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Experiment section

Materials characterization

The compositions of samples were investigated by using energy-dispersive X-ray spectroscopy
(EDS) attached to a scanning electron microscope (MAagellan-400). Raman spectra were measured
with a spectrometer based on a double monochromator equipped with a CCD camera for signal
recording (Andor Technology Ltd). The spectra were excited by a solidstate laser (wavelength A =
473 nm) and measured in the backscattering configuration at room temperature. The appropriate

laser radiation power was chosen to provide secure registration of spectra.
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Fig. S1 The growth mechanism schematic of CuO-SnO, reverse cubic heterojunctions.
Fig. S1 is the growth mechanism schematic of CuO-SnO, reverse cubic heterojunctions. First of all,
add the prepared Na3;CgHs07:2H,0 (12 mmol) and NaOH (4 mmol) solutions into Cu(NOs),:3H,0 (3

mmol) solution, stirring for 2h. Then, the above mixed solution was transferd into a Teflon-lined

stainless steel autoclave (50 ml) and transferred into an oven maintained at 200 °C for 12 h. The

[Cuscit,H_,]* complexes is formed from cit3 and Cu?* in the mixed solution. In alkaline environment,
the [Cu,cit,H.,]* complexes can reduce to Cu* from Cu?* to form Cu,0. At the beginning of the
chemical reaction, the smooth cube structure of Cu,0 are formed according to the mechanisms of
REDOX reaction and precipitation reaction. The pit cube structure of Cu,0 and the hopper cube
structure of Cu,0 are formed with the increase of the reaction time. The reverse cubic Cu,0
structure can be obtained after the complete reaction. Finally, the CuO-nSnO, (n=9 wt%)

heterojunctions are obtained by annealing the mixed SnCl,:2H,0 (6 mg) and Cu,0 (100 mg).



Fig. S2 Energy dispersive X-ray (EDX) spectra of CuO sample. The inset is the composition of
each elements of CuO sample.

The EDS spectra only shows the O and Cu elements, which indicates that the synthesized samples
are pure phase. The inset shows the composition of each elements of CuO sample. From the table,
it can be see that the atomic percent of O and Cu are 51.72% and 48.18%, which illustrates that the
ration between Cu atom and O atom is about 1:1. The result indicates that the main body of our

synthesized samples is CuO material.

Fig. S3 Energy dispersive X-ray (EDX) spectra of CuO-nSnO, (n=9 wt%) heterojunctions. The inset

is the composition of each elements of CuO-nSnO, (n=9 wt%) heterojunctions.



The EDS spectra only shows the O, Cu and Sn elements, which indicates that the synthesized
samples are pure phase. The inset shows the composition of each elements of CuO-nSnQO; (n=9 wt%)
heterojunctions. From the table, it can be see that the atomic percent of O and Cu are 50.56% and
44.06%, which illustrates that the ration between Cu atom and O atom is about 1:1. The result
indicates that the main body of our synthesized samples is CuO material. The trace amount of Sn
atoms, with an atomic percentage of 5.38%, mainly exists in the structure of SnO, materials. The P-

n heterojunctions mainly form at the junction between CuO and SnO, semiconductors.

Fig. S4 (a) EDS mapping image of CuO-nSnO, (n=9 wt%) heterojunctions. (b), (c) and (d)
elemental mapping images of O, Cu and Sn respectively.
It is learn that the distribution of o and Cu elements in Fig. S4 (b) and (c) is well-proportioned.

The Sn element is also uniformly distributed in the main structure.
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Fig. S5. Raman spectra of pure CuO and CuO-nSnO,; (n=3 wt%, 6 wt%, 9 wt%, 12 wt%, 15 wt%)
heterojunctions at 300K excited by 473 nm radiation from an argon ion laser.

Fig. S5 represents the Raman spectra of CuO-nSn0O, (n=3 wt%, 6 wt%, 9 wt%, 12 wt%, 15 wt%)
heterojunctions. It can be observed that the spectra of CuO and CuO-nSnO, (n=3 wt%, 6 wt%, 9
wt%, 12 wt%, 15 wt%) samples represent the bands centered at around 290, 340 and 618 cm™
corresponding to three fundamental active Raman vibration modes A, B, and By, of CuO,
respectively. For CuO-nSn0O; (n=3 wt%, 6 wt%, 9 wt%, 12 wt%, 15 wt%) heterojunctions, there are
three additional Raman peaks at 632, 696, 775 cm™ corresponding to three fundamental active
Raman vibration modes A, Ay, and By of SnO,, respectively. Compared to the pure CuO, the
Raman peaks of CuO-nSn0O; (n=3 wt%, 6 wt%, 9 wt%, 12 wt%, 15 wt%) heterojunctions become
stronger and broader, and shift slightly to lower wavenumber. Obviously, the peak at 290 cm™ in
CuO-nSnO, heterojunctions shifts to 285 cm™?, 283 cm™, 280 cm?, 278 cm™? and 277 cm
corespongding to the contents of SnO, as 3 wt%, 6 wt%, 9 wt%, 12 wt% and 15 wt%, respectively,
and the full width at half-maximum (FWHM) of the peak changing from 40 to 44, 46, 47 and 48 cm™?,
respectively, i.e. the blue shift and broadening of the Raman spectra enhanced with the increase of
Sn0,. This may be attributed to the semiconductor superlattices and multiple quantum well
structures of CuO-SnO, heterojunctions. The intensity of the Ranman peaks has significantly
enhanced with the increase of SnO, concentrations, which indicates the well combination between

Sn0O, and CuO.
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Fig. S6. UV-visible absorption spectra of pure CuO and CuO-nSnO; (n=3 wt%, 6 wt%, 9 wt%, 12
wt%, 15 wt%) materials. The inset is the direct band gap energy of all the samples.

Figure S6 shows the UV-visible absorption spectra of pure CuO and CuO-nSnO, (n=3 wt%, 6 wt%,
9 wt%, 12 wt%, 15 wt%) heterojunctions at room temperature. It could be noted that the obvious
peak located at around 220 nm of all the samples can be attribute to the intrinsic peak of CuO. In
addition, the pure CuO has no evident absorption in the region of 240-330 nm, but the CuO-nSnO,
heterojunctions have obvious absorption between 240 nm and 330 nm, which enhances with the
increase of SnO, content in CuO reverse cubic samples. It could be used the following relation to
calculate the optical energy band gap of the CuO and CuO-nSnO, heterojunctions structures:

(o hv )" = B(hv - Eg).

Where B is a constant, Eg represents the band gap energy, a is the absorption coefficient, hv is the
incident photon energy and n is either 2 for a direct band gap energy transition or 1/2 for an
indirect band gap energy transition. The direct band gap energy of the CuO and CuO-nSnO,
heterojunctions structures can be observed in the inset of Fig.3a. The values of the band gap are
observed to be 1.96 eV, 1.82 eV, 1.80 eV, 1.79 eV, 1.72 eV and 1.70 eV, corresponding with the
Sn0O, concentrations of 0, 3 wt%, 6 wt%, 9 wt%, 12 wt% and 15 wt% respectively. The observed
band gap values of pure CuO structures are greater than that of the CuO-nSnO, heterojunctions
structures which indicates the existence of heterojunctions can effectively shrink the band gap of
CuO. The band gap energy of CuO-nSnO, heterojunctions structures has been found to significantly

decrease when the weight of SnO; increase from 3 wt% to 15 wt% in reverse cubic CuO samples. In



general, when the light is absorbed by a material, the electron jumps to the conduction band by
leaving a hole in the valance band. From the UV-vis spectrum, the broad absorption peak at around
240-330 nm are remarkably enhanced by increasing the content of SnO, in CuO samples. The broad
absorption peak may be attributed to the following reasons: (1) the CuO-SnO, heterojunctions
formed by doping small amount of SnO, in CuO may reduce the band gap of CuO and the electrons
from the valence band can be excited to the conduction band by absorbing visible light, and (2) the
Sn** ions and Cu?* ions probably exist the similar energy level which is conducive to electronic
transition. The direct band gap energy of CuO structure is observed to be 1.96 eV, which is found to
decrease down to 1.70 eV with the increasing of heterojunctions content. The Sn* ions may
produce an impurity band into the band gap of CuO by its 4d electrons localized states, which may
broaden due to the overlap of the wave functions of the adjacent dopants electrons. This impurity
band at can merge with the top of the valence band at the sufficient dopant concentration and may

cause the reduction of the band gap.
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Fig. S7. The specific capacitances for pure SnO,, CuO, CuO-nSn0O,; (n=3 wt%, 6 wt%, 9 wt%, 12 wt%,
15 wt%) and SnO,-nCuO (n=3 wt%, 6 wt%, 9 wt%, 12 wt%, 15 wt%) materials at a current density of
1Agt

The specific capacitances of pure SnO, and CuO are 704 F gt and 912 F g'! at a current density of
1 A g, respectively. The specific capacitance values of CuO-SnO, heterojunctions are 1598 F g1,
1765 F g1, 1972 F g, 1539 F g* and 1425 F g* corresponding the content of SnO, as 3 wt%, 6 wt%,

9 wt%, 12 wt% and 15 wt%, respectively. The specific capacitance values of Sn0,-CuO



heterojunctions are 998 F g, 1065 F g1, 1172 F g%, 1239 F g and 965 F g corresponding the
content of CuO as 3 wt%, 6 wt%, 9 wt%, 12 wt% and 15 wt%, respectively. Obviously, the CuO-
nSn0O, heterojunctions has a higher specific capacitance than that of pure CuO, SnO, and SnO,-

nCuO heterojunctions.
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Fig. S8. (a) CV curves of CuO-SnO, heterojunction and CuO+SnO, mixture at a scan rate of 150
mV/s in 6.0 M KOH. (b) CV curves of CuO+SnO, mixture at a scan rate of 160 mV/s in 6.0 M KOH.
To detect whether the high specific capacitance of the CuO-SnO, heterojunction are come from

the synergistic effects of CuO and SnO,, the CV curves of the CuO-SnO, heterojunction and the
CuO+Sn0O, mixture are compared in Figure S8. The red curve is the CV curve of CuO-nSn02 (n=3
wt%) heterojunctions. The dark red curve is the CV curves of CuO+Sn0O, mixture and the mixture
are composed by 9 mg SnO, and 100 mg CuO. It can be seen that the high specific capacitance of
Cu0-Sn0; heterojunciton is not come from the synergistic effects of CuO and SnO,. The electrodes
of CuO+Sn0, mixture are punctured at a scan rate of 160 mV/s in 6.0 M KOH. However, the

electrodes of CuO-SnO, heterojunciton is not punctured at a scan rate of 160 mV/s in 6.0 M KOH.
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Fig. S9. |-V curves for pure Sn0O,, CuO, CuO and SnO, mixture, and CuO-Sn0O, heterojunction.
I-V curves of CuO, SnO, and the mixture of CuO and SnO, are linear, however, the |-V curve of
Cu0-Sn0; heterojunction is nonlinear. It was also indirectly indicated that our synthesized samples

formed the heterojunction strucutrues.

2400

1800- o Cu0O-9 wt% SnO

o pure CuO
1200 » pure SnO,

600-

0 2500 5000 7500 10000
Cycle number

Specific capacitance / F g'1

Fig. $10. Cycling performance for CuO, SnO, and CuO-9 wt% SnO, heterojunctions at 1 A g™* for
10,000 cycles.
Fig. S10 shows the cycling performance for CuO, SnO, and Cu0-9 wt% SnO, heterojunctions at 1 A

g™! for 10,000 cycles. The capacitance retention of CuO and SnO, are 66.21% and 40.63% after



10,000 cycles respectively, which indicates that the electrochemical stability of CuO and SnO, is

significantly lower than that of CuO-SnO,; heterojunctions.
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Fig. S11. The models of (a) Sny50s6, (b) CusOag, (€) Cu40,4-Sn1,0,4, respectively.

The vectors a, b, and c represent the direction of the lattice constants. The red, blue and gray ball
represent the O, Cu and Sn atoms, respectively. The Sn,s0s¢ model is the (110) lattice plane
structure of Sn0,. The Cu,g04 model is the (002) lattice plane structure of CuO. The Cuy40;4-
Sn1,0,4 model is the heterojunction structure of CuO-SnO,. The supercell model of Sn,50sg is
obtained by a 2x2x1 expansion of the SnO, primitive cell and the supercell structure contains 84
atoms. The supercell model of Cu,g04g is obtained by a 2x2x1 expansion of the CuO primitive cell
and the supercell structure contains 80 atoms. The Cu,0,4-Sn1,0,4 model contains 84 atoms. All

models have been optimized by VASP.

8 100 10

E 4 E 50+ ?‘3 54

w w W

(2] WD

0 E 0 Z 0

2 e 2}

wn - oo i wnn &/

g 4 E g 50 : 8 5

] S : Cu0-Sn0O
_s\‘ : "% 100 l : Ol 10 - = —
5.0 -25 0.0 2.5 5.0 5.0 -25 0.0 2.5 5.0 5.0 25 0.0 25 5.0
Energy (eV) Energy (eV) Energy (eV)

Fig. S12. The PDOS of (a) Sn,g0sg, (b) CuspOag, () Cuzs0,4-Sn1,0,4, respectively.


file:///D:/Dict/7.2.0.0703/resultui/dict/%3Fkeyword=primitive
file:///D:/Dict/7.2.0.0703/resultui/dict/%3Fkeyword=primitive

Fig. S12 (a) shows that the SnO, structure is mainly s-p orbital hybridization, Fig. S12 (b)
illustrates that the CuO structure is mainly p-d orbital hybridization, and Fig. S12 (c) explains that

the CuO-Sn0, structure is mainly s-p-d orbital hybridization.
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Fig. S13. The 3D spin density diagrams of (a) Sn,50sg, (b) CusgOag, (€) Cu40,4-Sn1,0,4, respectively.
Fig. S13 shows the 3D spin density diagrams of (a) Sn,g0se, (b) CusOasg, (c) Cu4024-SN1,044,
respectively. The yellow isosurface represents the density of electron spin upward and the green

isosurface represents the density of electron spin down.
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Fig. S14. The electronic effective mass calculation diagrams of (a) SnO,, (b) CuO and (c)
CuO-SnO0,, respectively.

Fig. S14 shows the electronic effective mass calculation diagrams of (a) SnO,, (b) CuO and
(c) CuO-Sn0,, respectively. The red curve in the figure is the fitting curve. The pink circle part in
the upper left energy band structure is selected to calculate the electronic effective mass in Fig.
S14 (a), (b) and (c). The table in the lower right corner in Fig. S14 (a), (b) and (c) is the

parameter corresponding to the fitting data respectively.
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