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HIGHLIGHTS

• Atomically dispersed metal atoms effectively enhance energy level alignment and reduce energy losses at the electrode interfaces.

• The optimized carbon-based perovskite solar cells achieve a power conversion efficiency (PCE) of 22.61% and maintain 94.4% of 
their initial PCE after 1000 h under continuous illumination without encapsulation.

ABSTRACT Carbon-based perovskite solar cells (C-PSCs) exhibit nota-

ble stability and durability. However, the power conversion efficiency 
(PCE) is significantly hindered by energy level mismatches, which result 
in interfacial charge transport barriers at the electrode-related interfaces. 
Herein, we report a back electrode that utilizes atomically dispersed metal-
lic cobalt (Co) in carbon nanosheets  (Co1/CN) to adjust the interfacial 
energy levels. The electrons in the d-orbitals of Co atoms disrupt the 
electronic symmetry of the carbon nanosheets (CN), inducing a redistri-
bution of the electronic density of states that leads to a downward shift in 
the Fermi level and a significantly reduced interfacial energy barrier. As 
a result, the C-PSCs using  Co1/CN as back electrodes achieve a notable 
PCE of 22.61% with exceptional long-term stability, maintaining 94.4% 
of their initial efficiency after 1000 h of continuous illumination without 
encapsulation. This work provides a promising universal method to regu-
late the energy level of carbon electrodes for C-PSCs and paves the way for more efficient, stable, and scalable solar technologies toward 
commercialization.
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1 Introduction

Despite the rapid advancements in perovskite solar cells 
(PSCs) efficiency, achieving high stability and durability 
in these devices remains a significant challenge [1–5]. In 
carbon-based perovskite solar cells (C-PSCs), carbon elec-
trodes, characterized by stable C–C covalent bonds, effec-
tively suppress undesirable reactions that undermine device 
stability [6–10]. For example, they mitigate the corrosion 
between metal electrodes and halide ions [11–14], as well 
as other harmful chemical reactions triggered by halide ion 
migration, thus preventing the degradation of the perovskite 
solar cells [15–18]. However, C-PSCs face substantial chal-
lenges in attaining high power conversion efficiency (PCE) 
comparable to their metal-based counterparts [19–22]. The 
main barrier arises from energy losses at the electrode inter-
faces, which can be attributed to three key factors: First, 
carbon electrodes exhibit inherently lower conductivity com-
pared to metals, resulting in slower charge transport; sec-
ond, they present a higher density of both macroscopic and 
microscopic defects, which notably trap and scatter charges; 
and third, there is an energy level mismatch between the 
carbon electrodes and adjacent functional layers.

Traditional doping methods that employ non-metal atoms, 
such as phosphorus (P), oxygen (O), and boron (B), can par-
tially modulate the work function and conductivity of carbon 
materials [23–28], thus improving the performance of the 
device. For example, doping multi-walled carbon nanotubes 
with boron (B) to better align the energy levels at the per-
ovskite/carbon interface has been shown to increase the effi-
ciency of C-PSCs from 10.7% to 15.2% [26]. Additionally, 
an oxygen management strategy that increases the oxygen 
content in carbon black enhances energy level alignment 
at the perovskite/carbon interface, substantially improving 
hole extraction. This approach increased the open-circuit 
voltage (Voc) from 0.88 to 0.98 V, thereby boosting the PCE 
from 13.6% to 15.7% [27]. Building on these advancements, 
carbon-based single-atom materials (CSAMs) present even 
greater electrical tunability due to several factors: a wider 
selection of metals, more diverse and controllable coordina-
tion structures, and the rich structural diversity of the car-
bon substrates. Although most CSAMs have been applied 
in catalysis, only a few research teams have investigated 
their potential in solid-state optoelectronic devices [29, 30], 
where promising results have been observed. Nevertheless, 

the potential of CSAMs in the optoelectronic field remains 
largely unexplored and demands further development.

Hence, we present the use of CSAMs as the back electrode 
in C-PSCs. Specifically, atomically dispersed metallic Co is 
anchored to nitrogen (N) atoms on carbon nanosheets  (Co1 
/CN) in awell-defined Co-N4 configuration. Density func-
tional theory (DFT) calculations reveal that the electrons in 
the d-orbitals of Co atoms disrupt the electronic symmetry 
of the carbon nanosheets (CN), inducing a redistribution 
of the electronic density of states that leads to a downward 
shift in Fermi level and a significantly reduced interfacial 
energy barrier, which aligns with our experimental findings. 
Consequently,  Co1/CN-based devices achieved an impres-
sive PCE of 22.61% in C-PSCs. It provides a promising uni-
versal method to improve the PCE of C-PSCs and will also 
enable advances in large-scale production of such materials 
and devices across a wide range of applications.

2  Experimental Section

2.1  Materials

All materials and reagents were obtained from commer-
cial suppliers without further purification. The materi-
als used included HC(NH2)2I (FAI, Greatcell Energy, 
Australia),  CH3NH3Cl (MACl, Xi’an Yuri Solar Co., 
Ltd., China), lead iodide  (PbI2, Advanced Electron Tech-
nology Co., Ltd., China), and 2,2′,7,7′-tetrakis (N,N-di-
p-methoxyphenylamine)-9,9′-spirobif luorene (Spiro-
OMeTAD, Borun New Material Technology Co., Ltd., 
China). Additionally, 4-tert-butylpyridine (TBP, TCI, Japan) 
was also used. Moreover, bis(trifluoromethane)sulfonim-
ide lithium salt (Li-TFSI), anhydrous dimethylformamide 
(DMF), anhydrous dimethyl sulfoxide (DMSO), anhydrous 
chlorobenzene (CB), and anhydrous isopropyl alcohol (IPA) 
were all purchased from Sigma-Aldrich, USA. Fluorine-
doped tin dioxide (FTO, 15 Ω  sq−1) was custom-made by 
Suzhou Shangyang Solar Technology Co., Ltd., China. Glu-
cose (from Shanghai Aladdin Biochemical Technology Co., 
Ltd.), melamine (from Tianjin Damao Chemical Reagent 
Factory), acetylacetonate cobalt (from Shanghai Aladdin 
Biochemical Technology Co., Ltd.), and potassium chlo-
ride (from Tianjin Damao Chemical Reagent Factory) were 
also used.
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2.2  Preparation of  Co1/CN and CN

The  Co1/CN material was synthesized using a molten salt-
assisted pyrolysis method. Initially, 1.0 g of glucose and 
1.0 g of melamine were used as carbon and nitrogen precur-
sors, respectively, while 10.0 g of potassium chloride (KCl) 
was used as the molten salt medium. A precise amount of 
cobalt acetylacetonate was prepared for incorporation into 
the system. All solid components were combined and trans-
ferred into a ball milling jar with an appropriate amount of 
milling beads. The mixture was ball-milled at a frequency 
of 50 Hz for 5 min, repeating the process for five cycles to 
ensure thorough homogenization of the solid mixture. After 
ball milling, the homogeneous powder was separated from 
the milling beads and transferred to an alumina boat. The 
sample was placed in a tube furnace and calcined under an 
argon atmosphere. Calcination was conducted at 900 °C 
for 6 h with a controlled heating rate of 3 °C  min−1. Once 
the furnace cooled to room temperature, the resulting solid 
underwent acid washing with 1 M hydrochloric acid (HCl) 
to remove residual salts and unwanted metal particles. The 
washed solid was filtered, dried, and collected as a black 
powder designated as  Co1/CN. This method enables kilo-
gram-scale production. For comparison, the CN sample was 
synthesized using the same procedure, but without the addi-
tion of cobalt acetylacetonate. This process yielded CN, the 
cobalt-free counterpart for subsequent analyses.

2.3  Fabrication of Modular  Co1/CN and CN C‑PSCs

Fluorine-doped tin oxide (FTO) substrates (1.9 × 1.9  cm2) 
were initially sonicated in deionized water, ethanol, and iso-
propanol for at least 10 min. After cleaning, the substrate 
was dried at 60 °C in an oven and treated with UV-ozone for 
15 min to enhance surface wettability and remove organic 
impurities. Next, 40 μL of  SnO2 sol was deposited onto the 
conductive substrate and spin-coated at 2000 rpm for 30 s. 
The substrate was briefly annealed at 80 °C for 10 min. 
Then, 100 μL of ammonia solution  (NH3·H2O) was gently 
added, left to stand for 10 s, and spin-coated at 2000 rpm for 
20 s to remove excess ammonia. The substrate was annealed 
again at 80 °C for 100 min. All processes were conducted 
under ambient conditions (RH ≈ 30%). The perovskite 
layer was prepared via a two-step method. In a nitrogen-
filled glove box, 1.5 M  PbI2 was dissolved in a DMF/DMSO 

mixed solvent (9:1 volume ratio) and stirred at 100 °C for 
30 min. Separately, 270 mg of FAI and 36 mg of MACl 
were dissolved in 3 mL of isopropanol (IPA) and stirred 
for 30 min. Both precursor solutions were filtered through 
0.22 μm PTFE filters before use. The prepared  SnO2 electron 
transport layer (ETL) was treated with UV-ozone for 15 min. 
In the nitrogen glove box, 35 μL of  PbI2 precursor solution 
was spin-coated at 1500 rpm for 30 s and annealed at 70 °C 
for 40 s to form the  PbI2 layer. After cooling, 100 μL of the 
organic salt precursor solution was spin-coated at 1700 rpm 
for 30 s and annealed at 90 °C for 20 s. The films were then 
annealed at 150 °C for 15 min under ambient conditions (RH 
≈ 30%). For preparing the hole transport layer (HTL) solu-
tion, 43.38 mg of Spiro-OMeTAD was dissolved in 600 μL 
of chlorobenzene. Once fully dissolved, 17.5 μL of TBP and 
10.5 μL of a lithium salt-acetonitrile solution (520 mg  mL−1) 
were added sequentially. Then, 12 μL of Spiro-OMeTAD 
solution was spin-coated onto the perovskite layer to form 
the HTL. A carbon slurry, either based on CN or  Co1/CN, 
was sprayed onto the assembled half-cell (FTO/ETL/per-
ovskite/HTL) and the FTO substrate, followed by heating 
on a hot plate at 85 °C to facilitate solvent evaporation. The 
resulting half-cell A (FTO/ETL/perovskite/HTL/carbon) and 
collector B (FTO/carbon) were stacked together using retain-
ing clips to form a modular C-PSC.

2.4  Characterizations

X-ray diffraction (XRD) was conducted using a SmartLab 
9KW diffractometer with Cu Kα X-rays (λ = 1.5406 Å) 
to obtain phase information. Field emission transmission 
electron microscopy (TEM) images were acquired using an 
F200 from Japan Electronics Co., Ltd. (JEOL). Inductively 
coupled plasma optical emission spectroscopy (ICP-OES) 
was performed on an Optima 2000DV from PerkinElmer. 
X-ray photoelectron spectroscopy (XPS) experiments were 
carried out using an ESCALB XI + from Thermo Fisher Sci-
entific. High-angle annular dark-field scanning transmission 
electron microscopy (HAADF-STEM) and corresponding 
energy-dispersive spectroscopy (EDS) mapping analyses 
were performed on a JEOL ARM-200F(S) TEM, which 
is equipped with a CEOS CESCOR aberration corrector 
and operates at an accelerating voltage of 80 kV. The con-
vergence semi-angle and acquisition semi-angle for ADF 
imaging were 28–33 and 68–280 mrad, respectively. The 
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microstructures of the carbon electrodes were observed 
using a field-emission scanning electron microscope (JSM-
7610F Plus, Hitachi, Japan). XPS measurements were 
conducted using a Kα X-ray photoelectron spectrometer 
(Thermo Scientific). Photoluminescence (PL) measurements 
were carried out using an FLS1000 spectrometer (Edinburgh 
Instruments, UK). The thickness of the carbon films was 
measured using atomic force microscopy (AFM) with a 
Dimension FastScan system (Bruker, USA).

2.5  X‑Ray Absorption Fine Structure Measurements

The X-ray absorption fine structure (XAFS) spectra at the 
Co K-edge were collected at the BL14W1 beamline of 
the Shanghai Synchrotron Radiation Facility (SSRF). Data 
acquisition was performed in fluorescence mode utilizing 
a Lytle detector, while corresponding reference samples 
were collected in transmission mode. The samples were 
ground and uniformly applied to a specialized adhesive 
tape. Hard X-rays were monochromatized using a Si(111) 
double-crystal monochromator, and harmonic rejection 
mirrors were employed for detuning to eliminate harmon-
ics. All samples were pelletized into disks with a diameter 
of 8 mm, and the XAFS spectra were recorded in fluores-
cence mode with the Lytle detector. The acquired EXAFS 
data were processed following standard procedures using 
the ATHENA module within the IFEFFIT software pack-
age. The  k2-weighted χ(k) data in k-space, ranging from 
2.5 to 10.6 Å−1, were Fourier transformed into real (R) 
space using a Hanning window (dk = 1.0 Å−1) to distin-
guish the EXAFS contributions from different coordina-
tion shells. Effective backscattering amplitudes F(k) and 
phase shifts Φ(k) for all fitting paths were calculated using 
the ab initio code FEFF8.0.

2.6  Characterization of Solar Cells

Electrochemical impedance spectroscopy (EIS) measure-
ments were conducted under dark conditions utilizing an 
electrochemical workstation (Zennium Zahner, Germany). 
The current density–voltage (J–V) curves, which reflect 
the photovoltaic performance of carbon-based perovs-
kite solar cells (C-PSCs), were obtained using a Source 

Measure Unit (SMU) instrument (2400, Keithley Series, 
USA) under AM 1.5G 1-sun illumination (100 mW  cm−2) 
provided by a solar simulator (Sol3A Class AAA, Oriel, 
Newport, USA) in an ambient atmosphere. Before test-
ing, the intensity of the solar light source was calibrated 
against an ISO-17025 standard calibrated reference silicon 
cell (91150 V-KG3, Newport, USA), and the active area of 
the device during measurements was defined using a metal 
mask with an area of 0.049  cm2. The external quantum 
efficiency (EQE) spectra were recorded with a quantum 
efficiency measurement system (QE-R, Enlitech, China). 
To assess the long-term operational stability of the carbon-
based perovskite solar cells, a photovoltaic attenuation test 
system (PVLT-6001 M-16A, Suzhou D&R Instruments 
Co., Ltd., China) was employed, which operated under 
maximum power point (MPP) tracking and a continuous 
white LED light source (1-sun intensity) within a nitrogen 
glove box.

3  Result and Discussion

3.1  Synthesis and Characterization of  Co1/CN CSAMs 
via Molten Salt‑Mediated Pyrolysis

In this work, we successfully synthesized  Co1/CN CSAMs 
using a molten salt-mediated pyrolysis method. The 
detailed synthesis process is depicted in Fig. 1a. Specifi-
cally, melamine  (C3H6N6) and glucose  (C6H12O6) were 
used as nitrogen and carbon sources, respectively. Cobalt 
acetylacetonate  (C10H16CoO4) served as the metal pre-
cursor, while potassium chloride (KCl) acted as an aux-
iliary medium during pyrolysis. The precursor materials 
were subjected to pyrolysis under an argon atmosphere 
in a tubular furnace. After thermal treatment, the result-
ing solid mixture was ground, acid-washed, filtered, and 
dried to yield the target sample,  Co1/CN. A control sample 
(CN) was prepared using the same procedure but without 
the addition of the metal precursor (see Experimental Sec-
tion for details).

To confirm successful synthesis and assess the struc-
tural integrity of the  Co1/CN and CN samples, we first 
conducted XRD analysis, shown in Fig. 1b. Both samples 
exhibited characteristic diffraction peaks corresponding 
to graphitic carbon, with no detectable peaks from other 
phases [31]. The absence of additional peaks suggests 



Nano-Micro Lett.          (2025) 17:125  Page 5 of 13   125 

that Co atoms in the  Co1/CN material are likely present 
in very low concentrations and are highly anchored on the 
CN. Given the low Co content inferred from XRD results, 
we conducted an ICP-OES analysis to precisely quantify 
the Co concentration in  Co1/CN (Fig. S1). The analysis 
revealed a Co content of 0.8 wt%, confirming the low con-
centration of Co and supporting the hypothesis of atomic 
anchored on the CN. To further investigate the elemental 

composition and confirm the state of Co in the samples, we 
conducted XPS analysis (Fig. 1c). The detailed elemental 
composition, determined by XPS, is presented in Table S1.

The morphology of the synthesized materials was exam-
ined by SEM (Fig. 1d). Both NC and  Co1/CN samples 
exhibited a wrinkled, sheet-like morphology, with no 
significant pores observed on the surface; moreover, the 
morphology did not change substantially after Co loading. 

Fig. 1  Synthesis and Characterization of  Co1/CN CSAMs. a Schematic illustration of the synthesis process for  Co1/CN via molten salt-medi-
ated pyrolysis. b XRD patterns of CN and  Co1/CN samples. c XPS spectra of CN and  Co1/CN samples. d SEM image showing the morphology 
of the  Co1/CN sample. e, f HRTEM image showing the morphology of the  Co1/CN sample. g Selected area electron diffraction (SAED) pattern 
of the  Co1/CN sample
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This suggests that the presence of Co does not significantly 
alter the overall morphology of the carbon support. The 
AFM image in Fig. S2 reveals that the few-layer  Co1/CN 
sheet-like morphology has a randomly measured thick-
ness of approximately 1.21 nm. TEM analysis (Fig. 1e, 
f) provided further evidence of the ultrathin CN, showing 
no large defects or pores, consistent with SEM observa-
tions. High-resolution TEM (Fig. 1f) revealed the stacking 
of multilayer graphene sheets, while the corresponding 
selected area electron diffraction (SAED) pattern (Fig. 1g) 
showed no crystalline diffraction spots, indicating that the 
material is predominantly amorphous. These results imply 
that Co atoms are atomically dispersed within the carbon 
matrix.

3.2  Fine Structure Analysis of  Co1/CN CSAMs

The atomic dispersion of Co atoms on  Co1/CN was con-
firmed by HAADF-STEM (Fig. 2a). The resulting images 
displayed bright spots uniformly distributed throughout the 
CN, which correspond to Co atoms. To further investigate 
the chemical states of elements, XPS analysis was conducted 
in the  Co1/CN sample (Fig. 2b). The Co 2p spectrum of 
 Co1/CN in Fig. S3 indicates the successful incorporation 
of Co atoms. Additionally, the deconvoluted N 1s spectrum 
revealed five distinct peaks corresponding to oxidized nitro-
gen (402.8 eV), graphitic nitrogen (401.2 eV), pyrrolic nitro-
gen (399.8 eV), pyridinic nitrogen (398.4 eV), and Co–N 
bonds (399.1 eV) [32–34].

X-ray absorption spectroscopy was employed to study the 
coordination of Co in  Co1/CN. Figure 2c displays the X-ray 
absorption near-edge structure (XANES) spectra of the Co 
K-edge in Co foil, CoPc, CoO, and  Co1/CN. The XANES 
spectra reveal distinct absorption peaks at positions A1 to 
A4, characteristic of Co atoms coordinated with pyridinic 
nitrogen. This observation suggests that the Co atoms in the 
 Co1/CN sample are predominantly coordinated by nitrogen 
atoms in a planar configuration, similar to the coordina-
tion observed in cobalt phthalocyanine (CoPc). Further-
more, the energy position of the absorption edge in  Co1/CN 
closely aligns with that of CoPc, indicating that the oxida-
tion state of Co in the sample is primarily + 2. The Fourier-
transformed extended X-ray absorption fine structure (FT-
EXAFS) spectra, presented in Fig. 2d, provide additional 
confirmation of the local atomic structure. The pronounced 

peak at approximately 1.36 Å corresponds to the first coor-
dination shell of Co–N bonds, signifying that the Co atoms 
are directly coordinated with nitrogen atoms in the carbon 
matrix. This coordination is characteristic of CSAMs, where 
metal atoms are stabilized by strong metal-nitrogen inter-
actions, preventing aggregation into nanoparticles. The 
absence of a peak at around 2.17 Å, which would corre-
spond to Co–Co bonds, further confirms that the Co atoms 
are atomically dispersed and not clustered, reinforcing the 
conclusion that  Co1/CN functions as a CSAMs. Quantita-
tive curve-fitting analysis was performed using different two-
shell structural models: (a) Co–N and Co–C shell, (b) Co–N 
and Co–Co shell. Based on our comprehensive fittings, we 
found that the curve-fitting results using the structural mod-
els with and without the contribution of Co–C show a big 
difference. As shown in Figs. 2e, f and S4, also in Table S2, 
the structure model including the Co–C scatter gives the 
minor FT peak at about 1.90 Å (without phase shift correc-
tion). The fitted interatomic distance RCo-C at 2.54 Å matches 
well with the second-shell Co–C in atomic  Co1-N4C4 moiety 
[35]. In contrast, the two-shell Co–N and Co–Co structural 
model gives rise to rather negative (-36.6 eV) inner potential 
shift (ΔE0) of the Co–Co scatter, indicating that the fit is 
unrealistic. Therefore, the contribution from the Co–N and 
Co–C scatters could be evident, and we can safely conclude 
that a dominant majority of Co atoms are in the form of 
isolated  Co1-N4 species in the  Co1/CN sample.

3.3  Electronic Properties of  Co1/CN Electrode

The electronic structures of CN and  Co1/CN were inves-
tigated using DFT calculations. As shown by the partial 
density of states (PDOS) analyses in Fig. 3a, b, the signifi-
cantly higher electron density of  Co1/CN near the Fermi 
level compared to CN indicates higher electrical conduc-
tivity. Additionally, the electronic density of states in the 
 Co1/CN system exhibits pronounced spin polarization. The 
electrons in the d-orbitals of Co atoms disrupt the electronic 
symmetry of the CN, inducing a redistribution of the elec-
tronic density of states that leads to a shift in the Fermi level. 
Furthermore, the band structure analysis supports these find-
ings (Figs. S5 and S6). The band structure of undoped CN 
shows a distinct bandgap, reinforcing its non-metallic char-
acter. However, the introduction of Co atoms transforms the 
band structure, with the bandgap near the Fermi level either 
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Fig. 2  Fine Structure Analysis of  Co1/CN CSAMs a HAADF-STEM image of the  Co1/CN sample. b XPS N 1s spectrum of the  Co1/CN sam-
ple, showing the deconvoluted peaks corresponding to various nitrogen species. c Normalized X-ray absorption near-edge structure (XANES) 
spectra at the Co K-edge for  Co1/CN and reference samples. d Fourier-transformed extended X-ray absorption fine structure (FT-EXAFS) spec-
tra at the Co K-edge for  Co1/CN and reference samples. e FT-EXAFS fitting curve of the  Co1/CN sample, with the inset showing the proposed 
coordination structure. f k3-weighted EXAFS oscillation (χ(k)) and fitting curve for the  Co1/CN sample
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closing or substantially reducing, indicating a transition 
to metallic behavior. The electrostatic potential along the 
z-axis and detailed parameters were calculated for CN and 
 Co1/CN. The theoretical calculations of the work function 

(Fig. 3e, f) show an increase from 3.37 eV for CN to 4.17 eV 
for  Co1/CN. Ultraviolet photoelectron spectroscopy (UPS) 
analysis demonstrated an increase in the work function 
from 4.09 eV for CN to 4.24 eV for  Co1/CN (Fig. S7). The 

Fig. 3  Electronic Properties of  Co1/CN and CN samples. The partial density of states (PDOS) for a CN and b  Co1/CN. c LSV characteristics 
of CN and  Co1/CN. d Schematic representation of the energy levels. e, f Electrostatic potential profile for CN and  Co1/CN along the z-direction
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energy difference between the Fermi levels of CN and Spiro-
OMeTAD (Fermi level: -4.25 eV) [36] was 0.16 eV, poten-
tially creating a significant energy barrier for charge transfer. 
However,  Co1/CN reduced this difference to just 0.01 eV, 
effectively minimizing the energy barrier and facilitating 
more efficient hole transfer at the interface (Fig. 3d). These 
theoretical predictions are corroborated by linear sweep 
voltammetry (LSV) measurements, where devices with an 
FTO/Co1/CN structure exhibit significantly steeper slopes 
compared to those with FTO/CN (Figs. 3c and S8). This 
indicates that the  Co1/CN sample shows a notably higher 
current density and, therefore, superior conductivity relative 
to undoped CN, especially at lower voltages, consistent with 
the DFT-calculated band structure analysis. Additionally, 
four-point probe resistance measurements further confirm 
this enhanced conductivity, as  Co1/CN exhibits significantly 
lower sheet resistance compared to the CN sample. Specifi-
cally, the conductivity of  Co1/CN (approximately 15,000 S 
 cm−1) is more than twice that of CN (approximately 7,000 
S  cm−1) (Fig. S9).

3.4  Performance Evaluation of  Co1/CN as an Electrode 
Material in Perovskite Solar Cells

The photovoltaic performance of PSCs incorporating  Co1/
CN as an electrode material was systematically evaluated 
using n-i-p structured devices. These devices consisted of 
FTO/SnO2/Perovskite/Spiro-OMeTAD/Co1/CN for half-
cell A and FTO/Co1/CN for half-cell B, stacked under con-
trolled pressure (Fig. S10). A cross-sectional SEM image 
of the device interface, displayed in Fig. S11, shows the 
thickness and morphology of the perovskite layer on top. 
The CN-based devices exhibited significant enhancements, 
achieving a maximum PCE of 18.35%, an open-circuit volt-
age (Voc) of 1.07 V, a short-circuit current density (Jsc) of 
25.20 mA  cm−2, and a fill factor (FF) of 68.07% (Fig. S12). 
Specifically, the optimized Co content of  Co1/CN-based 
devices achieved a PCE of 22.61%, a Voc of 1.11 V, a Jsc 
of 25.30 mA  cm−2, and an FF of 80.51% (Figs. 4a, b and 
S13). We have conducted a more detailed comparative analy-
sis of the  Co1/CN electrodes against other common back 
electrode materials used in similar applications, as shown 
in Table S3. Furthermore, the  Co1/CN-based devices of 
external quantum efficiency (EQE) measurements closely 
matched the Jsc values obtained from J-V testing (Figs. 4c 

and S14). Additionally, steady-state power output (SPO) 
measurements were conducted under continuous one-sun 
illumination to assess the long-term operational stability of 
the devices. The  Co1/CN-based devices achieved a stabi-
lized power output of 21.78% at their maximum power point 
(Vmax) after 100 s of illumination, significantly outperform-
ing the control devices. This result underscores the superior 
stability and sustained performance of the  Co1/CN-based 
devices under practical operating conditions (Fig. 4d). To 
ensure the reproducibility of these findings, multiple devices 
(20 control and 20 targets) were fabricated and tested. Statis-
tical analysis revealed consistent improvements in Voc, FF, 
and SPO across different batches, underscoring the reliabil-
ity of the performance enhancements (Figs. 4e and S15).

The improvement in Voc is primarily attributed to the 
enhanced energy level alignment between the  Co1/CN 
electrode and the Spiro-OMeTAD layer, as evidenced 
by UPS analysis. This improved alignment effectively 
reduces the interfacial energy barrier, thereby facilitating 
more efficient charge transfer and consequently increasing 
Voc. Photoluminescence and time-resolved PL measure-
ments were conducted using a glass/perovskite/Spiro-
OMeTAD/carbon test structure (Fig.  S16). The faster 
charge transfer observed with  Co1/CN electrodes can be 
attributed to the atomic-level dispersion of Co, enabling 
precise tuning of energy levels at the electrode/perovs-
kite interface and improved energy level alignment. This 
reduces energy barriers and minimizes recombination at 
the interface, ensuring efficient charge transfer. Moreover, 
Mott–Schottky analysis (Fig. 4f) reveals that the built-in 
potential (Vbi) of the control and  Co1/CN-based devices 
is 0.95 and 0.98 V, respectively, indicating an enhanced 
driving force for carrier transfer in the treated devices. 
Concurrently, the enhanced conductivity of the  Co1/CN 
CSAM, as demonstrated by both DFT calculations and 
LSV measurements, shows a significant increase in the 
density of states near the Fermi level and a steeper slope 
in the LSV curves, which leads to a reduction in series 
resistance and directly contributes to the improved FF. To 
analyze the impact on charge transfer dynamics, EIS was 
conducted on the C-PSCs, measured under dark condi-
tions using the configuration shown in Fig. 4g at a bias of 
0 V. Two distinct arcs are observed in the Nyquist plots, 
with their spans qualitatively reflecting the resistance 
associated with charge transfer and charge recombination 
kinetics. Compared to CN-based devices,  Co1/CN-based 
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devices exhibit smaller charge transfer resistance (Rtr) and 
larger charge recombination resistance (Rrec), both critical 
for high PCE. For quantitative assessment, Nyquist plots 
were fitted using a standard equivalent circuit to extract 
detailed impedance parameters (see Fig. S17). The  Co1/
CN-based devices demonstrate significantly lower sheet 
resistance Rs (from 24.50 to 22.85 Ω  cm2), confirming 
enhanced conductivity of  Co1/CN. The reduced Rtr (from 
110.3 to 54.76 kΩ  cm2) is attributed to interfacial charge 
transfer enabled by better energy level alignment, con-
tributing to the observed increase in Voc. Additionally, the 

increased Rrec (from 5126 to 6137 kΩ  cm2) indicates that 
interfacial charge recombination in the  Co1/CN devices 
has been effectively suppressed, further supporting supe-
rior performance. Furthermore, dark J-V measurements 
indicate that  Co1/CN-based devices exhibit lower dark cur-
rent densities, implying better rectification and reduced 
leakage currents (Fig. S18). This is further corroborated by 
transient photovoltage (TPV) measurements under open-
circuit conditions (Fig. S19), which show a prolonged car-
rier lifetime from 0.19 to 0.39 ms, suggesting suppressed 
charge carrier recombination. These improvements in 

Fig. 4  Performance evaluation of  Co1/CN as an electrode material in perovskite solar cells. a Current density–voltage (J-V) curves of the CN 
and  Co1/CN-based devices under standard one-sun illumination (AM 1.5G, 100 mW  cm−2). b Forward and backward J-V curves of the CN 
and  Co1/CN-based devices. c EQE spectra and the corresponding integrated Jsc for CN and  Co1/CN-based devices, demonstrating the spectral 
response across different wavelengths. d Stability test showing the PCE over time for CN and  Co1/CN-based devices. e Statistical distribution of 
PCE for CN and  Co1/CN-based devices. f Capacitance–voltage (C-V) characteristics of the CN and  Co1/CN-based devices, indicating the built-in 
potential (Vbi) derived from the Mott–Schottky analysis. g Nyquist plots derived from EIS measurements for CN and  Co1/CN-based devices. h 
Operational stability of the encapsulated C-PSC devices under continuous one-sun illumination
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leakage current suppression and charge carrier dynamics 
collectively contribute to achieving a higher FF.

These findings, supported by both theoretical and experi-
mental analyses, underscore the effectiveness of  Co1/CN as 
an advanced electrode material in significantly enhancing 
the overall performance of PSCs. We further investigated the 
impact of  Co1/CN on the operational stability of the device, 
assessing stability by tracking the maximum power point 
(MPP) under simulated one-sun illumination (Fig. 4h). The 
unencapsulated  Co1/CN-based device retained 94.4% of 
its initial PCE after 1000 h of continuous operation. More 
importantly, this study underscores the potential of CSAMs 
as outstanding candidates for use as electrode or interfacial 
layers in all-solid-state photovoltaics, likely to attract con-
siderable interest in future research.

4  Conclusions

In summary, we demonstrated a significant advancement 
in C-PSC through the introduction of atomically dispersed 
metallic Co on carbon nanosheets  (Co1/CN) as an innova-
tive back electrode. This approach effectively addressed the 
challenge of energy level mismatches that typically hinder 
the PCE of C-PSCs. The Co atoms interact with the elec-
tronic structure of CN, redistributing the electronic den-
sity of states and shifting the Fermi level downward. This 
adjustment led to a substantial reduction in the interfacial 
energy barrier, thereby improving charge transport at the 
electrode interfaces. Consequently,  Co1/CN-based devices 
achieved an impressive PCE of 22.61% in C-PSCs, coupled 
with remarkable long-term stability. These findings highlight 
the potential of CSAMs to regulate the energy levels of car-
bon electrodes, offering a versatile and scalable solution for 
enhancing both efficiency and stability in C-PSCs.
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