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Experimental Section

Synthesis of Cu3Si@Si: In a typical synthesis procedure, 1 g of silicon particles with different 

sizes and 2 g of anhydrous cuprous chloride were placed in a mortar to ground and mix. The 

mixture was then transferred to an alumina boat and heated in a tube furnace under N2 condition 

at 800°C for 1 hour. After natural cooling to room temperature, a brown-black powder was 

obtained.

Synthesis of CuSiO3@SiOx: 0.6 g of Cu3Si@Si powder obtained was dispersed in a mixture 

solution of 20 ml ultrapure water and 10 ml ammonia solution (25%~28%) and stirred 

magnetically for 5 min at room temperature. The solution was then transferred to an autoclave 

and heated at 120°C in oven for 24 hours. Subsequently, it was centrifuged and washed with 

water and ethanol. Finally, the product was vacuum dried at 80°C for 12 hours to obtain the 

copper silicate samples.
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Synthesis of Cu@SiOx/Si: 20 ml of KCl solution (4 M) was mixed with 10 ml of ammonia 

solution (25%~28%). Next, 0.6 g of Cu3Si@Si powder was dispersed in the mixed solution and 

stirred magnetically for 5 min at room temperature. The mixture solution was then transferred 

to an autoclave and heated at 120°C in oven for 24 hours. Subsequently, it was centrifuged and 

washed with water and ethanol. Finally, the product was vacuum dried at 60°C for 12 hours to 

obtain the Cu@SiOx/Si.

Characterizations: X-ray diffraction (XRD, SmartLab Rigaku) was performed with Cu Kα 

radiation (λ=1.54 Å) as the X-ray source. The UV-vis-NIR absorption spectrum was record by 

LAMBDA 650S. Scanning electron microscopy (SEM, Hitachi S-4800) was used for the 

morphology analysis. To gain the crystal structure information, high-resolution transmission 

electron microscopy (HRTEM, JEOL 2100F) coupled with energy dispersive X-ray (EDX) 

spectroscopy analyses were performed. N2 adsorption isotherms were measured by the 

Brunauer-Emmett-Teller (BET, Micrometrics ASAP2460) method, and the samples were 

pretreated at 150 ℃ in vacuum overnight. The chemical state study of the samples was carried 

out by XPS (PHI 5000 VersaProbe) and the binding energies were corrected for specimen 

charging effects using the C 1s level at 284.6 eV as the reference.

4-nitrophenol reduction: 0.1 ml of a 4-nitrophenol (p-NP) solution (0.16 mol/L) was mixed 

with 1 ml of a NaBH4 solution (0.26 mol/L, prepared using an ice-water mixed solvent) and 15 

ml of deionized water in a test tube. Subsequently, 2 mg of catalyst was added into the solution 

then, and the reaction was carried out at room temperature. The change in the absorption peak 

of the nitrophenol ions at a wavelength of 400 nm was recorded every 40 seconds using a UV-

visible spectrophotometer. After the reaction, the catalyst was collected via a high-speed 

centrifugation method and reintroduced into the same concentration of reaction solution to test 

the efficiency of catalyst reusability. This process is repeated five times to assess the 

recyclability and reusability performance of the catalyst. The kinetic analysis of the catalytic 
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reduction reactions was characterized by the attenuation intensity of peaks over different time 

intervals. Given that the concentration of NaBH4 is significantly higher than that of 4-NP, the 

reaction kinetics constant and rate are independent of the NaBH4 concentration. Therefore, the 

reaction rate constants can be evaluated using pseudo-first-order kinetics, as demonstrated in 

the following equation:

                                                                                           (1)
𝑑𝐶𝑡
𝑡
=‒ 𝑘𝑎𝑝𝑝𝐶𝑡

                                                                      (2)
𝐼𝑛(𝐶𝑡𝐶0) = 𝐼𝑛(

𝐴𝑡
𝐴0) =‒ 𝑘𝑎𝑝𝑝𝑡

where Ct and At represent the concentration and absorbance of p-NP at time t, respectively, C0 

and A0 denote the initial concentration and absorbance of p-NP at t=0. The term kapp refers to 

the apparent rate constant. 

The cycling stability is characterized by the conversion efficience after cycling, as demonstrated 

in the following equation:

                                                                         (3)
𝐷=

𝐶0 ‒ 𝐶𝑡
𝐶0

× 100% =
𝐴0 ‒ 𝐴𝑡
𝐴0

× 100%

To diminish the effect of the loss of catalyst during centrifugation, the amount of catalyst is 
increased from 2 mg to 8 mg.
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Figure S1. (a) Nitrogen absorption-desorption isotherms of Cu@SiOx/Si nanoparticles. (b) The 

pore size distribution calculated based on the NLDFT model.

Figure S2. TEM image of NaBH4 reduced CuSiO3@SiOx nanoparticles. The small dark spots 

are reduced Cu nanoparticles.
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Figure S3. (a) UV-vis spectra for the catalytic reduction of 4-NP using Si NPs as catalyst. (b) 

UV-vis spectra for the catalytic reduction of 4-NP using CuSiO3@SiOx NPs as catalyst. (c) 

UV-vis spectra for the catalytic reduction of 4-NP using the NaBH4 reduced CuSiO3@SiOx 

NPs as catalyst. (d) UV-vis spectra for the catalytic reduction of 4-NP using Cu@SiOx/Si NPs 

as catalyst. 

Figure S4. FTIR spectra of Cu@SiOx/Si before and after catalytic reaction.
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Figure S5. Reusability of the Cu@SiOx/Si catalyst upon repeated appliction for the catalytic 

reductio of 4-NP in which 2 mg catalyst is used. The dramtic decrease of its catalytic 

performance is more likely attributed to the loss and aggregation of Cu@SiOx/Si during 

centrifugation.
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Table S1. Comparison of 4-NP reduction by various metal NPs and their bimetallic catalysts 
from the literature

Metallic NP Support [Ref.] Kapp[min−1] C(4-NP),mmol/L C(NaBH4),mmol/
L C(catalyst),mg/L Reaction 

time/min Reference

CS-CR@Mn 4.68 16.6 50.0 333.3 1 1RuNPs HHP 0.36 0.09 9.9 123.8 5 2
NCNTS 0.37 0.21 38.5 30.7 6 3CoNPs HNTs-ILs 0.60 2.87 270.2 1000 13 4

SnO2 0.59 0.07 3.11 505.5 22 5ZnNPs C 1.17 0.19 48.1 19.2 2.5 6
CuS 1.06 0.10 10.0 500 4 7
SiO2 0.27 0.16 64 967.7 10 8NiNPs

Mn2O3 0.13 0.10 60 400 45 9
APTES@Fe3O4 0.27 0.17 67 9.92 10 10

RGO 0.35 0.15 14.4 9.63 10 11

MnO2 0.68 0.10 20.6 6.66 6 12

AG-sponge 0.32 0.13 28.6 5714.2 11 13
N-doped carbon 1.78 0.10 10.3 44.4 11 14

Cs@CMC 0.38 0.13 66.6 166.6 7 15
Mag-S-Ms 0.24 0.05 4 333.3 10 16

g-C3N4 1.11 0.13 13.70 17.24 6 17
zeolite 0.21 0.2 15 250 3.5 18

CuNPs

SiOx@Si 0.40 0.10 3.29 120 4 This work
g-C3N4 0.23 0.11 5.89 98.10 14 19
ZrGP 0.18 0.09 45.4 90.90 10 20

SrTiO3 0.54 0.30 20 200 7 21AgNPs

HCP-BHMB-K-800 1.26 0.09 22.7 22.72 2.5 22
PVP-PS 0.10 0.14 14.5 388.3 60 23

Azo-POPs 0.34 0.12 5.12 2.5 10 24
CeO2 0.46 0.06 31.3 - 6.7 25PdNPs

Co-MOF 0.25 0.10 30.0 0.75 8 26
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