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Herein we introduce a simple and fast "top-down" protocol to prepare solution processable few-layer phosphorene nanosheets using vortex fluidic mediated exfoliation under NIR pulsed laser irradiation. This novel shear-exfoliation method requires short processing times and produces highly crystalline, atomically thin phosphorene nanosheets (4.3 ± 0.4 nm). The as-prepared phosphorene nanosheets are used as an effective electron transporting material (ETM) for low-temperature processed, planar n-i-p perovskite solar cells (PSCs). With the addition of phosphorene, the average power conversion efficiency (PCE) increased from 14.32 % to 16.53 % with a maximum PCE of 17.85 % observed for the phosphorene incorporated PSCs which is comparable to the devices made using the traditional high-temperature protocol. Our experimental and theoretical (DFT) investigations reveal the PCE improvements are due to the high carrier mobility and suitable band energy alignment of the phosphorene. This work not only paves the way for novel synthesis of 2D materials, it also opens a new avenue in using phosphorene as an efficient ETM in photovoltaic devices.
Interest in two-dimensional (2D) layered materials is growing exponentially across various scientific and industrial fields due to their attractive properties.[1] In 2014, phosphorene, the monolayer 2D analogue of semiconducting black phosphorus (BP), was introduced to the family of 2D materials.
 ADDIN EN.CITE 

[2, 3]
 Phosphorene has a unique 2D structure and shows many fascinating properties such as a tunable band gap (0.3 – 2.0 eV),[4] high carrier mobility (> 1000 cm2 V–1 s–1),[2] and orientation-dependant (anisotropic) properties,
 ADDIN EN.CITE 

[5, 6]
 all of which make this material a promising candidate for a comprehensive range of applications.
 ADDIN EN.CITE 

[7-9]
 In particular, in addition to recent experimental successes,
 ADDIN EN.CITE 

[10-13]
 several reviews and computational studies suggest that the BP derivatives will be excellent photovoltaic (PV) materials.
 ADDIN EN.CITE 

[4, 14-16]
 Despite this, the real success of this exciting material for practical applications relies significantly on finding a reliable and reproducible synthetic methods.

Mechanical exfoliation was the first technique used to produce mono/few-layer phosphorene nanosheets from bulk BP crystal.
 ADDIN EN.CITE 

[2, 3]
 Despite the high-quality of phosphorene nanosheets produced using this approach,
 ADDIN EN.CITE 

[6, 17]
 its usefulness is limited to only laboratory scale investigations into the fundamental properties. Moreover, the mechanically exfoliated phosphorene is unstable in ambient conditions.[18] Furthermore, some "bottom-up" synthesis methods such as chemical vapor deposition (CVD),[19] pulsed laser deposition (PLD)[20] and solvothermal[21] have been developed toward phosphorene synthesis. However, these methods are labour-intensive and costly. In addition, they are intrinsically unscalable and thus only feasible for prototype devices.

Liquid-phase exfoliation (LPE) is a promising and potentially scalable method to produce colloidal dispersions of phosphorene nanosheets in solution.[22] Producing phosphorene nanosheets in common solvents using ultrasonic treatments is the most widely used LPE method.
 ADDIN EN.CITE 

[23, 24]
 However, in order to efficiently exfoliate the bulk BP crystals, long processing times (several hours) are required,
 ADDIN EN.CITE 

[10, 23]
 which increases the overall production cost and creates anomalous structural defects in the as-produced nanosheets. These issues have led to significant effort being focused on finding alternative LPE methods and excellent progress has been made in the production of solution processable phosphorene.
 ADDIN EN.CITE 

[25, 26]
 Recently, we used a microwave based approach to exfoliate the BP to obtain high-quality, few layer BP sheets which showed exceptional stability.
 ADDIN EN.CITE 

[26, 27]
 However, the solvent used was a high boiling solvent that is not compatible with many applications. As such, further progress on finding cost-effective, facile, and efficient methods that can control the layer number and are scalable is still required.
In this work, we present a facile, novel and fast LPE method based on shear stress mediated exfoliation under pulsed laser irradiation (1064 nm) to produce stable phosphorene dispersion using a vortex fluidic device (VFD). The as-produced phosphorene nanosheets were highly crystalline, atomically thin and produced in isopropyl alcohol. Further, we used these nanosheets as electron transporting materials (ETMs) for low-temperature TiO2 photoelectrodes based planar perovskite solar cells (PSCs). In short, low-temperature (<150 °C) TiO2 photoelectrodes are appealing due to their applicability to temperature sensitive substrates.
 ADDIN EN.CITE 

[28, 29]
 However, the key limitations in such low-temperature TiO2 electrodes are poor crystallinity, low conductivity, high levels of structural defects and reduced connectivity between building blocks of the TiO2 films, all of which contribute to increased charge transfer resistance and unfavourable charge recombination. By incorporating our newly synthesized phosphorene, we achieved a remarkable power conversion efficiency (PCE) of up to 17.85 % for low-temperature PSC device. A combination of experimental analysis and theoretical calculation was used to provide a molecular level understanding of the effect of phosphorene nanosheets in low-temperature TiO2 photoelectrodes based PSCs.
Stable dispersions of phosphorene nanosheets in isopropanol (IPA) were prepared at room temperature using a dynamic thin film VFD (Figure 1a). IPA was the solvent of choice due to its applicability in PSCs and also acts as a stabilizer to prevent the phosphorene sheets from reassembling/restacking.[30] The shear-exfoliation process occurs under the confined mode of operation of the VFD, in a rapidly rotating 20 mm borosilicate glass tube while irradiated with a Nd:YAG pulsed Q-switch laser (λ=1064 nm)  (Figure 1a). The optimal VFD and laser processing parameters were determined following a number of control experiments with the optimized conditions being a rotational speed of 6000 rpm, 45o inclination angle and a laser power of ~280 mJ/pulse for 30 min of processing time. Energy absorption from the pulsed laser was essential for the efficient exfoliation of BP.

This novel shear-exfoliation method requires processing times of only 30 min to produce phosphorene nanosheets, while the traditional LPE based on ultrasonication requires several hours (more than 15 h).
 ADDIN EN.CITE 

[10, 23]
 The exfoliation of BP in the VFD arises from the interplay between centrifugal and gravitational forces resulting in shearing, facilitated by higher vibrational energy from the pulsed laser weakening the strong van der Waals interactions between the phosphorene layers. This innovative VFD technology has been successfully used to prepare various 2D materials including graphene and boron nitride.


[30, 31] ADDIN EN.CITE  The mechanism of shear‐exfoliation methods for 2D materials has been well described elsewhere.


[30, 32] ADDIN EN.CITE  An important feature of the VFD is that it allows for scalable processing of nanomaterials.

An intense yellow dispersion of phosphorene nanosheets was obtained after centrifuging the VFD-exfoliated BP (inset of Figure 1b). This phosphorene solution was examined using UV-vis spectroscopy. Three main characteristic peaks at around 220, 300 and 370 nm were observed (Figure 1b). These three strong and sharp peaks are very consistent with previously reported theoretical results and the spectrum of mechanically exfoliated phosphorene.
 ADDIN EN.CITE 

[26, 33, 34]
 Recently, we reported the preparation of high-quality few-layer black phosphorus in N-Methyl-2-pyrrolidone (NMP) using a novel microwave-assisted LPE method.
 ADDIN EN.CITE 

[11, 26]
 In these studies, we have shown for the first time the benchmark UV-vis spectra for the solution processed phosphorene, highlighting the three major peaks, which are in excellent agreement with the peaks observed for the VFD-exfoliated phosphorene solution.

Figure 1c depicts the Raman spectra of bulk BP and VFD-exfoliated phosphorene on a silicon (Si) substrate. The Raman modes centered at 361.4, 439.8, and 466.6 cm−1, which can be assigned to the characteristic Ag1, B2g, and Ag2 phonon modes
 ADDIN EN.CITE 

[3, 35]
 respectively, were observed. It can be seen from Figure 1c that there was no measureable shift in the Raman spectra of the bulk BP and VFD-exfoliated phosphorene. According to Favron et al.,[35] this is not surprising if the phosphorene has more than 4 layers. While the bulk BP sample showed no peak from the Si substrate, the major scattering peak from the Si substrate at 520 cm−1 was observed for the VFD-exfoliated phosphorene, indicating that the nanosheets produced using the VFD are ultrathin. One of the most important properties of phosphorene in solar cell applications is its thickness‐dependent band gap. The intensity ratio between Si peak and Ag2 peak of phosphorene can be used to determine the layer number of phosphorene sheets. Lu et al.[36] found that if the Raman intensity ratio of Si peak and Ag2 is between 1 to 2, the number of layers is 4 to 5. The calculated Si/Ag2 intensity ratio of our phosphorene was 1.71, which suggests 4 or 5 layers of phosphorene.
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Figure 1. (a) Schematic of a VFD for phosphorene production (θ = 45° and ω = 6000 rpm) under the confined mode of operation, with the borosilicate glass tube irradiated by a Nd: YAG pulsed laser operating at 280 mJ and 1064 nm, producing an 8 mm diameter laser beam. (b) UV-vis spectrum of phosphorene dispersion in IPA. (c) Raman spectra of bulk BP and VFD-exfoliated phosphorene on Si substrate. (d) Representative AFM image of few-layer phosphorene nanosheets. Inset shows the histogram of heights. Histogram is plotted based on 459 measurements. (e) TEM image of phosphorene nanosheet. Inset shows the SAED pattern. (f) HAADF STEM image, (g) and (h) EDX elemental mapping of the same phosphorene nanosheets as in (f). (i) High‐resolution TEM image of phosphorene. Scale bar: 1 nm.

We further used atomic force microscopy (AFM) to investigate the thickness of our phosphorene samples. Representative AFM images of the phosphorene nanosheets are displayed in Figure 1d and Figure S1 (supporting information). The histogram of heights was obtained from a large number of measurements from multiple AFM images (a total of 459 measurements) and is shown in the inset of Figure 1d. The average thickness of our phosphorene nanosheets was 4.3 ± 0.4 nm, which is a very narrow thickness distribution as compared to the previous solution processed phosphorene samples prepared using other LPE methods.
 ADDIN EN.CITE 

[24, 26, 37, 38]
 Considering the thickness of monolayer phosphorene is ≈0.85 nm,[3] the measured thicknesses of our nanosheets suggest that the average layer number of our phosphorene is 4-6 layers, which is consistent with the layer number calculated from the Raman data. Moreover, the approximate lateral sizes of the phosphorene flakes measured from the AFM were between 130 to 480 nm.
The transmission electron microscopy (TEM) image illustrated in Figure 1e reveals that our phosphorene is an ultrathin nanosheet. Selected area electron diffraction (SAED) was further used to confirm the high‐quality single‐crystal structure of our phosphorene (see Figure 1e inset), which is consistent with previous reports.
 ADDIN EN.CITE 

[18, 37]
 The elemental mapping in Figure 1f-h indicates that our sample consists of mainly phosphorus with a slight amount of oxygen. This is not surprising since (i) the sample was prepared on an oxidized Si substrate and (ii) the fact that phosphorene flakes have been shown to readily react in air to form an oxide.
 ADDIN EN.CITE 

[15, 35]
 The lattice spacing of our phosphorene sheet was measured to be ⁓0.25 nm, which is in agreement with previous literature (Figure 1i).
 ADDIN EN.CITE 

[24, 26, 37]

As a proof of concept, we used our phosphorene nanosheets in low-temperature processed TiO2 photoelectrodes based planar n-i-p PSCs. In this work, the low-temperature TiO2 electrodes were prepared from binder-free TiO2 slurry according to a well‐established procedure reported by Wu et al.
 ADDIN EN.CITE 

[29, 39]
 Phosphorene nanosheets were incorporated into the low-temperature TiO2 photoelectrodes by mixing the as-prepared phosphorene dispersions with the TiO2 slurry prior to deposition. Figure S2 shows the top view scanning electron microscopy (SEM) images of the TiO2-only and TiO2-phosphorene coated on fluorine-doped tin oxide (FTO) substrates. However, it is difficult to directly observe the phosphorene nanosheets within the TiO2 nanoparticles. Given the low loading of the phosphorene in the composite (5% v/v), this was expected. The successful incorporation of the phosphorene into the TiO2 matrix was confirmed by Raman spectroscopy (Figure 2a). Both spectra show the Raman peaks at 146, 397, 518, and 638 cm-1, which can be assigned to the typical modes of the TiO2. The Raman peaks located at around 361.5, 440.0 and 466.8 cm-1, which correspond to the three phonon modes of phosphorene, were observed for the TiO2-phosphorene composite, confirming the existence of both TiO2 and phosphorene in the sample. Moreover, confocal Raman spectral mapping was carried out on a selected area of the TiO2-phosphorene composite. The maps of the TiO2-phosphorene nanocomposites (Figure S3) illustrate the distribution of phosphorene nanosheets throughout the composite, indicating a relatively homogeneous distribution of phosphorene within the film.
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Figure 2. (a) Raman spectra and (b) histogram of the PCEs of TiO2-only and TiO2-phosphorene photoelectrodes based PSCs. (c) Cross-sectional SEM image of the planar n-i-p PSC fabricated based on TiO2-phosphorene electrode. Scale bar: 500 nm. (d) J-V curves and (e) EQE spectra of the PSC devices.
PSCs with and without phosphorene nanosheets in the TiO2 photoelectrodes were fabricated and tested using simulated AM1.5 sunlight with an output power of 100 mW cm-2. The average PCE of the devices increased from 14.32% (without phosphorene) to 16.53% after adding phosphorene in the TiO2 films (Figure 2b). The cross sectional SEM image of the full device is shown in Figure 2c. The photocurrent density-voltage (J-V) characteristics of the best PSCs based on both TiO2-only and TiO2-phosphorene photoelectrodes are displayed in Figure 2d and the corresponding PV parameters have been summarized in Table 1. The measured short-circuit current (Jsc), open-circuit voltage (Voc), and fill factor (FF) values for the best TiO2-phosphorene based PSC were 23.32 mA cm-2, 1.08 V, and 0.71, respectively, yielding a PCE of 17.85%, which was higher than that (16.35%) of the TiO2-only based device. This high PCE (17.85%) achieved for a low-temperature processed, planar n-i-p PSC fabricated with phosphorene nanosheets is comparable to the efficiency (17.64%, Figure S4) of our high-temperature processed, mesoporous PSC.

Table 1. Detailed PV parameters of the PSCs fabricated based on TiO2-only and TiO2-phosphorene photoelectrodes. The average values and error bars are calculated based on 12 cells for each structure.  Parameters for the best cells are in bold.
	Device
	Jsc;

(mA cm-2)
	Voc;

(V)
	FF
	PCE;

(%)

	TiO2-only
	22.21;

21.65 ± 0.75
	1.07;

1.02 ± 0.04
	0.69;

0.65 ± 0.02
	16.35;

14.32 ± 1.16

	TiO2-phosphorene
	23.32;

22.48 ± 1.07
	1.08;

1.07 ± 0.02
	0.71;

0.69 ± 0.02
	17.85;

16.53 ± 0.90


To confirm the Jsc enhancement of the PSCs after adding phosphorene in the TiO2 electrode, the external quantum efficiencies (EQE) of the devices with and without phosphorene were measured (Figure 2e). The calculated Jsc values from integration of the EQE spectra for the TiO2-only and TiO2-phosphorene based devices were 21.29 and 22.63 mA cm-2, which are in excellent agreement with the observed average Jsc in the J-V characteristics. Moreover, the photocurrent stability of the unencapsulated cells with and without phosphorene in the photoelectrodes was tested by exposing devices to continuous light illumination. Interestingly, both devices showed excellent Jsc over 50 min light exposure (Figure 3a), showing the quality of the devices fabricated in this work.

We performed a comprehensive range of experimental analysis and theoretical calculations to explain the mechanism of the efficiency improvement for phosphorene integrated PSCs. In this work, in order to fabricate high efficiency PSCs, a cesium-containing triple cation perovskite light absorber was deposited on the TiO2 photoelectrodes with and without phosphorene.


[40, 41] ADDIN EN.CITE  However, no significant difference was observed for the crystallization of the perovskite on both TiO2-only and TiO2-phosphorene electrodes (Figure S5a and S5b), and thus resulted in the same light absorption (Figure S5c). To explore the charge-transfer and recombination properties of the PSCs, electrochemical impedance spectroscopy (EIS) measurements were carried out on the full cells. It is well established that the small arc at the high-frequency region (R1) is attributed to the charge-transfer resistance (Rct) (Figure 3b inset), while the main arc at the low-frequency region (R2) is related to the charge-recombination resistance (Rrec) (Figure 3b). Interestingly, there was no significant difference in the Rct of the devices with and without phosphorene, while the Rrec (6.87 kΩ) of the TiO2-phosphorene based device was higher than that (5.67 kΩ) of the TiO2-only based PSC. This indicates that the incorporation of phosphorene nanosheets into the TiO2 reduced the recombination rate of the devices.
Moreover, the sheet resistance (Rsheet) of the thin films (on glass substrates) was measured using a four-point probe (Table S1). The Rsheet of the TiO2-phosphorene films was (2.58 ± 0.31) × 106 Ω, which was slightly lower than that ((4.06 ± 0.69) × 106 Ω) of the TiO2-only films. Such slight changes are expected as phosphorene itself is a semiconductor (not conductor) with high carrier mobility. This result is in excellent agreement with our findings from the EIS measurements.
To further confirm the suppression of the charge-recombination rate at the PSC photoelectrodes in the presence of phosphorene, dark J-V measurements of the full devices were carried out. From the dark J-V measurements, saturation-current (Jsat) and ideality values can be obtained. The measured Jsat (3.42 x 10-9 mA cm-2) of the TiO2-phosphorene based device was nearly 6 times lower than that (2.01 x 10-8 mA cm-2) of the TiO2-only based device (Figure 3c). Moreover, the ideality value of the PSC with the phosphorene in the TiO2 was 1.83, while that of the TiO2-only based device was 1.95. Notably, both lower Jsat and ideality values suggest less charge-recombination from reverse current and charge trapping is occurring in the diode.


[41, 42] ADDIN EN.CITE  The reduced charge-recombination of the devices after adding phosphorene into the TiO2 photoelectrodes can be associated with the (i) high charge mobility of phosphorene, and (ii) suitable band energy alignment.
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Figure 3. (a) Jsc stability (over 50 min continues illumination, 100 mW cm-2, Xe lamp), (b) Nyquist plots of EIS measurements (measured under dark condition at 0.9 V bias), and (c) dark J-V curves of the PSCs fabricated with and without phosphorene.
To gain further insight on the internal mechanism of our phosphorene based PSCs, we calculated the equilibrium atomic structure of the phosphorene monolayer unit cell using density-functional theory (DFT) calculations within the generalized gradient approximations (GGA) as parametrized by Perdew, Burke and Ernzerhof (PBE). To obtain accurate electronic structures, we apply the Heyd−Scuseria−Ernzerhof (HSE06) hybrid functional[43] to the GGA relaxed structure. The position of the ECBM is obtained by using the formula ECBM=W-EF, where W is the work function and EF is the Fermi energy. Since our experimental results (Raman and AFM) revealed that the average number of layers in our phosphorene sample is 5, we calculated the electronic structure of 5 layer phosphorene sheets (Figure 4a). We found that the ECBM of 5 layer phosphorene is 4.015 eV (Figure 4b), which sits between the conduction band of TiO2
 ADDIN EN.CITE 

[44, 45]
 and Cs-containing triple cation perovskite[44] (Figure 4c). This means that the phosphorene can act as a bridge between the perovskite and TiO2, providing stepwise electrons transfer without an energy barrier, which can explain the reduced charge recombination rate for the TiO2-phosphorene based PSCs.
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Figure 4. (a) The atomic structure and (b) density of states of 5 layer phosphorene, shifted with respect to the vacuum level EV. The vertical purple lines indicate the positions of the CBM and VBM. (c) Energy diagram of 5 layer phosphorene incorporated TiO2 photoelectrodes based PSC.
The stability of PV devices is one of the most important factors for their potential commercialization on an industrial scale. We tested the stability of our PSC devices with and without phosphorene in the TiO2 photoelectrodes over 25 days. The unencapsulated cells were stored in the dark in ambient conditions at a relative humidity of >60%. After 25 days aging, both TiO2-only and TiO2-phosphorene based devices retained around 61% of their initial performance (see Table S2). These results suggest that the incorporation of small amount of phosphorene nanosheets in the photoelectrodes can efficiently enhance the device performance without altering the PSC stability. Although phosphorene is known unstable material in ambient air, this unaltered device efficiency with phosphorene can be attributed to the recent research findings showing they can be stable when mixed with other nanostructured materials (forming hybrids).[46] For example, Lee et al.[47] reported highly stable semiconductor black phosphorus (BP)@titanium dioxide (TiO2) hybrid with enhanced catalytic performance.
We further tested the light stability of the devices by exposing cells to continuous light illumination (100 mW cm−2, Xe lamp) under ambient conditions over 3000 sec. However, the device fabricated with phosphorene showed reduced stability (in terms of PCE) under continuous light exposure as compared to the TiO2-only based control cell (Figure S6a). The major contribution to this decreased PCE of phosphorene based cell was the decreased FF value after light exposure (Figure S6b). Interestingly, Favron et al.[35] observed no sign of degradation when exposing phosphorene separately to oxygen and water. Prolonged exposures to oxygen, water and to a mixture of water/oxygen in the dark, even after several hours, also provided no evidence of phosphorene degradation. They found that the photoinduced phosphorene degradation is activated only by air or alternatively by a mixture of pure oxygen and water vapour. These findings clearly elucidate our results associated with the cell stabilities in ambient air and continuous light exposure. Therefore we note that the photoinduced degradation issue, caused by the presence of air, for this class of solar cells (with 2D phosphorene) is the current limitation which opens a new research avenue to be explored in the future studies.

In summary, we have demonstrated an efficient, simple and fast "top-down" approach to produce solution processable few-layer phosphorene nanosheets using vortex fluidic mediated exfoliation under NIR pulsed laser irradiation. Highly crystalline, atomically thin phosphorene nanosheets with very narrow thickness distribution (4.3 ± 0.4 nm) can be produced using this novel shear-exfoliation method. Furthermore, we have also demonstrated that our high-quality phosphorene nanosheets can act as an effective ETM for low-temperature processed, planar n-i-p PSCs. By incorporating phosphorene nanosheets into TiO2 photoelectrodes, the average PV efficiency increased from 14.32 % to 16.53 % with a maximum PCE of 17.85 % observed for the phosphorene incorporated device. Based on comprehensive experimental and theoretical investigations, we found that the improvements in the PCE are due to the high carrier mobility and suitable band energy alignment of the phosphorene. Finally, we believe that our phosphorene nanosheets will play an important role in a wide range of applications including solar cells, supercapacitors, batteries, fuel cells, water splitting and so on.
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Solution processable few-layer phosphorene nanosheets are prepared based on simple and fast "top-down" protocol using vortex fluidic mediated exfoliation under NIR pulsed laser irradiation and used as an effective electron transporting material for low-temperature processed perovskite solar cells.
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Experimental Section

Materials

Unless otherwise stated, all chemicals and reagents were purchased from Sigma-Aldrich. Black phosphorus (BP) (99.998% pure) was obtained from Smart Elements. Fluorine-doped tin oxide (FTO) coated glass substrates were purchased from Xin Yan Technology LTD., Hong Kong. Titania (TiO2) sol paste (Ti-Nanoxide T-L) was obtained from Solaronix, Switzerland. Titania (TiO2) paste (30 NR-D), formamidinium iodine (FAI), methylamine bromide (MABr) and tris(1-(pyridin-2-yl)-1H-pyrazol)cobalt(III) tris(hexafluorophosphate) (FK102 Co(III)PF6) salt were obtained from Greatcell Solar Industries Pty Ltd., Australia. Lead iodide (PbI2) and lead bromide (PbBr2) (99%) were purchased from Tokyo Chemical Industry (TCI). 2,2′,7,7′-Tetrakis(N,N-di-pmethoxyphenylamine)-9,9′-spirobifluorene (Spiro-OMeTAD) was purchased from Merck.

Liquid-phase exfoliation of BP

In a typical experiment, the as-received bulk BP was ground and added into isopropanol (IPA) at a concentration of 5 mg/mL. The dispersion (1 mL) was pipetted into a borosilicate glass tube (20 mm OD, 16.00 ± 0.013 mm ID, 18.5 cm in length). The optimum confined mode vortex-fluidic device (VFD) operating parameters for producing phosphorene nanosheets were θ at 45o and rotational speed set at 6000 rpm for a reaction time of 30 min. Simultaneously, a nanosecond pulsed laser processing system with an energy of approximately 280 mJ was applied to the rapidly rotating system for the entire period of processing (30 min). The Q-switched Nd:YAG laser produces 1064 nm pulses of 5 ns duration and operates at a repetition rate of 10 Hz. Centrifugation (at 3000 rpm) of the resulting solution for the confined mode of operation was required to remove any bulk BP and impurities in the sample. Then the final centrifugation process was carried out at 6000 rpm for 20 min.

Device fabrication

Low temperature binder-free TiO2 solution was prepared by mixing Ti-Nanoxide T-L paste with tert-butyl alcohol and DI water, according to the procedure reported by Wu et al.[1] The low-temperature, solution processable TiO2 compact layer was prepared on the FTO substrate by spin coating the as-prepared TiO2 solution at 4000 rpm for 30 s, followed by drying at 100 oC temperature. Before the spin coating process, the TiO2 solution was stirred and bath-sonicated for 30 min. For the preparation of TiO2-phosphorene nanocomposites, the previously prepared phosphorene dispersion was added into the TiO2 solution at a concentration of 5 vol %. Then the mixture was stirred and bath-sonicated for 30 min to disperse the nanosheets in the TiO2 nanoparticles. We note that the same volume of IPA solvent was also added in the TiO2 solution to prepare the TiO2-only electrodes in this work.

For the fabrication of standard high-temperature TiO2 based PSCs (for comparison), a thin compact TiO2 layer was first deposited onto the FTO substrate by spin coating (x 2 times) 0.15 M titanium diisopropoxide bis(acetylacetonate) (75 wt % in IPA, Aldrich) in 1-butanol solution at 3000 rpm for 45 s, followed by heating at 150 oC for 15 min after each spin coating. Then, mesoporous TiO2 solution (150 mg/mL, 30 NR-D paste in ethanol) was spin coated onto the compact layer for 4000 rpm for 20 s. The as-prepared electrodes were annealed at 500 oC for 1 h. Then the electrodes were immersed in a 20 mM aqueous TiCl4 solution at 90 oC for 20 min, followed by further annealing at 500 oC for 1 h. After cooling to ~120 oC, the electrodes were transferred into a nitrogen-filled glove box.

The perovskite precursor solution was prepared according to Saliba et al.[2] The “mixed” perovskite solution was deposited from a precursor solution containing FAI (1 M), PbI2 (1.1 M), MABr (0.2 M) and PbBr2 (0.2 M) in anhydrous DMF:DMSO 4:1 (v:v). CsI, pre-dissolved as a 1.5 M stock solution in DMSO, was added to the perovskite precursor to achieve the triple cation composition. The solution was stirred at 65 oC for 2 h. The precursor solution was filtered before being spin coated onto the electron transporting layers. The spin coating recipe includes two steps, first 1000 rpm for 10 s with a ramp of 250 rpm s-1, then 5000 rpm for 30 s with a ramp of 2000 rpm s-1. ~10 s before the end of the spin-coating program, anhydrous chlorobenzene (120 µL) was gently dropped on the center of spinning substrate. The films were annealed at 100 oC for 45 min in a nitrogen atmosphere glove box.

A hole transporting material (HTM) solution was prepared by dissolving 57.8 mg Spiro-OMeTAD, 23 µL 4-tert-butylpyridine (tBP), 14 µL of a stock solution of 520 mg mL–1 lithium bis(trifluoromethylsulphonyl)imide (Li-TFSI) in acetonitrile and 16.5 µL of a stock solution of 100 mg mL–1 FK102 Co(III) PF6 salt in acetonitrile, in 800 µL chlorobenzene. The HTM solution was spin coated at 4000 rpm for 20 s. The films were then stored overnight in a dry air desiccator. Finally, 50 nm gold was thermally evaporated at a rate of 1 Å s–1.

Characterization

The optical absorption of the samples were analysed using a UV-vis-NIR spectroscopy (Perkin Elmer Lambda 950) at wavelengths ranging from 200 nm to 1000 nm. It should be noted that the optical absorption measurements for the phosphorene samples were carried out after the subtraction of VFD-treated IPA as the background. 

Atomic force microscopy (AFM) was performed in air using a Bruker multimode 8 AFM with Nanoscope V controller, operating in standard tapping mode. The AFM probes used were silicon HQNSC15/AlBS Mikromasch probes (nominal tip diameter and spring constant is 16 nm and 40 N/m respectively). Set-point, scan rate and gain values were chosen to optimize image quality and flake thickness using procedures outlined by Nemes-Incze[3] and Shearer[4] et al. The AFM topography images have been flattened and thickness measurements were made using the section analysis tool of Nanoscope Analysis 1.4. The AFM scanner was calibrated in x, y and z directions using silicon calibration grids (Bruker model numbers PG: 1 μm pitch, 110 nm depth and VGRP: 10 μm pitch, 180 nm depth).

Raman spectra were acquired using a Witec alpha300R Raman microscope at an excitation laser wavelength of 532 nm with a 100x objective (numerical aperture 0.9). Typical integration times for single Raman spectra were between 30-60 s for 2-3 accumulations. The highest resolution grating available on the instrument was used which was 1800 grooves mm–1. This grating has a spectral resolution of ~1 wavenumber which is insufficient to resolve the peak shifts expected for four layers or less phosphorene compared to BP as has been noted by numerous research groups.[5, 6] The excitation laser power levels were kept as low as possible to prevent sample damage.[7] We estimate the power was approximately 1 mW or below. The Raman spectral image was obtained by collecting a series of 7 x 7 points (26 s integration per point) over an area of 5 × 5 µm. Peak plotted = 467 cm-1 (associated with Ag2 peak of BP) for the phosphorene and 518 cm-1 (associated with TiO2 peak) for the TiO2.

Bright-field transmission electron microscopy (TEM) images were acquired using a FEI Titan Themis. Samples were dispersed by drop-casting onto quantifoil SQR12-200CU grids, and after drying, immediately transferred to high vacuum storage prior to analysis. Scanning transmission electron microscopy (STEM) imaging and Energy-Dispersive X-ray (EDX) elemental mapping were performed also on a FEI Titan Themis S-TEM instrument. The STEM probe was aberration corrected, enabling sub-angstrom spatial resolution, and High Angle Annular Dark Field (HAADF) images were obtained. Cross-sectional and top-view scanning electron microscopy (SEM) images were obtained using an Inspect F50 SEM (FEI) with accelerating voltage of 10 kV. Sheet resistance measurements were performed using a four-point probe technique (KeithLink Technology Co., Ltd.).
Device testing

The photocurrent-voltage (J-V) characteristics were analysed using a Keithley 2400 SMU instrument and recorded using a custom LabView Virtual Instrument program. A standard Si test cell with NIST-traceable certification was used to calibrate the power density as 100 mW cm-2 at the sample plane of the collimated a 150W xenon-arc light source (Newport), which was passed through an AM 1.5G filter. The devices were tested under both light and dark conditions to estimate the efficiency and the diode properties. The active area of the devices was 0.1 cm2. The scan rate was 100 mV s–1.  The devices were tested in air using the reverse-scan direction from +1.2 to -0.1 V. The external quantum efficiency (EQE) spectra were taken by passing chopped light from a xenon light source through a monochromator and onto the devices. The light intensity of the illumination source was adjusted using a photodiode detector (silicon calibrated detector, Newport) with non-reflective mask. The scan was taken from 300 nm to 800 nm with an interval of 5 nm. The photostability of the cells was evaluated and tested by exposing cells to continuous light illumination (100 mW cm−2, xenon lamp) under ambient conditions. The data were obtained in the reverse scan direction every 5 min.

Density-functional theory (DFT) calculation

We performed density functional-theory (DFT) calculations of using VASP[8] within the generalized gradient approximation by Perdew, Burke and Ernzerhof (PBE)[9] and the Heyd−Scuseria−Ernzerhof (HSE06) hybrid functional[10] implementation in VASP. We performed the geometry relaxation to obtain the equilibrium atomic structure and lattice geometry for the phosphorene monolayer unit cell using PBE, with a k-space of 8 x 8 x 1, an energy cut-off for the plane wave basis of 500 eV, and the energy tolerance of 10-6 eV. In the structural energy minimization, the force tolerance is set to 0.01 eV/ Å. A vacuum region of 20 Å is added between the periodic images. The lattice constant obtained using the PBE approximation are a = 3.305 Å and b = 4.572 Å. 
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Figure S1. Representative AFM images of phosphorene nanosheets on a silicon substrate.
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Figure S2. SEM images of TiO2 films on an FTO substrate obtained by spin coating a low-temperature processable TiO2 solution (a) without and (b) with phosphorene nanosheets incorporated in the solution.
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Figure S3. Raman mapping image of (a) TiO2 (collected at 518 cm-1 wavenumber) and (b) phosphorene nanosheets (collected at 467 cm-1 wavenumber) in the same hybrid sample. The “bright” regions represent the presence of the materials.
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Figure S4. J-V curve of high temperature processed mesoporous TiO2 based n-i-p PSC.
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Figure S5. SEM images of perovskite layer deposited on (a) TiO2-only and (b) TiO2-phosphorene electrodes, and (c) their corresponding UV-vis-NIR spectra.
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Figure S6. Normalized (a) power conversion efficiency (PCE) and (b) fill factor (FF) of the cells fabricated with and without phosphorene in the electron transporting layer. 

Table S1. Sheet resistance of the films prepared from TiO2-only and TiO2-phosphorene solutions. The average values and error bars are calculated based on 15 measurements of three films per each sample.

	
	TiO2-only
	TiO2-phophorene

	Sheet resistance (Rsheet)
	(4.06 ± 0.69) × 106 Ω
	(2.58 ± 0.31) × 106 Ω


Table S2. Detailed PV parameters of PSCs fabricated with and without phosphorene in the TiO2 photoelectrodes measured over 25 days. The devices were stored in the dark in ambient condition (normal laboratory with a humidity of over 60%). The efficiencies retained from the initial PCEs of the devices are also shown.

	Device
	Jsc;

(mA cm-2)
	Voc;

(V)
	FF
	PCE;

(%)
	Aging time
	Efficiency retained (%)

	
	21.37
	1.06
	0.70
	15.80
	Fresh
	-

	TiO2-only
	20.66
	0.98
	0.66
	13.31
	7 days
	84.24

	
	17.35
	0.98
	0.56
	9.68
	25 days
	61.27

	
	23.64
	1.07
	0.70
	17.64
	Fresh
	-

	TiO2-phophorene
	20.88
	1.04
	0.67
	14.55
	7 days
	82.48

	
	18.09
	0.97
	0.61
	10.68
	25 days
	60.54
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