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In-situ formation of bismuth-based perovskite heterostructures for high-performance co-catalyst-free photocatalytic hydrogen evolution
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Solar-to-fuel conversion with organic-inorganic hybrid halide perovskites has attracted growing attention, as a result of conspicuous optoelectronic properties as well as the lowtemperature solution process. However, the most comprehensively developed hybrid perovskite materials comprise the toxic metal lead, raising concerns about their environmental health threats. Herein, we successfully develop an environmentally friendly bismuth (Bi)-based hybrid perovskite with the in-situ growth of a heterojunction at the interface of methylammonium bismuth iodide (MA3Bi2I9) and tri(dimetylammonium) hexa-iodobismuthate (DMA3BiI6) by a facile solvent engineering technique. The air-stable MA3Bi2I9/DMA3BiI6 perovskite heterostructure with enhanced photoinduced charge separation exhibits outstanding visiblelight-induced photocatalytic activity for H2 evolution in aqueous HI solution. Powdered MA3Bi2I9/DMA3BiI6 heterostructured composite (BBP-5) shows a H2 evolution rate of 198.2 µmol h -1 g -1 without the addition of Pt cocatalysts under 100 mW cm -2 visible-light (λ ≥ 420 nm) illumination.

Introduction

Solar-driven hydrogen production induced by photocatalysts has been dramatically developed since the overall photocatalytic water splitting using a titanium dioxide electrode firstly reported by Honda and Fujishima in 1972. [START_REF] Guo | Stable Lead-Free (CH3NH3) 3Bi2I9 Perovskite for Photocatalytic Hydrogen Generation[END_REF] Countless efforts for the direct conversion of solar energy to hydrogen fuels have been directed through photoelectrocatalytic and photocatalytic processes. [2] Due to nontoxicity, high photostability, cost effectiveness, and efficient photocatalytic activity, titanium dioxide (TiO2) and graphitic carbon nitride (g-C3N4) photoactive semiconductors have been intensively investigated. [3] Nevertheless, unfavorable photocatalytic properties, e.g., high electron-hole recombination rate, narrow photoresponse range and low quantum efficiency could possibly confine their practical applications. [4] In recent years, organic-inorganic hybrid perovskites have been extensively utilized in solar energy conversion by virtue of remarkable photoelectric effect and extraordinary photovoltaic ACCEPTED MANUSCRIPT 3 performance. [2c, 5] Strikingly, significant breakthroughs have been achieved in lead-based hybrid perovskite solar cells with a power conversion efficiency of 25.2% in 2019, [6] arising from their intrinsic properties, such as high absorption coefficient, [7] low exciton binding energy, [8] long carrier lifetime, [9] and so forth, which are definitely beneficial for photocatalytic hydrogen production.

Though the progress of lead-based hybrid perovskites for solar-to-electricity has been attained, hybrid perovskite semiconductors are highly moisture sensitive, giving rise to the degradation in water. Thus, this introduced a significant challenge for H2 evolution with hybrid perovskite photocatalysts in an aqueous solution. To overcome this stability issue, Park et al.

adopted methylammonium lead iodide (MAPbI3) photocatalysts using Pt as a co-catalyst in dynamic equilibrium of a saturated aqueous solution for hydrogen iodide (HI) splitting, reaching a solar-to-hydrogen conversion efficiency of 57µmol h -1 g -1 ) under visible light irradiation. [START_REF] Yin | The journal of physical chemistry letters[END_REF] In 2018, Wu and co-workers prepared the MAPbI3 composite combined with reduced graphene oxide for visible-light-driven H2 evolution in aqueous HI solution. [START_REF] Chen | [END_REF] Later, the incorporation of MAPbI3 into Pt-loaded TiO2 acted as a hybrid system to produce H2 in aqueous HI solution. [12] In addition, a lead-free hybrid perovskite-like material, DMA3BiI6, without the loading of Pt co-catalysts showed poor photocatalytic rate (~15.16 µmol h -1 g -1 ) for H2 production in aqueous HI solution. [13] Followed by decorating DMA3BiI6 with platinum metals, the PtIx/DMA3BiI6 hybrid structure was formed to improve the quantum efficiency of photocatalytic hydrogen production. Similarly, the deposition of Pt cocatalysts on the surface of MA3Bi2I9 retained adequate phase stability, together with the enhancement of solar-tochemical conversion efficiency while compared to the pure MA3Bi2I9 perovskites. [14] Nevertheless, the photocatalytic performance of pristine hybrid perovskites without the use of any noble metal co-catalyst is absolutely unsatisfactory. On the basis of previous studies on typical photocatalysts, the construction of heterojunction structures to enhance charge separation and photocatalytic activity has been reported for hydrogen generation by the reason of energy band alignment across the interface of phase junction. [15] Herein, we present an insitu generation of heterojunctions comprising MA3Bi2I9 and DMA3BiI6 hybrid perovskites determined by scanning electron microscopy (SEM) and X-ray photoelectron spectroscopy (XPS) through a dimethylformamide (DMF)-assisted solvent-engineering technique. In the solvothermal synthesis, the isopropanol (IPA) was employed as a solvent with the addition of DMF as a co-solvent to tune the solvent polarity for achieving the solvation of methylammonium iodide (MAI) as well as the dispersion of bismuth nitrate (Bi(NO3)3). DMF is hydrolyzed in the reaction process while 5 volume percent of the DMF co-solvent is added in IPA solution. By utilizing time-resolved photoluminescence technique (TRPL) and electrochemical impedance spectroscopy (EIS), we confirm that air-stable MA3Bi2I9/DMA3BiI6 perovskite heterojunctions can reinforce the efficiency of photogenerated carrier separation and transport, eventually leading to enhanced solar HI splitting efficiency in the absence of any noble metal co-catalyst.

Result and Discussion

Synthesis and morphology.

Figure 1a, b illustrates the simplified experimental procedure as well as the optical photographs of all the samples prepared by adding different amounts of the DMF co-solvent. In the photographs of these products, the colors from BBP-0 to BBP-10 gradually turn from dark red to light orange. The macro appearance of BBP-0 is tinsel-sheet-like, but the BBP-10 transfers to totally needle-or rod-like crystals while 10 volume percent (10 vol%) of the DMF co-solvent in IPA solution is added. As confirmed by the SEM images (Figure 1c-f), BBP-0 obviously possesses hexagonal two-dimensional sheet-like structure without the addition of any DMF cosolvent. By adding 1 vol% of DMF, the BBP-1 still maintains two-dimensional layered structure, but not perfectly hexagonal anymore (Figure 1d). While the amount of DMF is increased to 5 vol% into the solvothermal system, the overall contour is similar to BBP-1, but tight rod-like crystals are clearly visible on the surface in Figure 1e, possibly constructing the perovskite junctions across the interface of rod-like and sheet-like structures. When the amount of DMF in the reaction solution reaches 10 vol%, the obtained products are almost entirely single rod-like structure (Figure 1f). This observation is consistent with the results obtained from optical photographs of all the samples. In other words, varying amounts of added DMF as the co-solvent lead to different chemical reaction pathways during the solvothermal process, finally producing Bi-based hybrid perovskites with different morphologies. Specifically, the insitu heterojunctions can be introduced into the final products by adding specific amount of the DMF co-solvent. S1). According to crystal data and structure refinement of MA3Bi2I9 in Table S1, S2). Similarly, each unit cell containing twelve molecules with the chemical formula of DMA3BiI6 could be clarified by crystal data and structure refinement in Table S2. The crystal structure of DMA3BiI6 contains isolated BiI6 3-octahedra surrounded by dimethylamine cations, as shown in Figure 2c. In terms of the powder XRD patterns, the diffraction peaks of the BBP-0 and BBP-10 powders are nearly identical to their calculated patterns from single crystal diffraction data, which are in good agrreement with previously reported data. [33][34] The main peaks for BBP-0 (MA3Bi2I9) at 11.9°, 12.6°, 14.4°, 16.5°, 23.7°, 24.3°, 25.9°, 28.0° are assigned to the (100), ( 101), ( 102), ( 103), ( 006), ( 202), ( 203) and (204) lattice planes, respectively. 33,35 For BBP-10 

each

Proposed chemical reaction

Based on the above analysis of experimental results, the chemical reactions for the formation of BBP-0 (MA3Bi2I9) and BBP-10 (DMA3BiI6) are proposed. Without the addition of DMF co-solvent in the system, the precursors, i.e., CH3NH2I (MAI), Bi(NO3)3 and HI, would directly react together during the solvothermal process, as presented in Equation 1

3CH3NH2I + 2Bi 3+ + 6I -→ (CH3NH2)3Bi2I9 (or MA3Bi2I9) (1) 
As a matter of fact, the IPA and HI used in the experiment still contain a certain amount of water, DMF is reactive in water-containing systems and undergoes an hydrolytic reaction.

Accordingly, in the solvothermal process, DMF ((CH3)2NCOH) would react with water to generate dimethylamine ((CH3)2NH) and formic acid (HCOOH) (Equation 2). In the meanwhile, due to the existence of H + in the system containing hydrogen iodide (HI), the (CH3)2NH could be protonated to form [(CH3)2NH2] + (DMA + ) ions (Equation 3). [START_REF] Bard | Electrochemical methods: fundamentals and applications[END_REF] (CH3)2NCOH + H2O → (CH3)2NH + HCOOH

(CH3)2NH + H + → [(CH3)2NH2] + (3) 3[(CH3)2NH2] + + Bi 3+ + 6I -→ [(CH3)2NH2]3[BiI6] (or DMA3BiI6) (4) (2) 
During the preparation of BBP-5 with MA3Bi2I9/DMA3BiI6 heterojunctions, at the earliest stage, we observed that CH3NH2I effectively reacted with Bi 3+ ions in the solution at room temperature, thus producing a portion of MA3Bi2I9 in the pre-reaction solution prior to the solvothermal system, as illustrated in the step (I) of 4). [START_REF] Perrin | Purification of Laboratory Chemicals[END_REF] To further verify the elemental composition, X-ray photoelectron spectroscopy (XPS) was performed for each compound (Figure 3b-d and Figure 1). On the basis of the full survey spectrum, the elements contain Bi, I, N, and C in BBP-0, BBP-1, BBP-5 and BBP-10 (Figure 3b). High-resolution XPS spectra of BBP-0, BBP-5 and BBP-10 for C 1s, and N 1s are presented in Figure 1. The peak detected at 284.8 eV is attributed to the C-C bond originating from the adventitious carbon. [START_REF] Diamond | [END_REF] Besides, the shoulder peak located at 285.9 eV is corresponding to the C-N bond of MA + and DMA + . [19] observed, indicating that some unreacted bismuths are absorbed on the surface of MA3Bi2I9 [20] and thus provide reactive sites for the subsequent chemical reaction with DMA + produced by the hydrolysis of DMF for the final generation of the MA3Bi2I9/DMA3BiI6 heterojunctions in BBP-5, which is in agreement with proposed chemical reactions (Equation 1-4). In Figure 3d, the primary signals of I 3d at 630.3 eV and 618.8 eV are corresponding to I 3d3/2 and I 3d5/2, which is in line with the previous report. [21] of BBP-0, BBP-5 and BBP-10 are located at about 1.02, 0.84 and 0.80 eV versus the vacuum level. On a basis of the reported method, [22][23] the positions of VBM and conduction band minimum (CBM) are determined to be -5.32/-3.27, -5.14/-3.15, -5.10/-2.92 eV for BBP-0 (MA3Bi2I9), BBP-5 (MA3Bi2I9/DMA3BiI6) and BBP-10 (DMA3BiI6) respectively, as schematically illustrated in Figure 4e. With respect to the normal hydrogen electrode (NHE), the VBM of MA3Bi2I9 is more positive than that of DMA3BiI6 while the CBM of DMA3BiI6 is more negative than that of MA3Bi2I9. A driving force for the separation of photogenerated charge carriers can therefore be provided by heterojunction band alignment of MA3Bi2I9 and DMA3BiI6 with the consideration of thermodynamic aspects, i.e., the photoexcitation results in electron transportation from the conduction band of DMA3BiI6 to that of MA3Bi2I9; in the meanwhile, the holes on the valance bands migrate in the opposite direction (Figure 4e).

Accordingly, the BBP-5 perovskites with MA3Bi2I9/DMA3BiI6 heterojunctions are highly potential for hydrogen reduction and iodine oxidation as a result of enhanced spatial charge separation.

To demonstrate the efficient charge separation at the interface of MA3Bi2I9/DMA3BiI6, 

electrochemical
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In this model, the charge transfer resistance (Rct) at the electrode-electrolyte interface, series resistance (Rs), constant phase element (CPE), as well as Warburg impedance (ZW) are included in the circuit elements. [24] The charge transfer process at the electrode-electrolyte interface results in the high-frequency semicircle, while the diffusion process of the reactive species in the electrolyte leads to the low frequency arc. [25] Table S3 shows the results of the Nyquist plots fitted based on the equivalent circuit diagram, exhibiting that the arc radii of BBP-5 composites with the MA3Bi2I9/DMA3BiI6 heterojunction are much smaller than that of other Bi-based perovskites, i.e., heterostructured MA3Bi2I9/DMA3BiI6 composite possesses a lower charge separation resistance than others, thereby inferring an evident improvement of the charge separation and transfer process between the interface of MA3Bi2I9/DMA3BiI6. [26] 2.5 Photocatalytic performance of heterostructured Bi-based perovskites To exactly evaluate HI splitting photocatalytic activity, HI was electrochemically reduced for the utilization in the saturated solution in order to remove the originally existing I3 -in the aqueous system. To determine the origin of the gas component, we used gas chromatography (GC) to measure the H2 gas at different conditions, i.e., in the absence and presence of Bi-based photocatalysts, as well as the assessment with and without light irradiation. We did not detect any H2 gas without photocatalysts or under dark condition, verifying that the measured H2 was completely produced by the photocatalytic reaction under visible light illumination. As shown in Figure 5c we clearly confirm that HI can efficiently be split into H2 and I3 -by all precipitated Bi-based perovskite photocatalysts under visible-light (λ ≥ 420 nm) illumination, as a result of the suitable band structure (Figure 4e). Among them, BBP-5 exhibits the most excellent performance with photocatalytical H2 production rate of 198.4 μmol per hour per gram, which

shows more than 15-fold and 8-fold increases while compared to BBP-0 and BBP-10, respectively. This consequence of visible-light photocatalytic activity is attributed to efficient photogenerated charge carrier separation and transportation induced by the MA3Bi2I9/DMA3BiI6 heterojunction. In Figure 3, the solution color of BBP-5 turns from yellow orange to dark brown after photocatalytic HI splitting reaction, proving the production of I3 -by BBP-5 photocatalyst without any cocatalyst.

The ultraviolet-visible (UV-Vis) spectra of 1/400 dilution of the solution with deionized water were conducted to quantitatively confirm the production of I3 -ions under light irradiation (Figure 5d). The absorbance peaks at 287 nm and 352 nm increase as the reaction time of photocatalytic processes prolongs, which is corresponding to the absorption spectrum of I3 -. [28] This reveals that generated I3 -ions are the product in the oxidation reaction of the photocatalytic HI splitting. Based on the stoichiometry of hydrogen and triiodide productions, we prove that there is no side product in the photocatalytic reaction, as illustrated in Figure 5e. Because the photocatalytic HI splitting reaction involves two-electron and two-hole processes to produce one H2 molecule (2𝐻𝐻 + + 2𝑒𝑒 -→ 𝐻𝐻 2 ) and one I3 -ion (𝐼𝐼 -+ 2ℎ + → 𝐼𝐼 3 -) respectively, [START_REF] Yin | The journal of physical chemistry letters[END_REF] the molar ratio of H2 to I3 -theoretically equals to one, resulting in the near-duplicate amount of H2 and I3 -during the photocatalytic reaction with BBP-5 photocatalysts (Figure 5e). For instance, 41.05 µmol of H2 and 40.51 µmol of I3 -were collected under photocatalytic reaction for 120 minutes, and 71.38 µmol of H2 and 74.64 µmol of I3 -were detected after photocatalytic reaction for 240 minutes. Because the solution color transformed into dark brown with increasing I3 - concentration, the light absorption of Bi-based perovskites could be intercepted by evolved I3 - ions, giving rise to a diminished H2 evolution rate. A known reducing agent, H3PO2, for the reduction reaction from I3 -back to I -was added to the saturated HI solution. As confirmed by previous literature, [13] the solution color did not alter and the H2 evolution rate could persistently be maintained after the addition of H3PO2 into the saturated HI solution during photocatalytic reaction. As depicted in Figure 5f, the stable solar-driven photocatalytic activity of BBP-5 with the MA3Bi2I9/DMA3BiI6 heterojunctions can be observed under continuous illumination for 100 hours due to the dynamic equilibrium between the BBP-5 perovskite and the saturated solution.

Conclusion

In 
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 12 Figure 1. (a), The preparation process of BBP-x samples with the (b), photographs of

  unit cell contains two molecules with the chemical formula of MA3Bi2I9. The unit cell of MA3Bi2I9 comprises two isolated face-sharing Bi2I9 3-octahedra encompassed by methylammonium cations (Figure 2b). The BBP-10 single crystals show the structure of tri (dimetylammonium) hexa-iodobismuthate (DMA3BiI6 or [(CH3)2NH2]3[BiI6]) to be rhomboedric (space group = R3 ̅ ), with unit cell parameters of a = 30.7543(15) Å, b = 30.7543(15) Å, c = 8.7945(5) Å, α= 90.0, β = 90.0, and γ = 120.0 (Table

(

  DMA3BiI6), the evident peaks at 11.5°, 12.°, 16.7°, 17.7°, 24.9°, 25.2°, 25.5° are assigned to the (4 20), (201), (401), (531), (532), (810), and (701) planes. The XRD pattern of BBP-1 is similar to that of BBP-0, suggesting that the major component in BBP-1 is still MA3Bi2I9 perovskites. While DMF/IPA volume percent of 5% is reached by adding DMF co-solvent, the characteristic perovskite doublet peak of BBP-5 at 2θ = ∼ 12 ° is analogous to that of BBP-10.Besides, the triplet peaks at 2θ = ∼ 25.3° become more obvious in BBP-5, indicating the products gradually transform from MA3Bi2I9 to DMA3BiI6 as the amount of DMF in the incipient reaction solution increases. In other words, the existence of heterostructured MA3Bi2I9/DMA3BiI perovskites in BBP-5 is characterized. To further explore the chemical structure of this series of bismuth-based perovskites, Flourier transformed infrared spectroscopy (FTIR) was performed. As shown in Figure2d, the signals at 3109cm -1 and 2950 cm -1 are attributed to the stretching vibrations of the N-H and C-H. The characteristic signal at 1082 cm -1 corresponds to the carbonyl group vibrations of formic acid produced by the hydrolysis of DMF.36 The XRD profiles of bismuth-based perovskite, BBP-5, were investigated over a period of two months (Figure2e). We observe that peak positions and/or intensities are almost the same, demonstrating the admirable atmospheric stability of this perovskite material under ambient conditions.

Figure 2 .

 2 Figure 2. (a) X-ray diffraction (XRD) patterns of a series of bismuth-based perovskites as

Figure 3a .

 3a By adding 5 vol% DMF in the solvothermal process, the unreacted bismuths were absorbed on the surface of preformed MA3Bi2I9 perovskites, as confirmed by Figure 3c. The protonated amine [(CH3)2NH2] + (DMA + ) ions generated through DMF hydrolysis then reacted with the unreacted bismuth ions on MA3Bi2I9 perovskites (step II of Figure 3a), resulting in the in-situ formation of MA3Bi2I9/DMA3BiI6 perovskite heterojunctions in BBP-5 (step III of Figure 3a), as determined by SEM (Figure 1c-f), XRD (Figure 2a) and XPS (Figure 3b-d). While the amount of DMF reaches to 10 vol% of the whole system, the [(CH3)2NH2] + (DMA + ) cations were dominant in the solvothermal reaction to finally produce DMA3[BiI6] perovskites (Equation

Figure 3 .

 3 Figure 3. (a) Illustrated scheme of the formation of MA3Bi2I9/DMA3BiI6 heterojunctions. (b),

  Figure 3c,d show the high-resolution XPS spectra of Bi 4f and I 3d of BBP-0, BBP-5 and BBP-10. The characteristic peaks for Bi 4f are attributed to Bi 4f5/2 at 164 eV as well as Bi 4f7/2 at 158.7eV. Particularly, due to the ACCEPTED MANUSCRIPT 10 reduction of iodobismuthates, the metallic bismuth at 161.8 eV and 156.5 eV in BBP-0 can be

Figure 4 .

 4 Figure 4. (a) UV-vis diffuse reflectance spectra and (b), indirect-bandgap Tauc plot of all as-

  impedance spectroscopy (EIS) was performed at open-circuit potential under visible light irradiation, as depicted in Figure 4d. The EIS Nyquist plots of all prepared samples were then simulated to the equivalent electrical circuit, as displayed in the inset of Figure 4d.

Figure 5 .

 5 Figure 5. (a) Steady-state photoluminescence (PL) spectra with the excitation wavelength at

Figure

  Figure 5bshows PL decay curves modeled by a bi-exponential function comprising a short-

1 (

 1 photon counting setup. A scanning electron microscopy system (SEM, Quanta 650 FEG, FEI

Figure S3 .

 S3 Figure S3. Optical photograph of the reaction solution of BBP-5 without any cocatalysts before (left) and after (right) photocatalytic HI splitting reaction.

  

  

Table S3 .

 S3 Fitted parameters extracted from the Nyquist plots of all prepared sample electrodes.SampleRs (Ω cm 2 ) Rct (Ω cm 2 ) CPE*10 8 (F cm -2 )

	BBP-0	191.3	1324	1.79
	BBP-1	185.1	1279	0.72
	BBP-5	147.8	1151	0.82
	BBP-10	172.2	1280	0.89
	Crystal system	Hexagonal	
	Space group	P63/mmc	
	Unit cell dimensions	a=8.58A o	
			o	
			b=8.58A	
			o	
			c=21.69A	
	Volume (A o )	1382.8	
	Z		2	
	Density (g/cm 3 )	3.974	
	Crystal data		Details	
	Empirical Formula	C6H24BiI6N3	
	Formula Weight	1108.66	
	Temperature (K)	233	
	Wavelength		1.54178	
	Crystal system	Rhomboedric	
	Space group	R3 -	
	Unit cell dimensions	o a=30.75 (A )	
			o	
			b=30.75(A )	
			o	
			c=8.79(A )	
	Volume (A o )	7203.7	
	Z		12	
	Density (g/cm 3 )	3.067	

Table S4 .

 S4 PL decay kinetics of all as-prepared samples.

	Sample	τ1/ns(α1)	τ2/ns(α2)	<τ> a /ns	χ 2
	BBP-0	58.74 (18.74%)	3.55 (81.26%)	13.91	0.74
	BBP-1	83.44 (21.68%)	8.65 (78.32%)	24.87	0.94
	BBP-5	115.67 (23.11%)	14.63 (76.89%)	37.98	0.9
	BBP-10	65.94 (22.77%)	5.98 (77.23%)	19.63	0.95
	[a]				
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In-situ formation of bismuth-based perovskite heterostructures for highperformance co-catalyst-free photocatalytic hydrogen evolution Yunqi Tang, Chun Hong Mak, Rugeng Liu, Xu Han, Zuankai Wang, Haisheng Song, Chunyan Tang, Frédéric Barrière and Hsien-Yi Hsu * Table S1. Crystal data and structure refinement for MA3Bi2I9 (BBP-0). Table S2. Crystal data and structure refinement for DMA3BiI6 (BBP-10).

Crystal data Details Empirical Formula C3H18Bi2I9N3

Formula Weight 1413.42

Temperature (K)