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1. Experimental

1.1 Materials

MII(CH3COO)2·nH2O and trisodium citrate were purchased from Adamas. 

Potassium hexacyanocobaltate and potassium ferricyanide were obtained from Sigma-

Aldrich. Other chemicals were of analytical grade and were used without additional 

purification. Ultrapure water (18.2 MΩ cm) supplied by a Milli-Q system was used 

throughout the study. 

1.2 Photocatalytic performance testing

The photocatalyst performance evaluation was conducted using a multi-channel 

photochemical reaction system (PCX-50C, Beijing Perfectlight) with a white LED as 

the light source. The output power of the light source was precisely controlled using 

an irradiance meter (FZ-A) to maintain a constant irradiance intensity of 100 mW/cm2. 

Typically, 12 mL of suspension containing 10 mM furfuryl alcohol and 6 mg of 

photocatalyst was added to a sealed quartz vessel equipped with a rubber plug and 

magnetic stirring. The entire system was purged with Ar gas and maintained at 25 °C 

by a continuous flow of cooling water during the illumination. The gas products were 

detected using gas chromatography (GC, Agilent 7820A). 

1.3 Liquid products analysis

The products for photo-hydrogenation of furfural alcohols (FOL) were analyzed by 

high-performance liquid chromatography (HPLC, Shimadzu LC-20A). 1 mL of the 

reaction mixture was filtered by a 0.22 μm filter membrane to remove solid catalyst. 

HPLC was carried out on a Shimadzu C18 column (150×4.6 mm) with CH3CN: H2O 
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aqueous solution (40:60) as the mobile phase. The flow rate was 0.5 mL/min and the 

detection wavelength of ultraviolet-visible detector was 230 nm, respectively. 

The conversion of FOL and the selectivity of furfural (FAL) were defined as follows:

Conversion (%) = [(C0−CFOL)/C0] ×100%,

Selectivity (%) = [CFAL/(C0−CFOL)] ×100%,

where C0 is the initial concentration of FOL, CFOL and CFAL are the concentrations 

of the substrate FOL and FAL.

1.4 Electrochemical measurements

All the electrochemical measurements were conducted on a three electrode system 

at an electrochemical station (CHI 660E). The catalyst coated glass carbon electrode 

or FTO glass were used as the working electrode, Pt as the counter-electrode, and 

Ag/AgCl or saturated calomel electrode (SCE) as the reference electrode. Linear 

sweep voltammetry (LSV) was measured at a scan rate of 5 mV s-1 to obtain the 

polarization curves with 0.5 M K2SO4 using as electrolyte. Electrochemical 

impedance spectra (EIS) was recorded at an open circuit voltage in 5 mM K3[Fe(CN)6] 

and K4[Fe(CN)6] aqueous solution with 0.1 M KCl. Photocurrent response and Mott-

Schottky plots (taken at 1 kHz) were tested at 0.5 M Na2SO4, and using sample coated 

FTO glass as working electrode. All the potentials were displayed versus the 

reversible hydrogen electrode (RHE) by

E(RHE) = E(Ag/AgCl) + 0.197 + 0.059 × pH

1.5 Theoretical calculations

The VASP software[S1,S2] was employed to perform all the spin-polarized density 
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functional theory (DFT) calculations within the generalized gradient approximation 

(GGA) using the Perdew-Burke-Ernzerhof (PBE)[S3] formulation. The projected 

augmented wave (PAW) potentials[S4,S5] were chosen to describe the ionic cores and 

take valence electrons into account using a plane wave basis set with a kinetic energy 

cutoff of 400 eV. The Gaussian smearing method and a width of 0.05 eV were 

utilized to allow partial occupancies of the Kohn−Sham orbitals. The electronic 

energy was considered self-consistent when the energy change was smaller than 10−6 

eV. Convergence of the geometry optimization was determined when the force 

change was smaller than -0.05 eV/Å2. Grimme’s DFT-D3 methodology[S6] was 

employed to describe the dispersion interactions among all the atoms. A 15 Å vacuum 

layer in the z direction separated the slab from its periodic images. During structural 

optimizations of the surface models, a 2×2×1 gamma-point centered k-point grid for 

the Brillouin zone was used.

2. Supplementary Results

Fig. S1 the XRD patterns of as-prepared samples.
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Fig. S2 the XRD patterns of (a) PBA with different metal centers and (b) MII-MIII 

PBA@ZIS with different metal centers.

Fig. S3 SEM images of (a) bare ZnIn2S4 and (b) NiCo-PBA.

Fig. S4 The result of FFT measurement.
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Fig. S5 The selected area electron diffraction (SAED) pattern of NiCo-PZ-40.

Fig. S6 (a) STEM image, (b) EDX line scanning spectra and (c) raw spectrum of 

NiCo-PZ-40.

Fig. S7 N2 adsorption–desorption isotherm curves and pore size distribution of ZIS, 

NiCo-PBA and NiCo-PZ-40, respectively.
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Fig. S8 UV/Vis spectra of (a) PBAs and (b) PBA@ZIS composites with different 

metals centers.

Fig. S9 Time-dependent HPLC chromatograms of the photocatalytic conversion of 

FOL by NiCo-PZ-40.
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Fig. S10 1H NMR spectra of standard FOL and FAL.
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Fig. S11 1H and 13C NMR spectra of the solution after photocatalytic reaction.

Fig. S12 Control experiments with different additives (20 mM) catalyzed by NiCo-

PZ-40 composites photoirradiation for 3 h. (IPA: hydroxyl radicals trapping reagent, 

K2S2O8:electrons trapping reagent and AA: holes trapping reagent).
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Fig. S13 XRD patterns of NiCo-PZ-40 before and after reaction.

Fig. S14 The DFT calculated models. Light blue, blue, brown, white, red, grey, and 

bright brown spheres represent Co, N, C, H, O, Ni and Fe atoms, respectively.
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Fig. S15 The photocatalytic coupling mechanism of hydrogen evolution and FAL 

production.

Fig. S16 Linear-sweep voltammograms (LSV) curves of as-prepared samples in 0.5

M K2SO4.
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Table S1 The metals loading contents in NiCo-PZ-40 estimated by ICP-OES.

Table S2 Comparison of recent researches for photocatalytic oxidation of FOL.

Elements C0 (mg/L) Cx (mg/kg) Weight ratio (%)

Ni 2.9382 109962.6 10.9963%

Co 2.1156 79175.9 7.9176%

Zn 1.6714 62551.2 6.2551%

In 5.9991 224515.7 22.4516%

Catalyst
Reaction

substrate

H2 evolution

(μmol g–1 h–1)

Liquid yield

(μmol g-1 h-1)
Ref.

NiCo-PZ-40 10 mM FOL 739.3 705.2
This

work

ZnxIn2S3+x 10 mM FOL 584 ～ S7

Ti3C2Tx/CdS 2.5 mM FOL 82 92 S8

3%Pt/LaVO4/CN 10 vol% FOL 287 ～ S9

1 wt% 

Ru/Zn0.5Cd0.5S
17 mM FOL 870 855 S10

MCSTC-7.5 50 mM FOL 756.5 764.3 S11

ReS2/ZnIn2S4 10 mM FOL 3092.9 2981.1 S12
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