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Table 1. Photocatalytic H2O2 formation yields by oxygen reduction reaction with carbon-based metal-free photocatalysts.
	
	Catalyst
	Light source
	H2O2 yield
( μmol g-1 h-1 )
	AQY (%)
	AQY Wavelength (nm)
	Ref.

	1
	Carbon dots with Anthraquinone
(CD-AQ)
	AM 1.5 
(100 mW cm-2)
	2512
	26.4
	340
	This work

	2
	Carbon dot (CD)
	AM 1.5 
(100 mW cm-2)
	333
	2.82
	340
	This work

	3
	g-C3N4
	Xe lamp
( λ > 420 nm ),
 (light intensity at 420–500 nm: 26.9 W m–2)
	125
	23.0
	330
	S1

	4
	g-C3N4 / AQ-COOH
	AM 1.5 
(100 mW cm-2)
	361
	19.5
	380
	S2

	5
	DCN-15A
(Holey defective g-C3N4)
	AM 1.5
(λ > 420 nm)
	96.8
	11.0
	420
	S3

	6
	OCN
	Xe lamp
( λ > 420 nm ),
35.2 mW cm-2
	2920
	10.2
	420
	S4

	7
	g‐C3N4 / PDI‐BN0.2‐rGO0.05
	Xe lamp
( λ > 420 nm ),
 (light intensity at 420–500 nm: 43.3 W m–2)
	30.8
	7.3
	420
	S5

	8
	g-C3N4 / PDI / rGO0.05
	Xe lamp
( λ > 420 nm ),
 (light intensity at 420–500 nm: 43.3 W m–2)
	24.2
	6.1
	420
	S6

	9
	R370-CN 
(Reduced g-C3N4 prepared at 370 ℃)
	Xe lamp
( λ > 420 nm )
	170.0
	4.3
	420
	S7

	10
	PCNBA0.2
(Polymetric carbon nitride prepared by using barbituric acid and melem as precursors)
	Xe lamp
( λ > 420 nm ),
 (light intensity at 400–500 nm: 30.3 W m–2)
	39.7
	4.0
	420
	S8

	11
	PI5.0-NCN
(Assembling perylene imides on g-C3N4 nanosheets)
	Xe lamp
( λ > 420 nm ),
560 mW cm-2
	1200.0
	3.2
	> 420
	S9

	12
	PEI / C3N4
(Polyethylenimine onto carbonitride)
	AM 1.5 
(100 mW cm-2)
	208.1
	2.1
	420
	S10
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[bookmark: _Hlk52972102]Fig. S1 TEM images of bare CDs with a corresponding size distribution histogram counted 100 samples.
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Fig. S2 High-resolution UPS spectra of (a–c) CDs with varying the molar ratio of (a) 5:2, (b) 5:5, (c) 5:7, and (d) CD-AQ.



[image: ]
Fig. S3 (a-c) Tauc’s plots of (a) various CDs prepared in molar ratio of CA and EDA precursors and (b) CD-AQ to estimate their corresponding band gap energy (Eg). (c) Energy diagram of all CDs and CD-AQ.
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Fig. S4 (a-b) PL spectra as a function of excitation wavelength of (a) bare CD and (b) CD-AQ. (c-d) Excitation/emission contour plots of (c) bare CD and (d) CD-AQ. 
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Fig. S5 PL decay profile from ensemble time-correlated single photon counting (TCSPC) measurements for CD and CD-AQ (λex = 360 nm and λem = 450 nm).
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Fig. S6 (a-b) Calibration curves of (a) AQ and (b) CD using UV/vis spectra. (c-d) The corresponding absorbance maxima of (c) AQ and (d) CD at 256, 339, and 450 nm. 
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Fig. S7 UV/vis spectra of various CDs prepared in different ratios of CA and EDA precursors. The concentration of all CDs is fixed to 0.032 mg L-1.
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Fig. S8 Time-dependent profiles of H2O2 production on various CDs prepared in different ratios of CA and EDA precursors. 


[bookmark: _Hlk52721870][image: ]
[bookmark: _Hlk53957736]Fig. S9 Deconvoluted high-resolution XPS spectra of (a, c) C 1s and (b, d) N 1s for 5:2 and 5:7 CDs prepared in different molar ratios of CA and EDA precursors. The relative fraction in the chemical compositions of (e) C 1s and (f) N 1s for varying CDs (5:2, 5:5, and 5:7 of CA:EDA).




[image: C:\Users\GMS\Dropbox\GMS\10. 논문작업\20. CD-AQ for H2O2\1. Figure\Corel\Figure S6 - Performance of CD.png]
Fig. S10 Time-dependent profiles of H2O2 production by CD under various reaction conditions. Each experimental condition was under (red) O2-saturated with 10 vol% of ethanol with light irradiation, (orange) O2-saturated without ethanol and light irradiation, (gray) O2-saturated with 10 vol% of ethanol without light irradiation, and (green) Ar-saturated with 10 vol% of ethanol with light irradiation.
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[bookmark: _Hlk52792266]Fig. S11 (a) Normalized UV/vis spectra and (b) corresponding normalized absorbance at 258 nm of various CD-AQ nanohybrids prepared in different amounts of 2 mM AQ solution. (c) UV/vis spectra at a concentration of 12.7 mg L-1 and (d) time-dependent H2O2 production of various CD-AQ nanohybrids prepared in different amounts of AQ. A concentration solution of AQ (2 mM) in varying volume was used to functionalize the CD surface under otherwise identical conditions. Excess free AQ molecules were removed through an extensive dialysis process. The experimental conditions were as follows: [catalyst] = 0.07 g L-1, pHi = 6, 100 mW cm-2 (AM 1.5), [EtOH]0 = 10 vol% (as an electron donor), and O2-saturated.


[bookmark: _Hlk52809251][image: ]
[bookmark: _Hlk54052107][bookmark: _Hlk52808826]Fig. S12 Absorption spectrum (black) and apparent quantum yield (AQY, blue) of the photocatalytic H2O2 production as a function of wavelength on CD and CD-AQ. The experimental conditions were as follows: [catalyst] = 0.176 g L-1, [EtOH]0 = 10 vol%, and O2-saturated.

[bookmark: _Hlk52810731]AQY was obtained by illuminating the suspension of CD and CD-AQ while collecting the H2O2 produced in the presence of ethanol electron donor with monochromated light (λ = 340, 360, 380, and 420 nm).
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Fig. S13 Time-dependent profiles of H2O2 production by CD-AQ at various pH conditions.
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Fig. S14 Long-term performance in the production of H2O2 by CD-AQ under pH 3 and 6 for 12 h reaction. The experimental conditions were as follows: [catalyst] = 0.3 g L-1, [EtOH]0 = 20 vol%, 100 mW cm-2 (AM 1.5), and temperature = 4 °C.
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Fig. S15 (a) Photocatalytic H2O2 decomposition by CD, CD-AQ, and C3N4 at an initial concentration of 1.0 mM H2O2. (b) UV/vis spectra of CD with 10 vol% ethanol before and after light irradiation for 2 h. 

[bookmark: _Hlk53962701][image: ]
Fig. S16 Cyclic voltammetry of CD and CD-AQ. Inset shows a magnified CV of CD. All measurements were performed in an Ar- or O2-saturated 0.10 M KOH solution at a scan rate of 10 mV s-1. 



[bookmark: _Hlk52809442][image: ]
[bookmark: _Hlk54046783][bookmark: _Hlk52968775]Fig. S17 Nyquist plots of impedance on CD and CD-AQ in an Ar or O2-saturated dark condition. Inset represents an equivalent circuit. Experimental condition: 1.0 M NaHCO3 electrolyte was used at pH 7.8 and potential was applied at -0.35 V (vs. Ag/AgCl) in frequency range from 0.1 mHz to 0.5 Hz. 
[bookmark: _Hlk52968831] 
[bookmark: _Hlk52968093]Table 2. Summary of electrochemical impedance values of CD and CD-AQ.
	
	
Rs (Ω)

	
Rct (kΩ)
	Q

	
	
	
	Y0
(μMho*s^N)
	N

	CD (Ar)
	34.316
	38.345
	16.7
	0.852

	CD (O2)
	33.294
	15.629
	18.4
	0.845

	CD-AQ (Ar)
	31.205
	37.245
	17.7
	0.812

	CD-AQ (O2)
	31.962
	11.824
	16.7
	0.812


where Rs is solution resistance, Rct is charge transfer resistance, Y0 is base admittance and N is frequency exponent.


[image: C:\Users\GMS\Dropbox\GMS\10. 논문작업\20. CD-AQ for H2O2\1. Figure\Corel\Figure S11 - XPS.png]
Fig. S18. (a) High-resolution XPS spectra and (b) fitted spectra of the C 1s peak of CD during the progress of the reaction. (c-g) Deconvoluted high-resolution XPS spectra of the C 1s peak of CD at (c) 0 min, (d) 30 min, (e) 60 min, (f) 90 min, and (g) 120 min with the sample used in Fig. 3d. (h) The changes in the chemical compositions of CD during the progress of the photochemical reactions.
[image: ]
Fig. S19 (a) Free-energy diagram for two-electron ORR and (b) the atomic structures of the examined oxygen (ketone) and nitrogen (pyridinic-N (pydN) and pyrrolic-N (pyrN)) functional groups (carbon (gray), oxygen (red), nitrogen (blue), and hydrogen (yellow)) of CDa-ketone, CDa-ketone-pydN, and CDa-ketone-pyrN. a denotes the armchair edges of CD.
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Fig. S20 Proposed chemical mechanism involving the surface oxygen functional groups of carbon dots (CDs) as electron and proton donors upon photoexcitation.
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