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Experimental Section

Nitrogen-doped graphene (NG) fabrication: Graphene oxide (GO) was prepared from 

natural graphite powder (Sigma, 325 mesh) by a modified Hummer’s method. Pre-oxidation of 

graphite was carried out as reported by Kovtyukhova et al.,[1] followed by oxidation using the 

Hummer’s method.[2] Then nitrogen-doped graphene (NG) was fabricated from the GO 

precursor. The GO powder was firstly dispersed in deionized water to obtain a homogeneous 

GO aqueous dispersion (2.0 mg mL-1). Then, urea was added into the GO dispersion with a GO 

to urea weight ratio of 1:15 to serve as the nitrogen source. The prepared dispersion was then 

put into a 100.0 mL Teflon autoclave and hydrothermally treated at 180 oC for 18.0 h. After 

hydrothermal treatment, washing, filtering, and freeze-drying, and thus we obtained the NG.
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Table S1 Atomic concentration of C, N, and O of HG, NHG-1 and NHG-2.

Sample C (at%) N (at%) O (at%)

HG 97.65 0 2.35

NHG-1 96.39 1.09 2.52

NHG-2 94.13 2.85 3.02
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Table S2 Performance of nitrogen-doped nanocarbon-based CEs in DSSCs reported in recent 

literatures (based on I-/I3
- redox couple)

Sample
N 

content

Thick-

ness

(μm)

SBET

(m2 g-1)

PCE 

(%)

PCEPt

(%)

PCE/

PCEPt

Reference

Nitrogen-doped 
graphene (GO)

7.4 at% - - 5.4 5.1 1.058 1[3]

Nitrogen-doped 
graphene (GO)

- - - 4.75 5.03 0.944 2[4]

Nitrogen-doped 
graphene nanosheets

- 32 - 7.18 7.58 0.947 3[5]

Nitrogen-doped 
graphene (GO)

2.96 at% - 130 5.89 7.58 0.777 4[6]

Nitrogen-doped 
graphene foams

7.6 at% 30 436 7.07 7.44 0.950 5[7]

p-Doped three-
dimensional 

graphene
0.5 wt% - 1025 8.46 7.98 1.060 6[8]

Nitrogen-doped 
CVD graphene film

4.38 at% - - 3.12 6.93 0.450 7[9]

Nitrogen-doped 
graphene 

nanoribbons
2.80 wt% - 325 8.57 7.84 1.093 8[10]

Nitrogen-doped 
graphene

2.5 at% - 289 7.01 7.34 1.047 9[11]

Nitrogen doped 
porous graphene

9.39 at% - 163.7 6.8 7.0 0.971 10[12]

Nitrogen doped 
holey rGO

5.2 at% - 305.8 5.56 5.45 1.02 11[13]

Nitrogen-doped 
graphene nanosheets

5.79 at% - - 8.71 9.93 0.877 12[14]

N-doped GO (NG) 
aerogels

2.32 at% - 13 5.14 7.16 0.717 13[15]

Nitrogen-doped 
graphene sheets (N-

rGO)
2.5 at% - - 6.12 6.97 0.878 14[16]

N-doped porous 
graphene foams

11.65% 
(N/C)

- 479 4.5 4.9 0.918 15[17]
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Edge-nitrogenated 
graphene 

nanoplatelets
- 3.5 679 7.69 8.06 0.954 16[18]

Nitrogen doping 
reduced graphene 

oxide
7.31 at% - - 8.03 7.33 1.09 17[19]

Nitrogen-doped 
mesoporous carbon

4 at% 6.53 637 7.02 7.26 0.967 18[20]

N‑doped 
hierarchical hollow 
mesoporous carbon

4.05 at% 1743 6.38 7.19 0.887 19[21]

Nitrogen-doped 
ordered cubic 

mesoporous carbons
1.54 at% - 642 5.60 6.46 0.853 20[22]

N-doped 
macro/mesoporous 

carbon
5.3 at% - 728 7.27 6.92 1.05 21[23]

N-doped carbon 
nanotube arrays

3.76 at% 20 - 7.04 7.34 0.959 22[24]

Nitrogen-doped 
carbon nanotube-
based bilayer thin 

film

- 40 nm - 1.53 3.95 0.387 23[25]

N-doped graphene-
CNT

- - - 6.74 6.89 0.978 24[26]

N-doped holey 
graphene 2.85 at% 4.3 1874 9.07 8.19 1.108 Our work



 

6

Table S3 Photovoltaic parameters of DSSCs with Ar-HG, NG and NHG-2 CEs under 1 sun 

illumination (AM 1.5) and the simulated data from EIS

CE
Isc

(mA/cm2)

Voc

(V)
FF

PCE

(%)

Rs

(Ω cm2)

Rct

(Ω cm2)

Zpore

(Ω cm2)

Ar-HG 16.64 0.736 0.658 8.06 5.04 2.96 0.73

NG 15.47 0.736 0.596 6.78 6.69 5.25 0.64

NHG-2 17.19 0.744 0.709 9.07 5.03 1.92 0.62
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Fig. S1. Schematic illustration of preparation process of holey graphene (HG).
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Fig. S2. SEM (a) and TEM (b) images of pristine HG. c) A SEM image of NHG.
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Fig. S3. The schematic illustration of the ion-diffusion pathway across the hole.
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Fig. S4. A high resolution spectra of C1s for NHG-2.
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Fig. S5. (a) A TEM image of N-rGO, showing few in-plane edges in the graphene layers. (b) 

The XPS survey of N-rGO and the  high resolution spectra of N1s (inset).
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Fig. S6. A schematic diagram of the e-spray setup used for NHG counter electrode film 

fabrication (a) and SEM images of NHG CEs on FTO substrates (b, c).
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Fig. S7. Cyclic voltammograms curves of (a) NHG-2 electrode and (c) Pt electrode at various 

scanning rates (10, 20, 30, 40, and 50 mV/s), respectively. The peak current density of the left 

peak pairs as a function of the square root of the scan rates for NHG-2 (b) and Pt (d) electrode,  

respectively.
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Fig. S8. Schematic structure of a symmetric cell symmetrical dummy cell using 

two identical electrodes.
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Fig. S9. (a) Nyquist plots of impedance spectra on symmetrical dummy cell with NHG-2 

electrode at various applied biases. (b) An expansion of the high frequency region. The legend 

in (b) is for (a) as well.
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Fig. S10. IPCE spectra for DSSCs with NHG and Pt CEs. 
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Fig. S11. (a) Current-voltage characteristics of the DSSCs based on NHG electrodes with 

different plasma treatment time. (b) Plot of the PCE versus N2 plasma treatment time. 
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Fig. S12. (a) XPS survey of Ar-HG. (b) Raman spectra of Ar-HG.
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Fig. S13. (a) SEM and (b) TEM images of NG, showing few in-plane holes in the graphene 

layers. (c) The XPS survey of NG. (d) The high-resolution N1s XPS spectrum of NG. (e) The 

N2 sorption isotherms and pore size distribution of NG (inset). (f) Raman spectra of NG.
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Fig. S14. The other investigated structures of I atom adsorption on (a,b) QN-B; (c-f) QN-E); 

(g-i) PN; (j-l) PR, as well as the adsorption energy of I atom (Eads).The gray, blue, brown and 

white balls stand for C, N, I, and H atoms, respectively.
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Fig. S15. The other investigated structures of I atom adsorption on (a-c) C5; (d, e) C7; (f-m) 

C5+C7 as well as the adsorption energy of I atom (Eads). The gray, blue, brown and white balls 

stand for C, N, I, and H atoms, respectively.
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