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Supplementary Figures
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Fig. S1 Inductively coupled plasma optical emission spectroscopy (ICP-OES) analysis of Co content (wt%) in CN and Co1/CN samples
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Fig. S2 AFM image and corresponding height profiles along the blue line in d of the few-layer Co1/CN
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Fig. S3 XPS spectra of the Co1/CN samples. (a) Co 2p, (b) O 1s
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Fig. S4 FT-EXAFS fitting curve of the Co1/CN sample, and k³-weighted EXAFS oscillation (χ(k)) and fitting curve for the Co1/CN sample
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Fig. S5 (a) Schematic representation of the NC structure based on DFT simulations, showing nitrogen (blue) dopant atoms embedded within the carbon (brown) lattice. (b) Schematic representation of the Co1​/CN structure based on DFT simulations, where a single cobalt atom (pink) is bonded to nitrogen atoms (blue) within the carbon lattice (brown)
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Fig. S6 (a) Band structure and partial density of states (PDOS) of CN. The left side shows the band structure, illustrating the variation of electron energy with the wavevector, revealing the band gap. The right side presents the partial density of states for C and N atoms, where the shaded grey area represents the total density of states (DOS), and the red and blue lines correspond to contributions from carbon and nitrogen, respectively. The Fermi level is set to zero. (b) Band structure and partial density of states (PDOS) of Co1​/CN. The left side displays the band structure, with green lines indicating the contribution of cobalt atoms. The right side shows the partial density of states for C, N, and Co atoms, where the shaded grey area represents the total density of states (DOS), and the red, blue, and green lines correspond to contributions from carbon, nitrogen, and cobalt, respectively. The Fermi level is set to zero.
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Fig. S7 UPS spectra of the Co1/CN and CN samples
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Fig. S8 Schematic representation of the setup used for LSV testing
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Fig. S9 Electrical conductivity comparison between CN and Co1/CN electrodes, measured using the four-point probe method
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Fig. S10 Structural schematic diagram of Co1/CN and CN devices
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Fig. S11 The cross-sectional SEM images of C-PSCs using CN and Co1/CN electrodes
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Fig. S12 J-V curve of the CN device with forward and reverse scanning
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Fig. S13 The statistical distributions of PCE, Voc, Jsc, and FF for C-PSCs using different Co content (wt%)
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Fig. S14 Incident photon-to-current efficiency spectra of CN
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Fig. S15 The statistics of photoelectric performance parameters (PCE, Jsc, Voc, fill factor (FF)) distribution for 20 devices
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Fig. S16 PL and TRPLcurves of perovskite films with CN or Co1/CN
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Fig. S17 Nyquist curves of C-PSCs as well as their fitting curves and the equivalent circuit
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Fig. S18 Dark J-V curves of modular C-PSCs
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Fig. S19 TPV curves of the C-PSC devices with Co1/CN and CN as carbon electrode
Table S1 Detailed elemental composition of the Co1/CN and CN samples as determined by X-ray photoelectron spectroscopy (XPS), highlighting the atomic-level dispersion of Co atoms, which are present in concentrations too low to be detected by XPS
	Sample
	Atomic percentage (at%)

	
	C
	N
	O
	Cl
	Co

	CN
	90.6
	6.08
	2.3
	1.02
	-

	Co1/CN
	91.16
	5.53
	2.37
	0.72
	0.22


Table S2 Fitting parameters of Co K-edge EXAFS curve
	Sample
	Path
	N
	R (Å)
	2 (10-3Å2)
	E0 (eV)
	R-factor

	sample
	Co-N
	3.6±0.4
	1.86±0.01
	7.2±1.1
	-3.3±1.2
	0.001

	
	Co-C
	2.0±0.4
	2.55±0.02
	
	
	

	sample
	Co-N
	4.1±0.4
	1.87±0.01
	8.4±1.2
	-0.9±1.2
	0.001

	
	Co-Co
	0.5±0.2
	2.42±0.02
	
	-36.6±1.9
	


Table S3 Comparison of photovoltaic parameters against other common back electrode materials
	Common back electrode materials
	VOC
(V)
	JSC
（mA cm-2）
	FF
(%)
	PCE
(%)
	Work function (eV)
	Refs.

	Carbon paste
	1.05
	23.50
	79.10
	19.52
	/
	[S1]

	Carbon paste
	1.14
	24.30
	68.90
	19.00
	5.0
	[S2]

	Carbon paste
	1.02
	25.00
	79.00
	20.07
	5.0
	[S3]

	Carbon paste 
	1.13
	20.47
	79.00
	18.27
	5.0
	[S4]

	Carbon paste
	1.11
	23.70
	76.00
	19.20
	5.0
	[S5]

	Carbon paste
	1.19
	18.45
	81.56
	17.88
	5.0
	[S6]

	Carbon paste
	1.13
	24.00
	78.00
	21.20
	/
	[S7]

	Carbon paste
	1.14
	20.40
	81.64
	19.08
	5.0
	[S8]

	Carbon paste
	1.06
	25.60
	82.00
	22.20
	/
	[S9]

	Carbon paste
	1.61
	7.82
	82.46
	10.40
	5.0
	[S10]

	Carbon paste
	1.08
	24.16
	78.00
	20.41
	5.0
	[S11]

	[bookmark: OLE_LINK16]Carbon paste
	1.13
	19.84
	82.30
	18.48
	/
	[S12]

	Carbon paste
	1.09
	24.10
	77.60
	20.40
	5.0
	[S13]

	[bookmark: OLE_LINK17][bookmark: OLE_LINK18]Carbon paste 
	1.13 
	 22.95
	74.20
	19.30
	5.0
	[S14]

	Carbon paste 
	1.08
	18.70
	76.40
	15.35
	/
	[S15]

	Carbon paste
	1.07
	21.34
	67.29
	15.40
	/
	[S16]

	Carbon paste
	1.19
	14.20
	76.21
	12.89
	5.0
	[S17]

	Carbon paste
	1.09
	23.46
	74.7
	19.10
	/
	[S18]

	Carbon black
	1.09
	24.66
	72.10
	19.41
	/
	[S19]

	Carbon black
	1.00
	24.60
	82.00
	20.09
	/
	[S20]

	Graphene
	1.08
	25.90
	78.00
	22.07
	4.31
	[S21]

	Co1/CN
	1.11
	25.30
	80.51
	22.61
	4.24
	Our work
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