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Abstract

:

This work uses a hole-transporting copper cobaltite/copper oxide nanocomposite to fabricate carbon-based MAPbI3 PSCs. The copper cobaltite/copper oxide HTM-based PSC results show the highest power conversion efficiency (PCE = 7.32%) compared with an HTM-free device. The highest photocurrent density (Jsc = 15.17 mA/cm2), open-circuit voltage (Voc = 0.82 V), and fill factor (FF = 0.59) are achieved for the PSC fabricated with hydrothermally synthesized copper cobaltite/copper oxide nanocomposites. Electrochemical impedance spectroscopy is used to analyze the charge transfer resistance (Rs) and the capacitive behavior of copper cobaltite/copper oxide nanocomposite. The maximum electron lifetime of 35.16 μs is witnessed for the PSCs fabricated with 3 mg mL−1 of copper cobaltite/copper oxide (H1). The efficiency of the copper cobaltite/copper oxide-based PSC remains unchanged, showing no further perovskite layer degradation.
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1. Introduction


In recent years, perovskite solar cells (PSCs) have attracted much interest because of their photophysical features, such as wide diffusion length (∼1 μm), high charge carrier mobility (>100 cm2/Vs), high absorption coefficient (>105 cm−1), and an amazing power conversion efficiency (PCE) of more than 25.7% [1,2,3,4]. PSCs are fabricated in different device configurations, such as planar (n-i-p) and inverted planar (p-i-n). In a typical planar cell, TiO2 and spiro-OMeTAD materials are used as electron transport material (ETM) and hole transport material (HTM) in the PSCs, respectively [5,6,7,8,9]. Nevertheless, spiro-OMeTAD HTM is very expensive and is unstable under light and humidity [10,11]. Moreover, pristine spiro-OMeTAD has low hole mobility and less conductivity because of its triangular pyramid configuration and larger intermolecular distance [12]. Dopants, such as lithium bis (trifluoromethanesulfonyl)-imide and cobaltic complexes, are typically added to spiro-OMeTAD to increase the hole mobility [13,14,15,16], even though the added ionic salts are hygroscopic and, therefore, decompose the perovskite film [17]. Similarly, 4-tertButylpyridine (TBP) is a dopant when used with spiro-OMeTAD; it reacts with perovskite and decomposes into PbI2 [18]. To increase the device stability, several efforts have been made to create dopant-free HTM [19,20,21]. In addition, inorganic semiconductors (p-type), such as copper (I), thiocyanate (CuSCN), copper iodide (CuI), copper oxides (Cu2O and CuO), cobalt oxide (Co3O4), and nickel oxides (NiO), are promising HTM for PSCs due to their unique properties, including ease of fabrication with low cost, wide bandgap, suitable energy levels, high hole mobility, and chemical stability [22,23,24,25,26,27,28,29,30,31]. In 2014, Gratzel et al. constructed a PSC device using CuSCN HTM in a planar structure and achieved a PCE of 12.4% [32]. Guo et al. reported a hybrid HTM (FBT-Bh4/CuOx) with an excellent PSC with enduring stability and a PCE of 18.85% [33]. Solvents, such as diethyl sulfide and di-isopropyl sulfide, are used in the preparation of inorganic HTMs, which are toxic, high polar in nature, and can quickly decompose the perovskite film.



Alternatively, ternary metal oxides have multiple oxidation states, which is an advantage for tuning the electrical and optical properties. The ternary metal oxides are classified as perovskite (ABX3) [34], spinel (AB2X4) [35], delafossite (ABX2) [36], and scheelite (ABX4) [37] structures on the basis of the composition and crystalline structure. Among them, the spinel form is an important class of HTL in PSCs [38,39]. The advantages of using spinel as HTL in PSC include their activity, widespread availability, low cost, easy synthesis, thermodynamic stability, low electrical resistance, and environmental friendliness [40]. Typical spinel structure are briefly described as AB2X4 (A = Co, Mn, Cd, Li, Cu, Ge, Zn, Mg, Ni, Fe, Ca, or Ba; B = Al, Cr, Mn, Fe, Co, Ni, Ga, In, or Mo; and X = O, S, Se, Te, or N), where A occupies the centers of tetrahedrally coordinated sites, B occupies the centers of octahedrally coordinated sites, and X is the position at the polyhedral vertexes [41]. Spinel oxides of chemical composition are denoted as AB2O4, where A2+ represents divalent metal ion, B3+ denotes trivalent metal ion, and O2− represents anions. The crystal structure of spinel oxide has cubic symmetry with the Fd3m space group. In PSCs, mainly CuGaO2-, CuFeO2-, or CuCrO2-based ternary metal oxides have been exploited as HTMs. Recently, ternary metal oxide (CuCrO2) was used as a HTM in PSCs and ultimately achieved the PCE of 17.19% [42,43,44]. Similarly, PCE of 18.51% was achieved when CuGaO2 nanoplatelets were used as HTM in PSCs [42]. In 2019, Seckin et al. employed CuFeO2 nanoparticles as HTM in planar PSCs, and PCE of 15.6% was observed with negligible hysteresis [43]. Nickel cobalt oxide (NiCo2O4) is a p-type semiconductor having spinel structure and exhibits mixed-valence oxide (Ni placed only in octahedral sites but Co placed in both octahedral and tetrahedral sites). NiCo2O4 has a conductivity of 500 S/cm, which is claimed to be the highest value as compared with transparent conducting oxide (TCO) [45,46]. In 2020, Bashir et al. reported the PCE of >14% with long-term stability when spinel NiCo2O4 nanoparticles were used as an HTL in PSCs [38]. Mixed-metal oxide nanocomposites have exhibited high conductivity as well as good stability [47,48,49]. PSC with mixed-metal oxide nanocomposites show equal or higher efficiency than that of the reference PSC (spiro-OMeTAD) [50]. In recent times, a conductive and transparent p-i-n PSCs with CuAlO2/CuO HTL was utilized, and the PCE of 16.3% with negligible hysteresis was observed [51]. Seckin Akin et al. reported that ternary metal oxide CuCrO2 was hydrothermally synthesized and employed as an HTM layer in planar-structured PSCs with PCE of 16.7% [52]. Hua Zang et al. demonstrated the lower temperature solution process for making CuCrO2 and employed as an HTM in p-i-n structured PSCs with compared with NiOx. The CuCrO2 HTM-based device shows higher PCE of 19.0% [53]. Bo-Rong jheng et al. reported the synthesis of ZnCo2O4 by chemical precipitation method and employed spinel ZnCo2O4 NPs as the HTM for the fabrication of p-i-n PSCs, achieving a PCE of 12.31% [54]. J.H. Lee et al. reported the solution-processed spinel CuCo2O4 and used it as a hole transport layer in high-performance perovskite solar cells. By optimizing the annealing temperature, opto-electrical properties were finely controlled, which led to 14.12% PCE in inverted planar PSCs. Another advantage of CuCo2O4-based HTM is having negligible hysteresis of J-V scan that brought about a highly stable and reliable photovoltaic performance [55]. In general, spinel copper cobaltite (CuCo2O4) nanoparticles were prepared by various methods, such as hydrothermal, microwave, co-precipitation, sol–gel, chemical bath deposition, and electrodeposition methods [56,57,58,59,60,61,62].



In spite of being a strong choice for feasible HTMs in PSCs, there has been no research on the usage of copper cobaltite/copper oxide nanocomposite as an HTM for planar PSCs. Hence, for the first time to the best of our knowledge, we explored the use of copper cobaltite/copper oxide HTM synthesized by chemical method as stable and low-cost inorganic HTM in PSCs. It is assumed that the incorporation of specific material greatly enhances the PCE with enduring stability. In this work, inorganic copper cobaltite/copper oxide material is used for the fabrication of low cost and highly stable PSCs. The optimized condition of the synthesized HTM-based PSC device shows highest efficiency as compared with HTM-free device. The highest performance of the copper cobaltite/copper oxide HTM-based device shows a conversion efficiency of 7.32%. More importantly, the fabricated device with copper cobaltite/copper oxide HTM exhibits excellent stability in atmospheric conditions as compared with the device with P3HT HTM.




2. Materials and Methods


2.1. Materials


Copper nitrate trihydrate, cobalt nitrate hexahdrate, sodium hydroxide, methylammonium lead iodide complex, dimethyl sulfoxide, N, N-dimethylformamide and dichlorobenzene were used as received. TiO2 paste, carbon paste, and FTO glass substrate (~16 Ω/sq) were procured from Dyenamo, Sweden.




2.2. Synthesis of Copper Cobaltite/Copper Oxide Nanocomposite


2.2.1. Precipitation Method


First, 100 mL aqueous solutions of 0.1 M of copper nitrate hexahydrate and 0.2 M of cobalt nitrate trihydrate were prepared separately and continuously stirred for approximately 30 min before mixing them. Then, 0.6 M of sodium hydroxide was added into the above aqueous solution, and the precipitate was formed. The obtained precipitate was washed well with DD water and finally with ethanol. The precipitate was kept in a hot air oven at 80 °C to remove moisture, and then the dried sample was sintered at 600 °C for 3 h. The prepared material is named P1.




2.2.2. Microwave Method


In the case of microwave synthesis of copper cobaltite/copper oxide nanocomposite, the above solution was transferred into the reagent bottle. Then, the reagent bottle was kept in a microwave oven at a frequency of 2.45 GHz with the power of 560 W for 10 min and then cooled naturally. The collected precipitate was air-dried at 80 °C, and then the powder was sintered at 600 °C for 3 h. The prepared material is named M1.




2.2.3. Hydrothermal Method


In hydrothermal method, the experimental procedure similar to the precipitation method was adopted for the synthesis of copper cobaltite/copper oxide nanocomposite. The prepared solution was taken into the Teflon-lined stainless steel autoclave and kept at 160 °C in an oven for 16 h, allowing hydrothermal reaction to complete. The precipitate was washed with DD water and ethanol. The collected precipitate was air-dried at 80 °C and then sintered at 600 °C for 3 h. The prepared sample is named H1.





2.3. Fabrication of Perovskite Solar Cell


The FTO substrate (1.5 × 1.5 cm) was patterned for the fabrication of solar cells, and the cell active area of 0.75 cm2 was fixed. Then, the FTO substrates were ultrasonically cleaned with detergent, acetone, ethanol, and double-distilled water for 10 min, sequentially. After cleaning, the FTO substrates were treated with UV and ozone for approximately 15 min. The cleaned substrate was soaked in 40 mM titanium tetrachloride solution (50 mL) at 70 °C for 30 min. Subsequently, the substrate was dried at 120 °C for 15 min, resulting in the formation of a compact-TiO2 (c-TiO2) layer on FTO-coated glass. Commercial mesoporous-TiO2 (m-TiO2) paste was diluted using ethanol at a ratio of 1:3 (w/w), which was coated on c-TiO2/FTO glass substrate. Perovskite (methyl ammonium lead iodide) layer was coated on m-TiO2/c-TiO2/FTO glass substrate by spin-coating method (4000 rpm for 30 s). In continuance, 11 s prior to the last step of the reaction, 500 μL of dichlorobenzene was quickly added by spin-coating method. After that, perovskite-coated substrate was heated at 100 °C for 10 min. Copper cobaltite/copper oxide HTM was dispersed with dichlorobenzene at concentrations of 1mg, 3 mg, and 5 mg, which were coated on a perovskite layer with spin speeds of 1000 rpm, 1500 rpm, and 2000 rpm for 30 s and then heated at 120 °C for 10 min. Carbon was used as back electrode, which was coated on HTL by doctor-blade method. Finally, the fabricated device was heated under 120 °C for approximately 30 min. The schematic representation of the fabricated device is shown in Figure 1.




2.4. Characterization


Crystal structure of the prepared copper cobaltite/copper oxide nanocomposite was analyzed by PAN analytic X’Pert Pro powder XRD. The chemical nature of the prepared copper cobaltite/copper oxide nanocomposite was analyzed by using STR 500 mm focal length laser Raman spectrometer. The morphology of the synthesized nanocomposite was observed by using CAREL ZEISS EVO18 Microscope and JEOL-2100+HRTEM. The chemical composition of the synthesized nanocomposite was investigated by PHI-VERSAPROBE III-XPS. Electrochemical Impedance analysis was carried out by SP-200 electrochemical workstation. The fabrication process was carried out using Dyenamo tool box under air mass of 1.5 solar illuminated at 100 mWcm−2.





3. Results


To understand the crystal structure and phase of the as-developed materials, the XRD analyses were carried out. XRD patterns of the prepared copper cobaltite/copper oxide nanocomposites are presented in Figure 2. All the diffraction peaks observed at 18.99°, 31.27°, 36.84°, 44.81°, 55.65°, 59.35°, and 65.23° correspond to (111), (220), (311), (400), (422), (511), and (440) planes, respectively. The observed peaks coincide with JCPDS data (Card No. #01-078-2172) and could be indexed to cubic phase (Fd3m), a = b = c = 8.0840 Å, and α = β = γ = 90° of Cu0.15Co2.84O4. Additionally, more diffraction peaks were observed at 35.55°, 38.74°, 48.70°, 58.30°, and 67.94°, which correspond to (−111), (111), (−202), (202), and (113) planes, respectively, which is related to the JCPDS data (Card No. # 01-089-5898) and could be indexed to monoclinic phase (C2/c), a = 4.6900 Å, b = 3.4200 Å, c = 5.1310 Å, and α = γ = 90°, β = 99.54°. This confirms the formation of copper oxide (Figure 2). The resulting XRD pattern was used to confirm the formation of multiphase crystalline structure. The same crystal phase was observed for the samples (P1), (M1), and (H1).



Raman spectra of spinel copper cobaltite/copper oxide nanocomposite materials P1, M1, and H1 are shown in Figure 3. The copper cobaltite/copper oxide nanocomposite shows five typical peaks of copper cobaltite at approximately 194 cm−1, 479 cm−1, 516 cm−1, 615 cm−1, and 685 cm−1. The three peaks at 194 cm−1, 516 cm−1, and 615 cm−1 correspond to F2g modes, and another two peaks at 479 cm−1 and 685 cm−1 belong to Eg and A1g modes of copper cobaltite, respectively [63]. The peak at 479 cm−1 corresponds to the stretching mode of the Co–O bond, which is due to the tetrahedral sites of Co3+–O2−. Furthermore, the peak at 516 cm−1 is due to the stretching vibrations of the Cu–O bond from octahedral sites of Cu2+–O2−. The peaks at 685 cm−1 and 615 cm−1 confirm the existence of spinel-structured copper cobaltite. Raman analysis confirmed the existence of spinel structure of copper cobaltite in the nanocomposite.



The structure and morphology of the prepared copper cobaltite/copper oxide nanocomposite was observed using SEM and TEM techniques. The SEM image clearly explained the surface morphologies of the nanomaterials. The SEM image of synthesized copper cobaltite/copper oxide nanocomposite is shown in Figure 4. The synthesized copper cobaltite/copper oxide nanocomposite by three different methods, namely precipitation (P1), microwave (M1), and hydrothermal (H1), exhibited the homogeneous morphology with agglomerated nanoparticles.



The detailed structure and morphology of copper cobaltite/copper oxide nanocomposite were analyzed by TEM, HR-TEM, and SAED, as shown in Figure 5. The particle size of 60 nm was observed for copper cobaltite/copper oxide nanocomposite. HR-TEM images of copper cobaltite/copper oxide nanocomposite in Figure 5c–e show that the lattice spacing of 0.46 nm belongs to the (111) plane, 0.28 nm corresponds to the (220) diffraction plane of spinel copper cobaltite (Cu0.15Co2.84O4), and 0.23 nm corresponds to the (111) plane of copper oxide (CuO). Diffraction rings corresponding to the planes (111), (220), (311), and (400) in the SAED pattern of Figure 5f confirms the formation of copper cobaltite/copper oxide nanocomposite.



Figure 6a–d display the XPS spectra of copper cobaltite/copper oxide nanocomposite. Figure 6a denotes the survey spectrum of copper cobaltite/copper oxide nanocomposite, which confirms the presence of Cu 2p (935.13 eV), Co 2p (780.39 eV), O 1s (530.06 eV), and C 1s (285.09 eV), respectively.



XPS of Cu 2p is shown in Figure 6b. The spectrum of Cu 2p shows three peaks at 932.15 eV, 934.22 eV, and 935.8 eV for Cu 2p3/2 and two satellite peaks at 940.46 eV and 943.54 eV for Cu 2p3/2. In addition, two more peaks were observed at 953.86 eV for Cu 2p1/2 and 961.72 eV, corresponding to satellite peak of Cu 2p1/2 [63,64]. The Co 2p3/2 region in Figure 6c shows two peaks at 779.72 eV and 780.78 eV, corresponding to the octahedral Co3+ and tetrahedral Co2+, respectively. In addition, two peaks at 794.23 eV and 795.61 eV belong to Co 2p1/2, which corresponds to the octahedral site of Co3+ and tetrahedral site of Co2+ ions. The satellite peak at 789.42 eV in Co 2p3/2 and another satellite peak at 804.78 eV in Co 2p1/2 region were identified [65,66]. Figure 6d shows O 1s exhibited three peaks at 531.70 eV, 530.77 eV, and 529.26 eV, which correspond to surface oxygen, metal–oxygen (Cu and Co), and lattice O2−, respectively [67,68]. The XPS spectra clearly demonstrated that the surface of the nanocomposite contained Cu 2p and Co 2p ions, which confirms the formation of copper cobaltite/copper oxide nanocomposite.



The photovoltaic performance of the perovskite solar cell (PSC) was investigated under sunlight illumination. The prepared copper cobaltite/copper oxide nanocomposite was used as a HTM for the PSC. The prepared copper cobaltite/copper oxide nanocomposite (H1) was deposited on the perovskite layer by the spin-coating technique at three different concentrations, namely 1mg, 3mg, and 5mg, and three different spin speeds from 1000 to 2000 rpm. The PV parameters of copper cobaltite/copper oxide nanocomposite (H1)-based PSC with different spin speeds and solution concentrations are presented in Table S1, and its J-V curves are also shown in Figure S1. At the beginning, PCE of copper cobaltite/copper oxide HTM-based PSC increases with the increase in spin speed and concentrations. When the HTM concentration is increased from 1–3 mg mL−1 and spin speed from 1000–1500 rpm, the device experienced better performance, yielding an open-circuit voltage (Voc) = 0.82 V, photo current density (Jsc) = 15.17 mA cm−2, fill factor (FF) = 0.59, and PCE of 7.32% in the reverse scan. Further, an increase in copper cobaltite/copper oxide concentrations and spin speed greater than 3 mg mL−1 and 1500 rpm decreases the performance of the device. Therefore, an optimal copper cobaltite/copper oxide concentration and spin speed of 3 mg mL−1 and 1500 rpm was followed for H1-, P1-, and M1-based copper cobaltite/copper oxide PSCs, as shown in Figure 7a–d.



For comparison, different PSCs were fabricated with HTM (P3HT) and without HTM. The best PCEs of the devices with P3HT and without HTM were 8.91 and 1.76%, respectively, and the respective values are represented in Table 1. The crucial role of copper cobaltite/copper oxide on the photogenerated charge collection in the planar PSC is evident.



As compared with standard P3HT-based device, copper cobaltite/copper oxide HTM-based cells delivered a relatively lower Voc. The little decrease in Voc may be expected from some recombination path, which occurs at the perovskite/HTM interface. Thus, there could be a small interfacial issue in the perovskite film with the copper cobaltite/copper oxide HTM.



Moreover, the performance of H1-based PSC was compared with M1- and P1-based PSCs and is represented in Table 1. The PCE of M1-based PSC was 5.08%, Jsc = 13.81 mA/cm2, Voc = 0.80 V, and FF = 0.46. The P1-based PSC device delivered Jsc = 10.10 mA/cm2, Voc = 0.76 V, FF = 0.39, and PCE of 3.20%. As a result, H1-based PSC exhibited good performance compared with both M1- and P1-based PSCs due to its better interfacial contact between the layers.



Hysteresis plays an important role in the performance of PSCs. The forward and the reverse scan of J-V curves for copper cobaltite/copper oxide nanocomposite (P1, M1, and H1)-based PSCs are shown in Figure 7b–d, and the hysteresis parameters are listed in Table 1. P1-, M1-, and H1-based devices exhibited hysteresis behavior in the forward and reverse scan of J-V curve due to their ion migration and recombination of electrons from the interfacial trap states. Thus, the J-V hysteresis behavior is estimated by using the Formula (1) of hysteresis index (HI).


  H I =     P C E   R e v e r s e   −   P C E   F o r w a r d       P C E   R e v e r s e      



(1)




where PCEReverse is a power conversion efficiency of reverse scan, and PCEForward is a power conversion efficiency of forward scan. The hysteresis index was closer to zero (0 < HI < 1), and the PSC with the H1-based HTM showed a small hysteresis index value, which indicates that the device had lower hysteresis behavior and a significantly higher PCE value of 7.32%. The forward and reverse scans for standard P3HT device and hole-transport-material-free PSCs are shown in Figure S2, and the corresponding hysteresis parameters are listed in Table 1. Undoubtedly, the fabricated device containing copper cobaltite as a HTM showed better performance because of its better hole collection between the interfaces.



In order to examine the charge transfer resistance (Rs) and interfacial properties of the PSC, the electrochemical impedance spectroscopy was used. EIS was measured for the copper cobaltite/copper oxide nanocomposite (P1-, M1-, and H1)-based PSC and HTM-free devices under dark conditions. Figure 8a shows Nyquist plots, and the circuit model is inserted in the figure. The Nyquist plot of the device exhibits two semi-circles. The high-frequency region represents series resistance (Rs), and the low frequency region represents recombination resistance (Rrec). The impedance parameters are summarized in Table 2. The higher recombination resistance of 7074 Ω was observed for the H1-based device as compared with the M1- and P1-based devices and HTM-free device. The enhances the recombination resistance, which suppresses the recombination between the interfaces and improves the power conversion efficiency.



Moreover, the charge carrier lifetime (τ) influences PSCs performance, which is calculated from the Bode plot (Figure 8b). The charge carrier lifetime (τ) of the device was calculated using the Equation (2) [69], and the data are presented in Table 2.


  l i f e   t i m e ( τ ) =   1   2 π   f   m a x      



(2)




where τ is carrier lifetime, fmax is frequency maximum, and π is constant. The maximum carrier life time of 35.16 μs was observed for the H1-based PSC. As a result, the H1-based PSC showed better performance due to its hole extraction, high carrier lifetime, and higher recombination resistance, which led to an increase in the photovoltaic performance.



The performance and stability of copper cobaltite/copper oxide layer-based PSC and P3HT-based PSC were evaluated, and the corresponding results are shown in Figure 9. The fabricated H1-based PSC and P3HT-based devices were exposed to an open environment for several days without any encapsulation, and finally the performance was measured. From Figure 9, the efficiency of the P3HT-based device retained 60% of its initial PCE under room atmosphere. The efficiency of the PSC with copper cobaltite/copper oxide layer remained unchanged and retained 80% of its initial PCE, which indicated there was no further degradation of perovskite layer in the device. Thus, the copper cobaltite/copper oxide layer resisted the penetration of moisture and provided an extra stability against the moisture. Moreover, the use of carbon back electrode also increased the stability of the device due to its suitable encapsulation of PSC, which was proven in our earlier studies [70].




4. Discussion


In this research work, copper cobaltite/copper oxide nanocomposites are successfully synthesized by precipitation, microwave, and hydrothermal methods. The prepared copper cobaltite/copper oxide nanocomposite has a mixed crystalline phase, which comprises a cubic phase of copper cobaltite and a monoclinic phase of copper oxide. The synthesized copper cobaltite/copper oxide nanocomposites (P1, M1, and H1) were used as an HTM for the FTO/C-TiO2/meso-TiO2/perovskite/copper cobaltite–copper oxide/carbon device. The synthesized copper cobaltite/copper oxide nanocomposite was used as an HTL in the n-i-p structure. Hydrothermal driven synthesis of copper cobaltite/copper oxide nanocomposite (H1) delivers the best PCE of 7.32%. The copper cobaltite/copper oxide nanocomposite-based device exhibited much improved PCEs as compared with the HTM-free device. In addition, EIS shows the higher recombination resistance (7074 Ω) for the H1-based device, and the fabricated device remains stable even after 960 h. The present work clearly reveals that the hydrothermal driven copper cobaltite/copper oxide nanocomposite is an efficient and stable HTM for planar PSCs.
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Figure 1. Schematic diagram of the device structure. 
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Figure 2. Powder X-ray diffraction patterns of copper cobaltite/copper oxide nanocomposite. 
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Figure 3. Raman spectra of spinel copper cobaltite/copper oxide nanocomposite materials P1, M1, and H1. 
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Figure 4. SEM micrograph images of spinel copper cobaltite/copper oxide nanocomposite of P1, M1, and H1. 
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Figure 5. HR-TEM image of copper cobaltite/copper oxide nanocomposite (H1), (a) TEM image, (b) high-resolution TEM image, (c–e) magnified HR-TEM image, and (f) SAED pattern. 
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Figure 6. XPS spectra of copper cobaltite/copper oxide nanocomposite (H1) (a) wide spectra, (b) Cu 2p, (c) Co 2p, and (d) O 1s. 
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Figure 7. (a) J-V Curves of P1-, M1-, and H1-based PSC, standard P3HT device, and hole-transport-material-free device. Forward and reverse J-V curves for (b) P1-, (c) M1- and (d) H1-based PSC. 
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Figure 8. EIS of P1-, M1-, and H1-based PSC device and hole-transport-material-free device: (a) Nyquist plot and (b) Bode plot. 
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Figure 9. Stability of normalized PCE of H1-based PSC and P3HT. 
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Table 1. Photovoltaic parameters for P1-, M1-, and H1-based PSC, standard P3HT device, and hole-transport-material-free device.
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HTM

	
Spin Speed

(rpm)

	
Concentration

(mg/mL)

	
Scan Direction

	
Voc

(V)

	
Jsc

(mA/cm2)

	
FF

	
PCE

(%)

	
Hysteresis Index (HI)






	
P1

	
1500

	
3

	
Forward

	
0.73

	
8.15

	
0.40

	
2.40

	
0.26




	
Reverse

	
0.76

	
10.10

	
0.43

	
3.26




	
M1

	
1500

	
3

	
Forward

	
0.78

	
11.55

	
0.41

	
3.96

	
0.22




	
Reverse

	
0.80

	
13.81

	
0.46

	
5.08




	
H1

	
1500

	
3

	
Forward

	
0.82

	
14.07

	
0.50

	
5.77

	
0.21




	
Reverse

	
0.82

	
15.17

	
0.59

	
7.32




	
P3HT

	
1500

	
10

	
Forward

	
0.88

	
17.56

	
0.48

	
7.19

	
0.19




	
Reverse

	
0.90

	
20.21

	
0.49

	
8.91




	
HTM-Free

	
-

	
-

	
Forward

	
0.57

	
6.08

	
0.35

	
1.20

	
0.29




	
Reverse

	
0.61

	
7.00

	
0.40

	
1.70
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Table 2. Electrochemical impedance parameters for P1-, M1-, and H1-based PSC device and HTM-free device.
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	HTM
	Rs (Ω)
	Rrec (Ω)
	CPE (nF)
	Lifetime τ (μs)





	P1
	77
	2473
	8.3
	33.12



	M1
	46
	3669
	9.3
	34.10



	H1
	76
	7074
	7.9
	35.16



	HTM-Free
	62.23
	432
	7.7
	31.11
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