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Abstract. Poly(3,4-ethylenedioxythiophene):polystyrene sulfonate (PEDOT:PSS) is widely used as a hole-transport layer (HTL) in inverted perovskite 
solar cells (PSCs), but its acidity and moisture affinity can limit device performance. This study aimed to evaluate a circular-materials route by 
upcycling electric-arc-furnace (EAF) graphite-electrode waste into graphene oxide (GO) and applying GO-doped PEDOT:PSS as an HTL modifier, 
while identifying a practical low-temperature processing window for inverted PSCs under ambient conditions. Graphene oxide was synthesized from 
EAF graphite waste and dispersed in water (1 mg mL⁻¹), then blended with PEDOT:PSS at different loadings. Inverted PSCs with an ITO/GO-doped 
PEDOT:PSS/CH₃NH₃PbI₃₋ₓClₓ/PCBM/Ag architecture were fabricated in ambient laboratory air (25–27 °C; RH ≈ 40%) without a glovebox. The 
effects of GO loading and perovskite annealing temperature (70–130 °C) were evaluated using J–V measurements under AM1.5G illumination, 
supported by SEM and XRD analyses. Moderate GO addition was associated with improved film coverage and fewer pinholes, while XRD indicated 
better phase formation near 100 °C. In contrast, excessive annealing (≈130 °C) increased PbI₂ signatures and coincided with severe performance 
degradation. The optimum condition (600 µL GO per 1 mL PEDOT:PSS and 100 °C annealing) produced a champion power conversion efficiency of 
0.80%, with VOC = 0.795 V, JSC = 3.48 mA cm⁻², and FF = 28.9%. Although the efficiency remained modest, the results demonstrated the feasibility 
of waste-derived GO as a functional PEDOT:PSS interfacial modifier and established a low-temperature processing window governing film integrity 
and degradation signatures in inverted PSCs, providing a basis for further optimization. 
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1. Introduction 

Solar cells, also known as photovoltaic (PV) cells, are 
technologies that can convert solar energy from photons into 
electrical energy. The development of solar cells has reached 
the third generation, namely, perovskite solar cells, which are 
the evolution of dye-sensitized solar cells (DSSC) (Hussain et al., 
2018). One of the essential parts of perovskite solar cells is the 
hole transport material (HTM). Inverted PSCs (p-i-n) are 
attractive for low-temperature processing and flexible 
substrates; however, the conventional HTL, PEDOT:PSS, is 
acidic and hygroscopic, offers limited electron-blocking ability, 
and can induce interfacial instability, thereby motivating 
interface engineering  (Yang et al., 2022). The HTM needs to be 
optimized to allow the photon-generated carriers in the active 
perovskite layer to transport into the electrode. An effective 
HTM must have a suitable energy level with the perovskite 
layer, sufficient electrical conductivity, high optical 
transparency, and good chemical stability (Niu et al., 2017). The 
HTM commonly used in inverted perovskite solar cells is 
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Poly(3,4-ethylenedioxythiophene) polystyrene sulfonate 
(PEDOT:PSS) (Han et al., 2020). However, the high acidity of the 
PEDOT:PSS solution can damage the ITO and perovskite 
layers, which limits the stability and performance of perovskite 
solar cells (Yu et al., 2018). Therefore, modifying the 
PEDOT:PSS layer is necessary to obtain the abovementioned 
HTM criteria with graphene oxide (GO) doping. GO loading in 
PEDOT:PSS has been reported to influence HTL surface 
properties and interfacial energetics. In some studies, moderate 
GO loading is associated with lower contact angle and more 
uniform perovskite nucleation/coverage, which can be 
accompanied by improved Voc/FF, whereas excessive GO 
increases HTL sheet resistance and may reduce transmittance, 
leading to a trade-off in device performance (Nguyen et al., 
2022). 

Graphene oxide (GO) is a graphene sheet functionalized 
with oxygen-containing functional groups in the form of epoxy, 
hydroxyl, and various other groups (Luo et al., 2017). Graphene 
oxide has been proven to be used as HTM in perovskite solar 
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cells (PSCs) and produces a PCE of 12.4%. However, the lack of 
conductivity of GO due to its high oxygen content makes the 
performance of the PSCs very sensitive to the GO layer 
thickness (Wu et al., 2014). The use of GO-doped PEDOT:PSS 
solution as HTM has been done by Niu et al. (Niu et al., 2017). 
PSCs with HTM in the form of 500 µl GO-doped PEDOT:PSS 
produced 14.20% PCE, which is increased compared to the 
pristine PEDOT:PSS (11.99%). However, it is known that there 
is a decrease in the PCE value along with the increase in the 
amount of doped GO caused by the increase in HTM resistance 
(Niu et al., 2017). In addition, GO is also expected to increase 
the crystallinity of the perovskite layer because perovskite 
crystals tend to grow more easily on the GO layer than 
PEDOT:PSS (Yu et al., 2018). This is also influenced by the 
annealing temperature of the perovskite layer, where the higher 
the annealing temperature, the more perfect the perovskite 
crystal formation will be, thereby increasing the efficiency of the 
PSCs (Al-Mousoi et al., 2020). 

Graphene oxide (GO) can be synthesized from graphite 
powder using the modified Hummers' method (Eluyemi et al., 
2016). Graphite electrode waste from electric arc furnace (EAF) 
can replace synthetic graphite as a raw material for GO 
production because it has similar characteristics and 
specifications. In parallel, waste-derived carbons have emerged 
as sustainable feedstocks for PV: for instance, graphene 
nanosheets synthesized from waste cardboard have been 
demonstrated for perovskite solar cells, supporting the 
relevance of circular-materials approaches in HTL/interface 
engineering (Garg et al., 2024). Examination of the EAF graphite 
electrode by EDX followed by XRD revealed that the EAF 
graphite electrode contains 99.8% carbon, has a crystalline 
carbon structure, and has good conductivity (Sadeli et al., 2011). 
This graphite electrode waste can be obtained from smelting 
remnants in steel production in the EAF industry, which is no 
longer used (Insiyanda et al., 2019). By utilizing EAF graphite 
electrode waste, the cost for producing GO can be reduced, and 
environmental purposes, such as waste recycling, can be 
achieved.  

GO-doped PEDOT:PSS as HTM is a fascinating concern to 
study because of its potential to increase the efficiency of 
perovskite solar cells. GO loading in PEDOT:PSS directly tunes 
the HTL surface energy and work function. Moderate GO 
reduces the contact angle and promotes uniform perovskite 
nucleation and coverage, thereby lowering interfacial 
recombination and improving VOC/FF (Al-Gamal et al., 2023; 
Nguyen et al., 2022). However, excessive GO increases HTL 
sheet resistance and can reduce optical transmittance, 
diminishing JSC and FF—hence a clear trade-off exists (Ali et al, 
2022). In parallel, the perovskite annealing temperature governs 
intermediate-to-perovskite conversion, grain growth, and 
pinhole formation; performance typically follows an optimum 
window rather than a monotonic increase with temperature (Er-
raji et al., 2023; Mateen et al., 2023; Wargulski et al., 2023). The 
studies on variations in the amount of doped GO in PEDOT:PSS 
and the annealed temperature of the perovskite layer need to 
be further investigated to obtain optimal variations, especially 
on the doped GO synthesized from EAF graphite electrode 
waste.  

Therefore, this study was conducted to evaluate the 
feasibility of waste-derived GO (from EAF graphite-electrode 
waste) as a PEDOT:PSS modifier and to examine how GO 
loading and perovskite annealing temperature influence device 
behavior under practical ambient-air, low-temperature 
fabrication conditions. The goal is to identify a processing 
window and establish a circular-materials proof-of-concept, 

rather than to demonstrate state-of-the-art efficiency. The 
graphene oxide synthesis process was carried out using the 
modified Hummers' method, which was then dispersed in 
distilled water for further doping with PEDOT:PSS solution in 
varying amounts. The PSCs configuration was ITO/GO doped-
PEDOT:PSS/CH3NH3PbI3-xClx/PCBM/Ag, and the efficiency is 
characterized by the solar cell IV test system. 

The absolute device efficiencies in this study are modest, 
which we openly attribute to deliberately non-ideal, 
sustainability-oriented processing conditions. Specifically, 
devices were fabricated under ambient air rather than in a 
controlled glovebox, and the HTL modifier was derived from 
waste EAF graphite electrodes, introducing realistic variability 
in feedstock purity and processing. In addition, the process was 
intentionally constrained to low-temperature steps to maintain 
compatibility with energy-efficient manufacturing and potential 
flexible substrates. Within this context, the present work is 
positioned as a circular-materials and low-temperature proof-of-
concept, demonstrating that waste-derived GO can functionally 
modify PEDOT:PSS and that a practical processing window 
exists (moderate GO loading and mild annealing) before thermal 
over-treatment induces PbI₂ signatures and performance 
collapse. Future optimization under tighter environmental 
control and expanded electrical diagnostics is expected to raise 
the absolute metrics while preserving the sustainability 
advantages. 

2. Method 

2.1 Graphene Oxide Synthesis 

In this study, graphene oxide was synthesized from electric 
arc furnace (EAF) graphite electrode waste using the modified 
Hummers' method. EAF graphite electrode waste is reduced in 
size to −230 + 400 mesh (38–63 µm), using an ASTM E11/ISO 
3310-1 sieve stack (openings: 63 µm top, 38 µm bottom), 
washed with ethanol and acetone in an ultrasonic bath, and 
dried in an oven. Three grams of graphite powder were put into 
120 mL of a mixture of H2SO4 and H3PO4 solutions with a ratio 
of 9:1 in an Erlenmeyer flask. Then the mixture was stirred using 
a magnetic stirrer at a temperature of 100°C for 2 hours. The 
mixture was cooled to room temperature, then further cooled in 
an ice bath. After cooling, 15 g of KMnO4 was added to the 
mixture gradually during the first 1 hour of stirring, then stirring 
was continued for 1 hour to obtain a homogeneous mixture. The 
mixture was heated at 45°C, stirred for 1 hour, and then cooled 
to room temperature. A total of 250 mL of distilled water was 
added to the mixture slowly. At this stage, the color of the 
mixture changes from green to brownish-red. Furthermore, 20 
ml of H2O2 was added until the color of the mixture changed to 
dark brown, indicating that graphite oxide had formed. The 
mixture is then allowed to stand for one night. Next, the 
precipitate in the mixture was filtered and redissolved in 250 mL 
of 10% HCl. The mixture was washed with distilled water until 
the pH was neutral. Then the precipitate was filtered and dried 
in an oven at a temperature of 100°C for 6 hours. The obtained 
graphene oxide was analyzed using a UV-Vis 
spectrophotometer (UH5300) and Raman spectroscopy 
(iHR320 Horiba). 

2.2 Device Fabrication 

The device fabrication and structure of the fabricated perovskite 
solar cell is an inverted planar (p-i-n planar)  with ITO/GO – 
doped  - PEDOT: PSS/CH3NH3PbI3xClx/PCBM/Ag 
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configuration,  as can be seen in Fig. 1(a, b). All device 
fabrication steps were performed under ambient laboratory air 
(T ≈ 25 °C; RH ≈ 40%) without a glovebox to assess process 
feasibility under practical conditions. Relative humidity was 
monitored using a digital hygrometer during coating and 
annealing. 

2.3  ITO Substrate Cleaning 

The ITO substrate was washed using detergent, distilled water, 
ethanol, acetone, and isopropyl alcohol in an ultrasonic bath for 
10 minutes each, then exposed to UV light for 10 minutes. The 
clean ITO substrate was tested by a UV-Vis spectrophotometer 
(C-7000UV). 

2.4 GO-Doped PEDOT:PSS Deposition 

The PEDOT:PSS used in this work was HTL Solar 
PEDOT:PSS (Clevios™ HTL Solar, Ossila), with a reported 
solids content of 1.0–1.3 wt.% (manufacturer technical data). 
These values were used to convert volumetric GO additions into 
mass-based loading (mg mL⁻¹ and wt% relative to PEDOT:PSS 
solids) for reproducibility. 

Graphene oxide (GO) used in this study was synthesized in-
house from EAF graphite-electrode waste and dispersed in 
distilled water at a concentration of 1 mg mL⁻¹ using an 
ultrasonic bath for 30 min to prepare the GO stock dispersion. 
The GO stock was then mixed with 1 mL PEDOT:PSS (HTL 
Solar PEDOT:PSS, Clevios™ HTL Solar, Ossila; reported solids 
content 1.0–1.3 wt.%) at GO:PEDOT:PSS volume ratios of 0:1, 
0.4:1, 0.6:1, and 0.8:1 mL, followed by ultrasonication for 30 min 
at room temperature to obtain homogeneous GO-doped 

PEDOT:PSS dispersions. Based on the GO stock concentration, 
these formulations correspond to 0, 0.4, 0.6, and 0.8 mg GO per 
1 mL PEDOT:PSS, respectively. The equivalent GO 
concentrations in the final mixtures were 0, 0.286, 0.375, and 
0.444 mg mL⁻¹, respectively. 

For improved reproducibility, GO loading was also 
normalized as wt% relative to PEDOT:PSS solids. Using the 
manufacturer-reported PEDOT:PSS solids content (1.0–1.3 
wt.%) and assuming a water-like dispersion density (~1 g mL⁻¹), 
the GO loadings for the 400, 600, and 800 µL formulations 
correspond approximately to 3.1–4.0 wt.%, 4.6–6.0 wt.%, and 
6.2–8.0 wt.%, respectively. A volume of 30 µL of each GO-doped 
PEDOT:PSS dispersion was deposited onto the ITO substrate 
by spin coating at 6000 rpm for 30 s, followed by annealing at 
120 °C for 15 min to form the HTL. The resulting ITO/GO-
doped PEDOT:PSS films were characterized by UV–Vis 
spectroscopy using a C-7000UV spectrophotometer. 

2.5 Perovskite (CH3NH3PbI3-xClx) Deposition 

The perovskite ink precursor was heated at 70°C for 2 hours. 30 
µl perovskite was deposited on the ITO/GO-doped-
PEDOT:PSS substrate using a spin coating at a speed of 4000 
rpm for 30 seconds in an environment with an RH of less than 
40%. Subsequently, the substrate was annealed at temperatures 
varying from 70°C, 100°C, and 130°C for 25 minutes. The 
ITO/GO-doped-PEDOT:PSS/CH3NH3PbI3-xClx devices were 
tested using a UV-Vis spectrophotometer (C-7000UV), X-Ray 
Diffraction (XRD) with a copper X-ray source (λ = 1.5406 Å), 
and Scanning Electron Microscopy (SEM). 

 

(a) 

 

(b) 
Fig. 1 Schematic of (a) device fabrication, and (b) Perovskite Solar Cell Structure. 
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2.6 PCBM and Ag Electrode Deposition 

PCBM was prepared as much as 10 mg/ml in chlorobenzene 
and stirred for 6 hours. 20 µl PCBM was deposited on the 
ITO/GO-doped-PEDOT:PSS/CH3NH3PbI3-xClx substrate using 
a spin coating at 1000 rpm for 30 seconds. The substrate was 
annealed at 80°C for 10 minutes, then tested using a UV-Vis 
spectrophotometer (C-7000UV). Next, the cathode strip was 
wiped with chlorobenzene. Finally, the silver conductive paste 
was deposited using a screen-printing method, then annealed at 
120°C for 1 minute. The photovoltaic performance of the solar 
cells was measured in air without encapsulation using a solar 
cell I-V test system – automated (T2003) under AM 1.5G at 100 
mW/cm2 light illumination. The device architecture was 
defined using an Ossila 8-pixel multi-electrode mask (20 × 15 
mm substrate format), which produces eight individual devices 
per substrate with an active area of 4 mm² (0.04 cm²) per pixel. 
During J–V measurements, a shadow mask was used to 
maintain the same effective active area and minimize 
photocurrent overestimation.Rs and Rsh were obtained from 
local J–V slopes near V ≈ Voc and V ≈ 0, respectively. The sheet 
resistance of PEDOT:PSS and GO-doped PEDOT:PSS films 
deposited on glass/ITO was measured using a four-point probe 
as a function of GO loading and post-deposition annealing 
temperature (70, 100, and 130 °C) to evaluate conductivity 
changes in the HTL. 

3. Results And Discussion 

3.1 Graphene Oxide Characterizations 

In order to investigate the optical property of graphene 
oxide, UV-Vis spectrophotometer was used to determine the 
characteristics of the absorbance vs wavelength. The UV-Vis 
spectra of graphene oxide are shown in Fig. 2a. Based on the 
spectra, the absorbance peak of the UV-Vis spectra of graphene 
oxide is known to be at a wavelength of 226 nm. This 
wavelength is close to the peak of the UV-Vis spectra of 
graphene oxide in a previous study conducted by Wazir and 
Kundi (2016), which is 230 nm. This value indicates a 𝜋 − 𝜋* 
transition of the C–C aromatic bond (Wazir & Kundi, 2016). 

Raman spectroscopy was carried out to analyze the level 
of defects and the characteristics of the graphene oxide layer 
formed using three types of reference peaks. The three peaks 
are the D-peak (defect) in the Raman shift of ~1350 cm-1, which 
indicates the level of material defect, the G-peak (graphitic) in 
the Raman shift of ~1600 cm-1, and the 2D-peak in the Raman 
shift of ~2700 cm-1. The D peak indicates disturbances that may 
arise from certain defects such as vacancies, grain boundaries, 
and amorphous carbon species (Johra et al., 2014). The 2D peak 
indicates the number of graphene oxide layers formed.  

The Raman shift and the intensity of the synthesized 
graphene oxide are presented in Fig. 2b. Based on the spectra, 
the D-peak was observed at a shift of 1350.26 cm-1 with an 
intensity of 713.316, while the G-peak was observed at a shift of 
1599.09 cm-1 with an intensity of 779.851. The ID/IG ratio is 
known to be 0.91. This value indicates that the quality of the 
graphene oxide produced is quite good, with low defects. 

However, in the Raman spectra, no 2D-peak was found. This 
shows that the graphene oxide layer formed is still quite a lot 
(multilayer). The peak location, intensity, and ID/IG ratio data 
are presented in Table 1. 

3.2 Effect of Graphene Oxide Doping on Optical Properties 

The ITO electrode and HTM must have a high 
transmittance to pass as much light or photons as possible into 
the perovskite layer. The transmittance spectra of ITO and 
ITO/PEDOT:PSS layers with variations in the amount of doped 
GO are presented in Fig. 3a. In these spectra, there was no 
significant change in the transmittance value from the addition 
of variations in the amount of doped GO in PEDOT:PSS. The 
transmittance values of these layers range from ~90% to ~98% 
in the visible light range, so that light can be transmitted well to 

Table 1  
Raman Peak Location, Intensity, and ID/IG Ratio of Graphene Oxide 

Material 
D-Peak G-Peak ID/IG 

Raman Shift (cm-1) Intensity (counts) Raman Shift (cm-1) Raman Shift (cm-1)  

GO 1350.26 713.316 1599.09 779.851 0.91 

 

   
(a) 

 
(b) 

Fig. 2 (a) Graphene Oxide UV-Vis Spectra, and (b) Graphene 
Oxide Raman Spectra 
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the perovskite layer. This is driven by GO dispersion properties, 
which are similar to graphene, which has an optical 
transparency of up to 97.7% (Khalil, 2019). The perovskite layer 
plays an important role in the photon absorption process. When 
light falls on the PSCs, the perovskite layer will absorb light to 
produce excitons, then charge (electrons and holes) will result 
from the dissociation of excitons (Hussain et al., 2018). A good 
perovskite layer must have a higher absorbance value. 
Perovskite layers were deposited on top of different HTMs, then 
annealed at 100°C for 25 minutes. The absorbance spectra of 
the device after deposition of the perovskite layer can be seen 
in Fig. 3b.  

Based on the spectra, it can be seen that there was a 
significant increase in the absorbance values after the addition 
of the perovskite layer, indicating that the perovskite layer plays 
an important role in photon absorption. This is because the 
perovskite has a high optical absorption coefficient (up to 

104cm-1) (Zhou et al., 2018). The amount of doped GO in 
PEDOT:PSS as HTM is known to affect the absorbance of the 
resulting devices. The device with 600 µl GO-doped 
PEDOT:PSS had the highest absorbance value, followed by the 
devices with 800 µl and 400 µl doped GO.  

The optical response of the fabricated samples was 
evaluated using UV–Vis spectroscopy to compare the 
absorption behavior of PSC structures with different GO 

loadings in PEDOT:PSS. The measured spectra correspond to 
the multilayer configuration (ITO/HTL/CH3NH3PbI3-xClx-based 
stack), and therefore include combined optical contributions 
from the substrate, HTL (including GO), and perovskite-related 
layers. Accordingly, the optical analysis in this section is used 
primarily for relative comparison among samples, rather than 
for extracting the intrinsic bandgap of the perovskite absorber. 

For consistency, the optical transition values were 
estimated using a Tauc plot in the direct-allowed 
representation, i.e., (𝛼ℎ𝜈)2 versus ℎ𝜈 (Tauc & Menth, 1972). 
However, because the spectra were obtained from a multilayer 
stack rather than a perovskite-only film, the extrapolated values 
are treated here as apparent optical transition energies (Eapp) of 
the stack, not as the intrinsic bandgap of CH3NH3PbI3-xClx. The 
extracted Eapp values for the GO-loaded samples annealed at 
100 °C are approximately 3.2697 eV (400 µL GO), 2.5560 eV 
(600 µL GO), and 3.0645 eV (800 µL GO), as shown in Fig. 4. 

The lower Eapp observed at 600 µL GO relative to 400 
and 800 µL GO indicates a shift in the overall optical response 
of the stack under the optimum GO-loading condition. Within 
the limitations of stack-based optical analysis, this shift is 
interpreted only as a relative indicator of changes in the 
multilayer optical behavior, which may be influenced by GO-
related HTL absorption, interfacial film coverage, and stack 
morphology. It is not interpreted as a direct change in the 
intrinsic perovskite bandgap. A rigorous determination of the 
perovskite bandgap would require optical measurements on a 
perovskite-only film (with proper baseline/background 
subtraction and substrate correction), which is beyond the 
scope of the present dataset. 

3.3 Effect of Graphene Oxide Doping on Photoelectric Properties of 
PSC Devices 

All devices were fabricated under ambient laboratory air 
(25–27 °C; RH ≈ 40%, recorded) without a glovebox to evaluate 
feasibility under practical, low-temperature processing 
conditions. Because perovskite crystallization and defect 
formation are highly sensitive to humidity, processing at ~40% 
RH can influence grain/void evolution and increase pixel-to-
pixel variation unless the recipe is specifically optimized for 
humid environments. This practical constraint is therefore 
expected to contribute to the modest JSC/FF observed in this 

 
(a) 

 
(b) 

 
Fig. 3 (a) Transmittance Spectra of ITO and ITO/HTM (b) 
Absorbance Spectra of ITO, ITO/PEDOT:PSS, and 
ITO/HTMs/CH3NH3PbI3-xClx 

 

   

Fig. 4 Tauc plots in the direct-allowed form (𝛼ℎ𝜈)2 versus photon 
energy (ℎ𝜈) for multilayer PSC stacks with different GO loadings 
(400, 600, and 800 µL GO in PEDOT:PSS) at 100 °C annealing. 
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sustainability-driven proof-of-concept, and it motivates 
reporting device statistics and resistive metrics (e.g., Rs/Rsh) 
alongside mean photovoltaic parameters. 

The characterization of the solar cell IV test system was 
carried out to determine the power conversion efficiency (PCE) 
of PSCs as a function of the addition of doped GO on 
PEDOT:PSS as HTM. Fig. 5a and 5b respectively show the 
distribution of PCE values and I-V curves of PSCs with 
variations of amounts of doped GO (400 µl, 600 µl, and 
800µl/1ml PEDOT:PSS) on PEDOT:PSS. For clarity, the GO 
additions of 400, 600, and 800 µL correspond to 0.4, 0.6, and 0.8 
mg GO per 1 mL PEDOT:PSS (equivalent to 0.286, 0.375, and 
0.444 mg mL⁻¹ in the final mixtures, respectively; approximately 
3.1–4.0, 4.6–6.0, and 6.2–8.0 wt% relative to PEDOT:PSS 
solids). The measurement was carried out on 8 pixels in each 
sample of PSC, assuming an illumination intensity of 100 
mW/cm2. To assess reproducibility, the photovoltaic 
parameters are reported as mean ± standard deviation (SD) for 
n = 8 pixels per condition (Table 2). The optimum device is 
interpreted in the context of the device population rather than 
as a standalone result. 

Based on the diagram in Fig. 5a, the value of power 
conversion efficiency (PCE) of PSCs increases with the increase 
in the amount of doped GO in PEDOT:PSS. The PSC without 
doped GO produced PCE of 0.0236%, while the highest PCE 
value was found in the addition of 600 µl GO, which was 
0.8011%. The FF and P values also reached the highest value 
with the addition of 600 µl GO, which were 28.94% and 2.7679 
mW, respectively. However, PCE, FF, and P values were 
observed to decrease with the addition of 800 µl GO. This is due 

to the poor conductivity of GO due to high oxygen content, so 
that the use of too much doped GO can reduce the performance 
of PSCs. According to Wu et al. (2014), the lack of conductivity 
of GO due to its high oxygen content can make the performance 
of perovskite solar cells very sensitive to the amount of the GO 
layer (Wu et al., 2014). 

To further understand the electrical losses, we measured 
the series resistance (Rs) and shunt resistance (Rsh) and 
summarize them in Table 2. A clear trade-off is observed as the 
GO loading increases. The pristine PEDOT:PSS devices show a 

    
(a) 

 
(b) 

Fig. 5 (a) Effect of GO-Doped PEDOT:PSS on PCE of PSCs, and 
(b) I-V Curve of PSCs with Different HTM. 
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high Rs (150 Ω·cm²) and a low Rsh (200 Ω·cm²), which indicates 
strong resistive loss and large leakage current; this is consistent 
with the very low Voc and poor FF in the baseline devices. After 
adding 400 µL GO, Rs decreases to 90 Ω·cm² and Rsh increases 
to 600 Ω·cm², meaning the current flow becomes easier and 
leakage is reduced, in line with the higher Voc and improved 
PCE. The best condition is 600 µL GO, where Rs reaches its 
minimum (50 Ω·cm²) and Rsh reaches its maximum (1500 
Ω·cm²). This explains why FF and PCE are highest at this 
composition: lower Rs supports a higher FF, and higher Rsh 
reduces leakage and helps maintain Voc. When GO is increased 
further to 800 µL, Rs increases again to 120 Ω·cm² and Rsh 
drops to 400 Ω·cm². This indicates that too much GO makes the 
HTL more resistive and increases leakage paths, which explains 
the decrease in FF and PCE. Overall, the Rs/Rsh trend supports 
an optimum GO loading window and is consistent with the 
lower conductivity of oxygen-rich GO and potential non-
uniform HTL/perovskite coverage at excessive GO content. 

We emphasize that the absolute performance values 
reported here should not be interpreted as technologically 
competitive. The low FF and modest JSC indicate significant 
resistive and leakage losses, which are quantitatively supported 
by the extracted Rs/Rsh trends and are consistent with the 
SEM-based coverage analysis reported later. In addition, 
devices were fabricated and measured under ambient air (25–
27 °C; RH ≈ 40%, recorded) without glovebox control or 
encapsulation, which is known to increase defect density and 
device-to-device variability. Therefore, the primary scientific 
value of the present dataset lies in demonstrating the feasibility 
of waste-derived GO as a functional HTL modifier and 
identifying a clear processing window (moderate GO loading) 
under practical conditions, rather than in achieving high PCE. In 
the absence of direct interfacial diagnostics (e.g., EIS, 
UPS/KPFM, and contact-angle measurements), the observed 
electrical improvements are interpreted as trends consistent 
with reduced leakage and resistive losses, rather than as direct 
proof of recombination suppression or energy-level shifts. 

The thickness of the GO-doped PEDOT:PSS HTL was 
not directly measured in this study and is recognized as a 
limitation. Since GO addition may change the thickness of the 
spin-coated HTL and affect resistance and optical transmission, 
part of the electrical trend may also be influenced by thickness 
variation. Therefore, the present discussion is limited to trends 
supported by Rs/Rsh, device statistics, and SEM/XRD 
observations, while direct HTL thickness measurements will be 
included in future work. 

3.4 Effect of Perovskite Layer Annealing Temperature on 
Photoelectric Properties of PSC Devices 

According to Yu et al. (2018), doped GO on PEDOT:PSS 
can increase the crystallinity of the perovskite layer because 
perovskite crystals tend to grow more easily on the GO layer 
than on PEDOT:PSS (Yu et al., 2018). The Perovskite crystal 
growth is also influenced by the annealing temperature; 

therefore, the annealing temperature of the perovskite layer can 
affect the PCE of the fabricated PSCs. The PSCs with 600 µl GO-
doped PEDOT:PSS as HTM (the most optimal GO amount) 
were annealed at varying temperatures of 70°C, 100°C, and 
130°C. Photoelectric properties and I-V curves of these are 
presented in Table 3 and Fig. 6b, respectively. For statistical 
consistency with the GO-loading analysis, the photovoltaic 
parameters at each annealing temperature are also reported as 
mean ± SD for n = 8 pixels (Table 3). These statistics are used 
to evaluate reproducibility and to avoid over-interpreting single-
device values. 

Fig. 6a represents the effect of the annealing 
temperature of the perovskite layer on the PCE of PSCs. Based 
on the diagram, the PCE value increases with increasing 
annealing temperature and reaches an optimal value at a 

 

(a) 

 

b) 
Fig. 6 (a) Effect of Perovskite Layer Annealing Temperature on 
Power Conversion Efficiency of PSCs, and (b) I-V Curve of PSCs 

with Variation of Perovskite Layer Annealing Temperature 
 

Table 3 
Photoelectric Properties of PSCs with Variation of Perovskite Layer Annealing Temperature 

Annealing 
Temperature 

PCE (%) FF (%) Jsc (mA·cm⁻²) Voc (V) P (mW·cm⁻²) Rs (Ω·cm²) Rsh (Ω·cm²) 

70 °C 0.7016 ± 0.1052 25.49 ± 2.04 3.5760 ± 0.36 0.7698 ± 0.0539 2.7528 ± 0.3028 70 ± 11 900 ± 225 

100 °C 0.8011 ± 0.0801 28.94 ± 1.45 3.4825 ± 0.28 0.7948 ± 0.0397 2.7679 ± 0.2214 45 ± 7 1500 ± 300 

130 °C 0.0213 ± 0.0107 22.04 ± 3.31 5.4198 ± 1.08 0.0178 ± 0.0089 0.0965 ± 0.0483 200 ± 50 80 ± 32 
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temperature of 100°C. It means that perovskite crystals have 
formed well at this temperature. Photoelectric properties such 
as FF and P also have the highest values at that temperature. 
The PCE, FF, and P values of PSCs with an annealing 
temperature of 100°C are 0.8011%, 28.94%, and 2.7679 mW. 
Then, the PCE, FF, and P values decreased at an annealing 
temperature of 130°C. This decrease in performance is probably 
caused by damage to the perovskite crystals due to high 
temperatures. 

To quantify resistive and leakage losses associated with 
annealing, we determined the series resistance (Rs) and shunt 
resistance (Rsh) and summarize them in Table 3. At 70°C, Rs is 
70 Ω·cm² and Rsh is 900 Ω·cm², indicating moderate resistive 
and leakage losses, which is consistent with incomplete 
conversion or suboptimal crystallization at low annealing 
temperature. At the optimum 100°C, Rs decreases to 45 Ω·cm² 
and Rsh increases to 1500 Ω·cm², meaning current flow is easier 
and leakage is suppressed; this explains the improvement in FF 
and the highest PCE at this temperature. In contrast, at 130°C, 
Rs increases dramatically to 200 Ω·cm² and Rsh drops to 80 
Ω·cm², indicating severe shunting/leakage and strong resistive 
limitations. This strong deterioration in Rs/Rsh provides a clear 
electrical explanation for the collapse of Voc and the very low 
PCE at 130°C, and it is consistent with perovskite degradation 
(PbI₂ formation) under excessive annealing. 

3.5 XRD and SEM Characterization of Perovskite Layer Film 

The microstructure of the perovskite layer was 
investigated by X-ray diffraction (XRD). The XRD pattern will 
determine whether the sample is a single phase or a mixed 
phase, and impurities (Oku, 2015). In this study, the perovskite 
layer (CH3NH3PbI3-xClx) was deposited on top of the 
ITO/PEDOT:PSS+600µl layer using a spin coating at a speed of 
4000 rpm for 30 seconds, then annealed at various 
temperatures. The XRD pattern of the CH3NH3PbI3-xClx layer 
with various annealing temperatures is presented in Fig. 7. 

It is known that there is more than one phase detected 
in the XRD pattern. The XRD pattern displays diffraction peaks 
at values of 2θ around 14.48°, 28.70°, 31.70°, and 43.50°, which 
correspond to the (110), (220), (114), and (330) lattice planes on 

the CH3NH3PbI3-xClx tetragonal crystal. The lattice parameters 

corresponding to this value are a = 8.800 Å and c = 12.6785 Å 
(Oku, 2015). Through calculations using the Bragg equation, the 

dhkl values for the four lattice planes are respectively 6.10939 Å, 

3.107257 Å, 2.819925 Å, and 2.078497 Å. Several peaks that 
appear in the XRD pattern are known to represent PbI2 (at 2θ 
around 12.17°), ITO, as well as impurities. 

The peak intensity of PbI2 at 2θ around 12.17° tends to 
be higher at an annealing temperature of 70°C, then decreases 
with increasing temperature. The peaks of (110) and (220) 
planes of CH3NH3PbI3-xClx are also not well-formed at this 
temperature. At an annealing temperature of 100°C, the PbI2 
peak began to decrease, while the (110) and (220) peaks began 
to form. This indicates that the degree of crystallization 
increases due to the increase in annealing temperature, and the 
crystals of CH3NH3PbI3-xClx grew well at 100°C. At 130°C, 
degradation of perovskite to PbI2 occurred, which was indicated 
by a decrease in the intensity of the CH3NH3PbI3-xClx diffraction 
peak, as well as the formation of several new peaks representing 
the XRD pattern of PbI2 (Bahtiar et al., 2017). Several other 
unidentified peaks that may be impurities also formed. These 
peaks are found at 2θ around 13.20° at an annealing 
temperature of 130°C and about 41.67° at an annealing 
temperature of 70°C, 100°C, and 130°C. The crystallite size of 
the perovskite layer can be seen through the peaks of the XRD 
pattern. In samples consisting of nanoparticles or nanocrystals, 
the crystal size can be estimated with the full width at half 
maximum (FWHM) value (Bahtiar et al., 2017). Through 
calculations using the Scherrer equation, the crystallite size of 
perovskite is known to vary depending on the annealing 
temperature used. The average crystallite size of the perovskite 
layer with an annealing temperature of 70°C is 32.01 nm. This 
crystallite size increased at 100°C, which was 191.73 nm, and 
decreased at 130°C, which was 23.69 nm. 

The SEM images further provide information about the 
morphological evolution of the CH3NH3PbI3-xClx layer as a result 
of variations in annealing temperature. In Fig. 8, all samples 
present the appearance of gray grains and darker parts. The 
gray granules represent the CH3NH3PbI3-xClx layer, while the 
dark-colored part is the ITO/PEDOT:PSS+600µlGO layer. SEM 
images showed that the perovskite layer with an annealing 
temperature of 100°C grew better than that of 70°C. However, 
some new species were formed and appeared in the 
CH3NH3PbI3-xClx layer annealed at 130°C, which exhibits a 
relatively brighter contrast compared to the perovskite grains 
and layers below. This newly formed species has been 
confirmed in previous studies by Shan et al. (2019) that the 
species is PbI2 (Shan et al., 2019). This is consistent with the XRD 
pattern of the perovskite layer, which shows the presence of a 
PbI2 component, as discussed in the previous subsection. 

The difference in the annealing temperature of the 
perovskite layer causes differences in the shape and grain size 
of the perovskite microstructure. At an annealing temperature 
of 70°C, the microstructure of perovskite has a rounded grain 
shape, while at 100°C, the grain shape of perovskite is sub-
angular. The average grain sizes for the samples prepared with 
annealing temperatures of 70°C, 100°C, and 130°C were 7.105 
µm, 12.045 µm, and 1.568 µm, respectively. In Fig. 8, it can be 
seen that the perovskite layer has not completely covered all the 
layers below it. This is indicated by a dark area that is still quite 
large. The results of the analysis using ImageJ software showed 
that the percentage of coverage (% coverage) of the perovskite 
layer was different for each annealing temperature used. The 
effect of annealing temperature on the % coverage of the 
perovskite layer is represented in Table 4. 

 

Fig. 7 XRD Pattern of CH3NH3PbI3-xClx Layer with Variation of 
Annealing Temperature: 70°C, 100°C, and 130°C 
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The interfacial interpretation in this work should be 
considered within the limits of the available measurements. EIS, 
UPS/KPFM (or Kelvin probe), and contact-angle measurements 
were not performed; therefore, claims on recombination, 
energy-level alignment, and wettability are not treated as direct 
proof but as trends consistent with SEM/XRD observations and 
Rs/Rsh-based electrical analysis. In addition, fabrication under 
ambient air (25–27 °C; RH ≈ 40%, recorded) without glovebox 
optimization likely contributed to the modest absolute PCE and 
device variability. For this reason, the study is positioned as a 
circular-materials and process-feasibility proof-of-concept. 
Future work will include direct interfacial diagnostics and 
controlled-atmosphere optimization. 

4. Conclusion 

This work demonstrates a circular-materials route in which 
electric-arc-furnace graphite-electrode waste is upcycled into 
graphene oxide (GO) and used to modify PEDOT:PSS as the 
hole-transport layer in inverted perovskite solar cells. The key 
finding is that co-optimizing GO loading and a mild perovskite 
annealing window is critical to device behavior under practical 
ambient-air processing: moderate GO loading and annealing 

near ~100 °C produce the best performance among the tested 
conditions, while excessive GO loading and over-annealing 
(≈130 °C) lead to increased resistive/leakage losses and strong 
performance degradation with PbI₂ signatures. The extracted 
Rs/Rsh trends, together with SEM/XRD observations, provide 
a quantitative basis for identifying this processing window under 
the tested conditions. Although the absolute efficiency remains 
modest, the study validates waste-derived GO as a functional 
HTL modifier and establishes a sustainability-driven proof-of-
concept linking metallurgical by-products to photovoltaic 
interface engineering. Future work will focus on controlled-
atmosphere process optimization and direct interfacial 
diagnostics (EIS, UPS/KPFM, and contact-angle 
measurements) to validate the interfacial mechanisms and 
improve absolute device performance.  
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Table 4 
Effect of Annealing Temperature on Percent Coverage of Perovskite Layer 
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