 m × 0.25 mm × 
0.25 mm capillary column; pre- derivatization (silanization) in a mixture of trimethylchlorosilane and 
hexamethyldisilazane in pyridine medium [21].

Results and Discussion
XPS data

In the XPS spectra of supports and catalysts, the Si2p binding energy is 103.5 eV, which is a 
characteristic value for Si4+ within SiO2 [7]. The O1s line has a binding energy of ~ 532.9 eV, typical for 
silicon oxide in SBA-15 [7], for the 10Nb/5Zr- SBA-15 sample, a shoulder around 531 eV is observed for 
oxygen in niobium oxide [8]. The binding energy of Zr3d5/2 is 183.4±0.1 eV, which is characteristic of 
the Zr4+ state and close to zirconium in the ZrO2 in structure SBA-15 [9], possibly in a structure close to 
ZrSiO4 [10]. The binding energy of Nb3d5/2 is 208.0±0.1 eV, which is higher than that of massive Nb2O5 
(207.6) [11], and corresponds to Nb5+ in oxides bound to SiO2 [12].

Diffuse reflectance Uv- vis spectroscopy

Diffuse reflectance Uv- vis spectroscopy shows a fundamentally different pattern in the distribution 
of ruthenium states in the catalysts (Fig. S1).

In the diffuse reflectance spectra, the supports have only one absorption band with a maximum 
at 270–290 nm, the differences between the support spectra of 5Zr- SBA-15 and 10Nb/5Zr- SBA-15 are 
insignificant, there is a bathochromic shift upon deposition of niobium oxide. The main absorption 
band with a maximum at 270–290 nm refers to the charge transfer from ligand to metal (O2-, OH- and 
OH2

 → Si4+, Zr4+, Nb5+) in oxides [13, 14]. Amorphous SiO2 in SBA-15 matrix absorbs light starting at 
350 nm [15]. Massive Nb2O5 has strong absorption even above 400 nm [16, 17], and ZrO2 –  up to 350 
nm [18, 19]. The absence of such support absorption bands indicates the absence of separate massive 
Nb and Zr oxides and their incorporation into the silicate matrix of SBA-15.

Table S1. Atomic ratios of elements in the near- surface layer of the atomic ratios of elements in the near- surface 
layer of samples according to XPS data.

Sample 5Zr- SBA-15 10Nb/5Zr- SBA-15 2Ru/5Zr- SBA-15 2Ru/10Nb/5Zr- SBA-15

Atomic fractions of 
elements, at.%

Si 25.5 22.4 27.9 22.4
Zr 2.2 0.7 1.0 0.6
Nb - 0.7 - 0.6
Ru - - 0.3 0.2

Fractions of 
ruthenium in 
different states, at.%

Ru0 - - 20.0 0
RuO2 - - 56.0 100.0
RuO3 - - 24.0 0
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Fig. S1. Diffuse reflectance spectra of supports and catalysts

Fig. S3. Mesopore size distributions of 2Ru/10Nb/5-Zr- SBA-15: columns –  SEM, line –  nitrogen adsorption- 
desorption

Microscopy and N 2 adsorption- desorption

XRD in the region of high angles

Fig. S4. Diffractograms in the region of high angles
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