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Figure S1: High resolution XPS analysis. (a) Survey XPS spectra for GO, RGO-5h, RGO-10h and 

RGO-20h. (b) C 1s high resolution XPS core-level spectra of all samples; deconvolution peaks 

are attributed to C=C (blue), C-C (orange), C-O (green), C-N (purple) and C-OOH (yellow). (c) 

O 1s high resolution XPS core-level spectra of all samples; deconvolution peaks are attributed 

to quinone (orange), C=O (blue) and C-O (green). (d) N 1s high resolution XPS core-level 

spectra of all samples; deconvolution peaks are attributed to pyridinic (orange), pyrrolic 

(blue), and graphitic (green). 

 

Figure S2: O 1s high resolution XPS core-level spectra of all samples. 

 

 

Figure S3: Raman spectra for GO and all RGO synthesized in this work (a), ID/IG ratios (b) and 

conductivity of the RGO films (c). 



 

Figure S4:XRD measured for graphite, GO and all RGO used in this work. 

 

Figure S5: SEM images of GO (a), RGO-5h (b), RGO-10h and RGO-20h. 



 

Figure S6: GIWAXS diffractogram map over time along the spin-coating conditions during the 

measurements of the Control (A), Control+RGO-5h (B), Control+RGO-10h (C), and 

Control+RGO-20h (D).  

 

Figure S7: Area of q = 14 nm−1 peak over time. 

 



 

Figure S8: Control sample GIWAXS reciprocal lattice maps (first (A) and last (B) measures) 

related to the 1D profiles in Figure S5A and Figure 2. 

 

Figure S9: Control+RGO-5h sample GIWAXS reciprocal lattice maps (first (A) and last (B) 

measures) related to the 1D profiles in Figure S5B and Figure 2. 

 

 



 

Figure S10: Control+RGO-10h sample GIWAXS reciprocal lattice maps (first (A) and last (B) 

measures) related to the 1D profiles in Figure S5C and Figure 2. 

 

Figure S11: Control+RGO-20h sample GIWAXS reciprocal lattice maps (first (A) and last (B) 

measures) related to the 1D profiles in Figure S5D and Figure 2. 

 

 



 

Figure S12: Control sample GIWAXS reciprocal lattice maps (first (A) and last (B) measures) 

related to the 1D profiles in Figure 3. 

 

 

 

 

Figure S13: Control+RGO5h sample GIWAXS reciprocal lattice maps (first (A) and last (B) 

measures) related to the 1D profiles in Figure 3. 



 

Figure S14: Control+RGO10h sample GIWAXS reciprocal lattice maps (first (A) and last (B) 

measures) related to the 1D profiles in Figure 3. 

 

Figure S15: Control+RGO20h sample GIWAXS reciprocal lattice maps (first (A) and last (B) 

measures) related to the 1D profiles in Figure 3. 



 

Figure S16: Area of q = 14 nm−1 peak over time. 

 

Figure S17: FEG-SEM images of the perovskite films prepared with precursors containing RGO. 

(A-D) Top view of Control, Control+RGO5h, Control+RGO10h, and Control+RGO20h samples, 

respectively. Yellow-marked regions regard the RGO in the perovskite films. 



 

Figure S18: (a) UV-vis absorption spectra, (b) Tauc plots of samples PSVK, PSVK+RGO-5h, 

PSVK+RGO-10h and PSVK+RGO20-h. 

 

Figure S19: TrPL decays (λPLE = 445 nm; F = 24.3 nJ cm-2; λPL = 755 nm) of the control 17/17 

and RGO-modified films with a layer of Spiro-OMeTAD deposited on top of the perovskite film 

(a) and control 17/17 and RGO-modified films deposited onto a TiO2-mp layer (b). Stretched 

exponential fit decays are shown in red curves. 

Table S1: Charge-carrier lifetimes (𝛕s) and disorder factor (β) for PSVK sample and RGO 

modified samples from TrPL experiments measured for samples deposited over a TiO2-mp 

layer and with a layer of Spiro-OMeTAD deposited on top of the perovskite film. 

 𝛕s (ns) β R2 

TiO2-mp 

Control 65 0.5 0.85 

Control +RGO-5h 1.8 0.5 0.80 

Control +RGO-10h 1.4 0.5 0.82 

Control +RGO-20h 1.2 0.5 0.77 

Spiro-OMeTAD 

Control 9.8 0.5 0.87 

Control +RGO-5h 2.6 0.5 0.90 

Control +RGO-10h 2.8 0.5 0.90 

Control +RGO-20h 3.2 0.5 0.75 



 

 

Figure S20: Statistical data of solar cells parameters as a function of reduction degree of RGO. 

(a,b) Forward and reverse FF, respectively; (c,d) Forward and reverse JSC, respectively; (e,f) 

Forward and reverse VOC, respectively; (g,h) Forward and reverse PCE, respectively. 

 



 

Figure S21: Cross section SEM images of the devices assembled for sample Control (A), 

Control+RGO-5h (B), Control+RGO-10h (C), Control+RGO-20h (D), and the average thickness 

for each sample (E). 

 

Supplementary Text 1 

 The deconvolution of GO C 1s XPS core-level spectra (Figure S1b) consist of hydroxyl 

and epoxy groups (286.8 eV) and, to a lesser extent, quinone/carbonyl (288.5 eV) and carboxyl 

(290.0 eV) groups, in accordance with the Lerf-Klinowski model.1 An increase in peak at 

binding energy of 284.5 eV, attributed to carbon with sp2 hybridization, was observed in all 

RGO samples. The contribution of this peak to the total C 1s signal was 39% for RGO-5h, 45% 

for RGO-10h, and 47% for RGO-20h. Along with this change, a significant decrease in peaks 

associated with oxygenated carbons was observed for all RGO samples. Three main peaks 

were identified in the RGOs O 1s XPS core-level spectra (Figure S1c) that correspond to 

quinone (530.6 eV), oxygen double-bonded to carbon (532.5 eV), and oxygen single-bonded 

to carbon (533.7 eV). The O 1s XPS core-level for GO was composed with only two peaks, 

related to C=O (532.5 eV) and, mainly, C-O (533.7 eV). 2–6 A sharp decrease in the intensity of 



the peak at 533.7 eV reveals that oxygen single-bonded to carbon is preferentially removed 

upon hydrazine reaction, which is in agreement with the mechanism proposed by Stankovich 

et al.7 These values suggest that the reaction with hydrazine not only promotes additional 

removal of oxygen but also improves restoration of sp2 conjugation. 

The appearance of nitrogen groups in RGO is evident and is due to the method chosen to 

reduce GO, which uses hydrazine.8 The hydrazine introduces N atoms into RGO sheets. Three 

common bonding configurations within the carbon backbone are possible when nitrogen 

atoms are inserted into the graphene oxide sheet: pyrrolic N, pyridinic N, and graphitic N.9 

Pyrrolic-N refers to N atoms bond into the five-membered ring that share two p electrons 

with the π system. Pyridinic-N refers to nitrogen atoms at the edge of graphene planes; each 

of them is bonded to two carbon atoms and donates one p-electron to the aromatic π system. 

Graphitic N refers to N atoms that substitute C atoms in the hexagonal ring.10 In our samples, 

the deconvolution of the high resolution N 1s XPS spectra (Figure S1d) shows that the N 1s 

peak can be resolved into three components centered at 399.4, 402.1, and 403.9 eV 

representing pyridinic, pyrrolic, and graphitic type of N atoms doped in the graphene 

structure, respectively. Accordingly, the pyrrolic N dominates in RGO samples prepared in this 

work. 
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