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Experimental Detail

Characterizations. Field-emission scanning electron microscope (FE-SEM, FEI, Sirion 200), 

transmission electron microscope (TEM, Tecna i-G2-F30 (FEI)), X-ray powder diffraction 

(XRD, AXS D8-Advanced diffractometer), X-ray photoelectron spectroscopy (XPS, a PHI-

5702 multifunctional spectrometer), were used to characterize the morphology and 

composition of the material. UV-vis absorbance measurements were recorded on Shimadzu 

UV-1750. Photocatalysis was performed using Xenon lamp (HSXF/UV 300), equipped with 

400-800 nm filter. Photoluminescence (PL) spectra were acquired on an Edinburgh 

Instruments FLS920 fluorescence spectrometer. For the measurement of PL lifetime, the used 

excitation wavelength (λex) was 270 nm and the maximum emission wavelength (λem) was 

370 nm. The average lifetime (Ave. τ) is calculated according to τ = τ1∙I1 + τ2∙I2 + τ3∙I3 (τi is 

the lifetime; Ii is the relative intensity).1,2 Time-resolved transient absorption spectra (TAS) 
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was performed in femtosecond transient absorption spectroscopy. The laser source was a 

Coherent Legend Elite regenerative amplifier (<110 fs, 1 KHz, 800 nm), which was seeded by 

a Coherent Chameleon oscillator (75 fs, 80 MHz). The 400 nm pump pulses were got by 

doubling partial of the fundamental 800 nm pulses with a BBO crystal. The white probe 

pulses in 425-800 nm range were generated on a sapphire crystal excited through partial of the 

800-nm laser beam from the amplifier.

The apparent quantum efficiency (AQE) measurement. A 300 W Xe lamp was used as the 

light source for photocatalytic reaction. The measurement of AQE was performed using same 

amount reactions. We fixed the wavelength at 450 ± 10, 500 ± 10, 550 ± 10, 600 ± 10, 650 

±10, 700 ± 10 and 800 ± 10 for irradiation. The laser power in the photocatalytic reaction was 

collected using a power meter (Newport; 843-R). The corresponding wavelength captured for 

AQE calculation are located at 450 ± 10 nm. Thus, the AQE was calculated as the following 

equation, AQE = 4n/np × 100 %, in which n and np were denoted as the number of photos 

that generating product needed and the number of incident photons, respectively. The AQE 

for the catalysts under light irradiation at the wavelength of others were also calculated with 

the same method. 

The apparent quantum efficiency (AQE) calculation. Under visible light irradiation (450 ± 

10 nm) for NiCo2O4-Au-NiCo2O4 sandwich-type heterojunctions within 30 min. The average 

intensity of irradiation was found to be 0.114 W and 0.0672 W before and after the catalyst 

added to reaction flask by a power meter (Newport; 843-R). Total absorb light energy ∆E = 

(0.114-0.0672) × 30 × 60 = 84.24 J, n = 0.0173 mmol, energy per photon E0 = hc/λ =6.63 × 

10-34 × 3 ×108/(450 × 10-9) = 4.42 × 10-19 J, molor of photons np=∆E/(E0 × NA) = 84.24/(4.42 

× 10-19 × 6.02 × 1023) = 0.316 mmol, AQE (initial) = 4n/np = 4 × 0.0173/0.316 × 100% = 

21.9%. With the same method, we can calculate the initial AQE for other light irradiation, the 

AQE (initial) were 14.2%, 13.9%, 10.5%, 6.8%, 6.33% and 5.0%, respectively.

Photoelectrochemical measurement. Photoelectrochemical properties were performed on an 

electrochemical station (CHI 760E) in a standard three-electrode, single-compartment quartz 

cell. The Au nanosheets electrode, NiCo2O4 nanosheets electrode and the NiCo2O4-Au-

NiCo2O4 sandwich-type heterojunctions electrode with an active area of 1 cm2 served as the 

working electrodes. The counterelectrode and reference electrode consisted of a platinum 

sheet (99.99 %, 0.1 mm, 1 cm × 2 cm) and Ag/AgCl, respectively. Photoelectrochemical 

measurements were collected under visible light illumination (λ>420 nm filter, 300 W Xe 

lamp) in a 0.1 M Na2SO4 (pH=13) solution. And the Xe lamp was positioned 10 cm away 

from the photoelectrochemical cell. The transient photocurrent was measured using a 50 s on-



off cycle at a bias voltage of 0.8 V.

DFT Calculations. The spin-polarized DFT calculations were performed using projector 

augmented wave (PAW) potentials and the Perdew-Burke-Ernzarhof (PBE) functional 

implemented in the Vienna ab initio simulation package (VASP)3-5. The NiCo2O4 (311) 

surface with two atomic layers and Au (111) surface with four atomic layers were modeled as 

a p (2×4) periodic slab, respectively, in the unit cell of the Au-NiCo2O4 heterojunctions. In 

order to simulate bulk proprieties, Au atoms in the bottom layer were fixed, and all other 

atoms were fully relaxed. The neighboring layers were separated in the direction 

perpendicular to the surface by a vacuum distance of 18 Å, which removes the effects of 

periodic structures, we choose the energy convergence as 1×10-6 eV atom-1. Monkhorst-Pack 

grids of special points with 1×3×1 meshes were used for Brillouin-zone integrations. The 

kinetic-energy cutoff of the plane wave was set to 750 eV.



Figure S1. (a,b) SEM images of Ni-Co acetate hydroxide-Au-Ni-Co acetate hydroxide heterostructures at different 
magnifications. SEM images of NiCo2O4-Au-NiCo2O4 sandwich-type heterojunctions at different concentrations of NaBH4: 
(c) 0.05 M, (d) 0.20 M, and (e) 0.80 M. (f) SEM image of NiCo2O4-Au-NiCo2O4 sandwich-type heterojunctions at 0.05 M 
NaBH4.
As shown in Figure S1a and S1b, after ultrasonic treatment, the Au nanosheet surface was covered by Ni-Co acetate 
hydroxide nanoparticles. Then the formed Ni-Co acetate hydroxide-Au-Ni-Co acetate hydroxide heterostructures are 
chemically converted into Ni-Co hydroxide ultrathin nanosheet-Au-Ni-Co hydroxide ultrathin nanosheet heterostructures by 
treatment with NaBH4. Finally, the above heterojunctions were calcinated at 400 oC  in air to obtain NiCo2O4-Au-NiCo2O4 
sandwich-type heterojunctions. 
To study the role of NaBH4 in the formation of NiCo2O4 nanosheets, different concentrations of NaBH4 were added to 
observe the morphological changes. As shown in Figure S1c-e, with increasing the concentration of NaBH4, the thickness of 
the NiCo2O4 nanosheets gradually becomes thinner and collapses. And other basic additives, such as NaOH were used to 
study the role of NaBH4. As shown in Figure S1f, the thickness of the NiCo2O4 nanosheets increased and the channels 
formed by interconnected nanosheets became smaller. It is well known that H2 and NaOH will be produced 
simultaneously in NaBH4 aqueous solution. These results explicitly demonstrate the important role of H2 in the formation of 
ultrathin Ni-Co acetate hydroxide nanosheets. 

Figure S2. SEM images at different magnifications (a and b) of partially broken NiCo2O4-Au-NiCo2O4 sandwich-type 
heterojunctions in the presence of small amounts of hydrochloric acid.



Figure S3. (a) STEM-HAADF image of NiCo2O4-Au-NiCo2O4 sandwich-type heterojunctions. (b) Line profiles of elemental 
compositions measured by EDX along the line shown on image.

Figure S4. EDX of NiCo2O4-Au-NiCo2O4 sandwich-type heterojunctions.

Figure S5. (a) XRD patterns of NiCo2O4 nanosheets without Au nanosheets. (Red color indicates the diffraction planes of 
NiCo2O4.) 



Figure S6. XPS spectra of NiCo2O4-Au-NiCo2O4 sandwich-type heterojunctions: (a) C 1s, (b) O 1s.

Figure S7. Optimized NiCO2O4@Au@H2O distance between different atoms.

Figure S8. Optimized H2O distance between different atoms and Mayer band order. The present calculations were 
executed with a version of Gaussian 096. Geometry optimizations was performed with B3LYP7 and 6-31G** basis set.

Figure S9. SEM images at different magnifications of NiCo2O4 nanosheets without Au nanosheets.



Figure S10. (a) Au nanosheet model that we built for calculation; (b) Electric field distribution |E| upon 765 nm 
excitation with plane wave incidence (E0=1 V/m); (c) Normalized average electronic field intensity along with the 
excitation wavelength.

Figure S11. (a) Optical band gap energy of NiCo2O4 nanosheets obtained by extrapolation to (αhν)2 = 0. (b) The cyclic 
voltammograms (CV) of the oxidation potential of ferrocene as the internal standard to calibrate the measurements, and (c) 
oxide and (d) reduction CV of NiCo2O4 nanosheets.

Figure S12. (a) 3D plot time-resolved TAS of Au nanosheets upon 400 nm lase excitation. (b) Kinetic profiles of Au 
nanosheets at 502 nm in the ps region upon 400 nm laser excitation.



Figure S13. Photocatalytic degradation efficiencies of different catalysts toward RB measured by UV-vis adsorption 

spectrum.

Figure S14. Absorption spectroscopy of (a) NiCo2O4 nanosheets, (b) Au nanosheets, (c) NiCo2O4-Au-NiCo2O4 sandwich-
type heterojunctions and (d) single RB on the degradation of RB in the dark for 20 min and under visible light irradiation for 
30 min. (The mixture stirred in the dark for 20 min was to reach adsorption/desorption equilibrium.)

Figure S15. Oxygen evolution performance of NiCo2O4-Au-NiCo2O4 sandwich-type heterojunctions at 30 ℃ in the dark.



Figure S16. (a) Photocatalytic stability test of NiCo2O4-Au-NiCo2O4 sandwich-type heterojunctions. (b) SEM of NiCo2O4-
Au-NiCo2O4 trilayered heterojunctions after the three cycles tests. 

Figure S17. XRD patterns of NiCo2O4-Au-NiCo2O4 sandwich-type heterojunctions after the three cycles tests. Compared to 
the NiCo2O4-Au-NiCo2O4 trilayered heterojunctions before tests, the catalyst still keeps original appearance although a small 
amount of collapse, which means the catalyst has good stability.

Figure S18. XPS spectra of NiCo2O4-Au-NiCo2O4 sandwich-type heterojunctions after three cycles: (a) full spectrum, (b) Au 
4f, (c) Co 2p, (d) Ni 2p.



Figure S19. TEM image of NiCo2O4-Au-NiCo2O4 sandwich-type heterojunctions after three cycles.

Table S1. Analysis of the charge of Au nanosheets and the surrounding Ni, Co, H, O atoms with Au atoms. 
Type of atoms Actual charge number

(nA)

Theoretical charge

number (nT)

Transferred charge

number (n)

Co 3 7.79 9 1.21

Ni 3 8.99 10 1.01

Co 4 7.80 9 1.20

  Au 13 11.04 11 0.04

  Au 13 11.04 11 0.04

  Co 23 8.04 9 0.96

    O 49 7.18 6 1.18
    

   H 1 0.38 1 0.62
   

   H 2 0.49 1 0.51



Table S2. Analysis of the charge of Au nanosheets and the surrounding Ni, Co atoms with Au atoms.

Type of atoms Actual charge number

(nA)

Theoretical charge

number (nT)

Transferred charge

number (n)

Co3 8.03 9           
0.97

Ni3 9.17 10        
0.83

Co4 8.03 9        
0.97

Au13 11.02 11        
0.02

Au13 11.01 11 0.01

Co23 8.21 9
        

0.79

Table S3. Comparison of photocatalytic water oxidation effects of NiCo2O4-Au-NiCo2O4 sandwich-type 
heterojunctions with other catalysts.
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