

Nano-Micro Letters
Supporting Information for
BiOCl Atomic Layers with Electrons Enriched Active Sites Exposed for Efficient Photocatalytic CO2 Overall Splitting
[bookmark: OLE_LINK20][bookmark: _Hlk173424295]Ting Peng1+, Yiqing Wang1+, Chung-Li Dong2, Ta Thi Thuy Nga2, Binglan Wu1, Yiduo Wang1, Qingqing Guan1, Wenjie Zhang1, and Shaohua Shen1*
1International Research Center for Renewable Energy, State Key Laboratory of Multiphase Flow in Power Engineering, Xi’an Jiaotong University, Xi’an 710049, P. R. China
2Department of Physics, Tamkang University, New Taipei City 25137, Taiwan, P. R. China
+ Ting Peng and Yiqing Wang contributed equally to this work.
*Corresponding author. E-mail: shshen_xjtu@mail.xjtu.edu.cn (Shaohua Shen)
Supplementary Figures
[image: 1]

Fig. S1 (a) HAADF-STEM image, and elemental mappings of (b) Bi, (c) Cl, and (d) O of BOCNSs
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Fig. S2 (a) HAADF-STEM image, and elemental mappings of (b) Bi, (c) Cl, and (d) O of BOCNSs-w
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Fig. S3 (a) HAADF-STEM image, and elemental mappings of (b) Bi, (c) Cl, and (d) O of BOCNSs-i

[image: 7]
[bookmark: _Hlk170397349]Fig. S4 SEM images of (a) BOCNSs, (b) BOCNSs-w, and (c) BOCNSs-i
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Fig. S5 Zeta potentials of BOCNSs, BOCNSs-w and BOCNSs-i

[bookmark: _Hlk186987984]  [image: ]
[bookmark: _Hlk189994004]Fig. S6 Normalized built-in electric field intensities of BOCNSs, BOCNSs-w and BOCNSs-i
[bookmark: _Hlk186988131]The normalized built-in electric field intensities (F) for the three samples were calculated from surface potentials (Vs) (Fig. 1h-j, insets) and zeta potentials (ζ) (Fig. S5) by a function of surface potential and Zeta potential [S1-S3].
[bookmark: _Hlk189932986]  (1)
k: Boltzmann constant, J∙K−1 
T: Absolute temperature, K
n: Number of electrolytes per unit volume, m−3 
e0: Electron charge, C 
sinh: Hyperbolic sine function
Z: Electrolyte valence 
a1: Particle Stokes radius, m 
𝜅−1: Debye length, nm 
D: Distance from sliding layer to particle surface, Å
𝜀: Relative medium constant
𝜀0: vacuum dielectric constant, F∙m−1
As shown in Fig. S6, the normalized built-in electric field intensity calculated for BOCNSs-w and BOCNSs-i is 2.6 times and 6.3 times that of BOCNSs, respectively.
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[bookmark: _Hlk153465560][bookmark: _Hlk170391746]Fig. S7 Specific surface areas of BOCNSs, BOCNSs-w, and BOCNSs-i
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[bookmark: _Hlk153467222]Fig. S8 CO2 physical adsorption isotherms of BOCNSs, BOCNSs-w, and BOCNSs-i
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[bookmark: _Hlk186987360]Fig. S9 Raman spectra of BOCNSs, BOCNSs-w, and BOCNSs-i
 [image: ]
[bookmark: _Hlk189596029][bookmark: _Hlk186707308]Fig. S10 (a) UV–vis diffuse reflectance spectra (UV-vis DRS) and (b) the first derivative of UV-vis DRS of BOCNSs, BOCNSs-w, and BOCNSs-i
[bookmark: _Hlk189595713][bookmark: _Hlk189595909]The lowest value of x-axis (X) in the first derivative of UV-vis DRS (Fig. S10a) is determined to be 352.12, 346.10 and 347.19 for BOCNSs, BOCNSs-w, and BOCNSs-i (Fig. S10b), respectively. By making a tangent at the point of UV-vis DRS spectra corresponding to X value (Fig. S10a), and the intercept point at x-axis is 371.68 nm, 380.71 nm and 386.05 nm, respectively, which is the absorption edge (λg) of BOCNSs, BOCNSs-w, and BOCNSs-i. The band gap (Eg) could be then calculated by Eq. (S2) to be 3.34 eV, 3.26 eV, and 3.21 eV for BOCNSs, BOCNSs-w, and BOCNSs-i, respectively.
Eg =1240 / λg          (S2)
 [image: ]
Fig. S11 Optimized structural models of (a) BOCNSs, (b) BOCNSs-w and (c) BOCNSs-i
[bookmark: _Hlk189990815][bookmark: _Hlk189990828][bookmark: _Hlk189990850]Structural characterizations confirm the tetragonal structure of BiOCl with exposed (001) facet for all the three samples. Note the reduced thickness and increased oxygen vacancy density for BOCNSs-w and BOCNSs-i as compared to BOCNSs. The structure models of four, two and one BiOCl layers exposed with (001) surface and terminated with Bi atoms were built for BOCNSs (Fig. S11a), BOCNSs-w (Fig. S11b) and BOCNSs-i (Fig. S11c) for theoretical calculations, respectively. Moreover, 36 and 72 oxygen vacancies were introduced into the structure models of BOCNSs-w and BOCNSs-i, respectively.
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Fig. S12 Calculated band structures of (a) BOCNSs, (b) BOCNSs-w, and (c) BOCNSs-i
As shown in Fig. S12, the calculated band structures are slightly narrowed from 3.31 eV for BOCNSs to 3.19 eV for BOCNSs-w and further to 3.13 eV for BOCNSs-i.
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Fig. S13 Density of states of (a) BOCNSs, (b) BOCNSs-w and (c) BOCNSs-i
As shown in Fig. S13, O 2p, Cl 3p and Bi 6p orbitals contribute to the conduction bands of BOCNSs, BOCNSs-w and BOCNSs-i, and their valence bands are mainly composed of Bi 6p orbitals. No insignificant change in the density of states could be observed for BiOCl after exfoliation.
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Fig. S14 Schematic diagram of homemade gas-solid photocatalytic reactor
The volume of photocatalytic reactor (Fig. S14) is 130 mL. Cooling water was flowed into jacket at inlet A and out at outlet A. Air was evacuated by vacuum pump connected with outlet B. CO2 gas was conducted into reactor at inlet B. Light was irradiated onto the photocatalyst through the quartz window. Outlet C is a port for sampling.
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Fig. S15 Thermal images of (a) clean FTO glass and (b) FTO glass covered with BOCNSs-i
[bookmark: _Hlk189842722][bookmark: _Hlk189842762]As shown in Fig. S15, the thermal images recorded for clean FTO and BOCNSs-i covered FTO display very similar temperatures under concentrated light irradiation (34 suns), which further implies that photothermal effect could be hardly generated by BiOCl. Thus, the dramatic increase in CO evolution rate over BOCNSs-i under the concentrated light irradiation (34 suns) should be attributed to the enhanced photoexcitation.
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Fig. S16 XRD patterns of BOCNSs-i before and after photocatalytic reaction
[bookmark: _Hlk189588704]One would note the very similar XRD patterns for BOCNSs-i before and after photoreaction under concentrated light irradiation (Fig. S16), which indicates the well maintained crystal structure for BOCNSs-i during photocatalytic reaction.
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Fig. S17 Gas evolution rates of BOCNSs-i under various reaction conditions
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Fig. S18 GC chromatogram recorded for photocatalytic 13CO2 (99%) overall splitting over BOCNSs-i with H2O vapor fed
The GC chromatogram exhibits two peaks at the retention time of 2.8 and 4.2 min (Fig. S18), related to CO2 and CO, respectively, which supports that the 13CO product is generated from 13CO2.
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Fig. S19 In-situ Raman spectra of (a) BOCNSs, (b) BOCNSs-w and (c) BOCNSs-i
In-situ Raman spectra were conducted to detect the intermediates. As shown in Fig. S19, the Raman band detected at ca. 1540 cm–1, assigned to the *CO2– species, are more distinct for BOCNSs-i than BOCNSs (1538 cm–1) and BOCNSs-w (1540 cm–1) [S4, S5], indicating the favorable adsorption of CO2 molecules over BOCNSs-i. Meanwhile, the Raman bands at 1635~1640 cm–1 associated with the *COOH species [S6] are observed to be strengthened for BOCNSs-i than BOCNSs and BOCNSs-w, indicating the promoted *CO2–-to-*COOH conversion. Moreover, a careful comparison unveils that two small bands of *CO species at 2023 and 2107 cm–1 are detected on BOCNSs-i [S7], which are stronger than BOCNSs and BOCNSs-w, suggesting the superior formation of *CO intermediates on BOCNSs-i.
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Fig. S20 Energetic reaction pathways of photocatalytic CO2 overall splitting over BOCNSs-i (a) without and (b) with H2O fed
Table S1 A comparison of BilOmXn (X: Cl, Br, I) based photocatalysts for CO2 photoreduction. VO: oxygen vacancy, VBiO: bismuth-oxygen vacancy pairs, VCl: chlorine vacancy, VBi: bismuth vacancy.
	Catalyst
	Main Products
	Product yield 
(µmol·g-1·h-1)
	References

	VO-PbBiO2Cl
	CO
	16.02
	[S8]

	Pb0.6Bi1.4O2Cl1.4
	CO, CH3OH, O2
	4.48,6.63,12.17
	[S9]

	BiOCl@Bi2O3
	CO
	75
	[S10]

	VO-BiOIO3
	CO
	17.33
	[S11]

	BiOIO3
	CO
	5.42
	[S12]

	Co-Bi3O4Br
	CO
	107.1
	[S13]

	VBiO-Bi24O31Br10
	CO
	24.9
	[S14]

	VCl-Bi4O5Cl2
	CO
	14.62
	[S15]

	VO-BiOBr
	CO
	87.4
	[S16]

	VO-Bi12O17Cl2 
	CO
	48.6
	[S17]

	VCl-Bi5O7Cl
	CO
	27.15
	[S18]

	Bi2O2(OH)(NO3)
	CO
	8.12
	[S19]

	VBi-BiOBr
	CO
	20.1
	[S20]

	VBi-BiOCl
	CO
	21.99
	[S21]

	C3N4/BiOCl-VO
	CO, CH4
	4.73, 0.77
	[S22]

	BiOCl 
	CO, CH4
	78.07, 3.03
	[S23]

	BiOCl-B-VO
	CO
	83.64
	[S24]

	Au–BiOCl-VO
	CO, CH4
	3.46, 1.39
	[S25]

	N-BiOCl
	CO
	92.8
	[S26]

	BOCNSs-i
	CO, O2
	134.80, 67.51
	This work



[bookmark: _Hlk167131141][bookmark: _Hlk167131173]Table S2 EIS fitting parameters of the obtained BiOCl samples. R1, bulk charge transport resistance; R2, interfacial charge transfer resistance
	Sample
	R1/Ω·cm2
	C/F·cm-2
	R2/Ω·cm2

	BOCNSs
	40.13
	1.49×10-5
	1.03×105

	BOCNSs-w
	39.94
	1.48×10-5
	6.57×104

	BOCNSs-i
	39.62
	1.47×10-5
	3.26×104
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