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Characterization

AFM Image and profile:

Fig. S1. AFM cross section profile for Figure 1b and AFM analysis of the CNDs immobilized 

on the gold slide electrode surface.

 



XPS:

 

Fig. S2. High resolution O XPS spectrum and its simulated peak fit

Table S1. High resolution O XPS spectrum analysis

Name Start BE Peak BE End BE Height CPS FWHM eV Area (P) CPS.eV Area (N) TPP-2M Atomic %

O1s 544.99 530.95 525.01 159349.07 2.07 357909.21 0.86 84.81

O1s Scan A 544.99 532.59 525.01 26334.66 2.01 57238.62 0.14 13.57

O1s Scan B 544.99 537.53 525.01 3017.5 2.08 6788 0.02 1.61



Fig. S3. High resolution N XPS spectrum and its simulated peak fit

Table S2. High resolution N XPS spectrum analysis

Name Start BE Peak BE End BE Height CPS FWHM eV Area (P) CPS.eV Area (N) TPP-2M Atomic %

N1s 409.99 399.11 392.01 72523.1 1.98 155646.87 0.61 88.8

N1s Scan A 409.99 400.9 392.01 9222.81 1.96 19610.83 0.08 11.2

Table S3. Survey XPS spectrum analysis

Name Start BE Peak BE End BE Height CPS FWHM eV Area (P) CPS.eV Area (N) TPP-2M Atomic %

O1s 541.5 531.65 523 315606.48 3.92 1336206.35 0.85 27.1116

N1s 406 399.8 394.5 133751.39 3.68 527094.38 0.53 17.0188

C1s 293 286.14 278 184033.28 5.79 1065537.72 1.7 54.3737



Zeta potential:

Table S4. Zeta potential measurement of CNDs

pH Dispersion 

name

Dispersion 

refractive index

Temperature Zeta 

runs

Zeta

Potential

5.86 Water 1.330 25 °C 12 -22.3 mV

Quantum yield:

Table S5. Quantum yield measurement of CNDs

Sample Refractive index(η) Quantum yield(Q)

Quinine sulfate 1.33 0.54

CNDs 1.33 0.085

The quantum yield (Q) of as-prepared CNDs was investigated according to established 

methods1. Quinine sulfate (quantum yield 0.54 at 360 nm) dissolved in 0.1 M H2SO4 

(refractive index(ηR)=1.33) was chosen as reference. As-prepared CNDs were dispersed in 

deionized water (ηx=1.33). All samples were tested to obtain absorption intensities by UV-

Vis spectrometer (Varian Cary 6000i). In order to minimize re-absorption effects, the UV-Vis 

absorbance was kept under 0.1 OD, and the photoluminescence (PL) was measured at an 

excitation wavelength of 360 nm (Varian Cary Eclipse). The quantum yield was calculated 

based on the following equation: 

𝑄𝑥= 𝑄𝑅 ×
𝐼𝑥
𝐼𝑅
×
𝐴𝑅
𝐴𝑥
×
𝜂2𝑥

𝜂2𝑅



where Q is quantum yield, I is integrated PL intensity of the sample, A is the absorbance 

intensity, η is the refractive index for the solvent, X means as-prepared CNDs, and R refers to 

quinine sulfate as reference fluorophore. 

Bioimaging

Fig. S4. Confocal images of HepG2 cells cultured treated with CNDs (0.3 mg/mL) for 72 

hours.



Electrochemistry causes fluorescence of CNDs to change

Fig. S5. UV-Vis absorption spectrum of CNDs potassium ferricyanide and potassium 

ferrocyanide.

Fig. S6. Fluorescence spectrum of solution including 50 μg/mL CNDs and 0.1 M KCl after 

addition of K4Fe(CN)6 with different concentrations (3, 33, 133, 233, and 333 μM).



Light from the fluorescence spectrophotometer causes CNDs to generate photocurrent

Fig. S7 Chronoamperometry (CA) measurements with an applied voltage of 0.8 V of the gold 

slide electrode with CNDs immobilization before and after light irradiation with different 

incident wavelength (330-450 nm).



(a)

(b)

Fig. S8. Chronoamperometry (CA) measurements with an applied voltage of 0.8 V of the 

gold slide electrode without CNDs immobilization before and after light irradiation with 

different incident wavelength (330-450 nm).



Fig. S9. CA measurement with different applied potentials of the gold slide electrode with 

CNDs immobization under incident wavelength of 330 nm. 



Band energy and molecular orbital energy level

Method 1. Optical band gap and exciton binding energy calculation

Since coulomb and resonance integral values should be taken into account in the CNDs 

system, the indirect band gap formula in the semiconductor system was used:2

αhν=C(hν-Eo)2

where α is the absorption coefficient, h is the Plank constant, ν is the frequency, C is the 

coefficient, and Eo is the optical band gap, (αhν)1/2 has a linear relationship with hν, which 

could be used to estimate Eo. The Beer-Lambert law states that

A=αbc,

where A is the measured absorbance, b is the path length, and c is the analyte concentration. 

Among them, b and c are fixed values, so the Eo could be calculated as the following 

equation:

(Ahν/bc)1/2=D(hν-Eo),

where (Ahν/bc)1/2 has a linear relationship with hν with a slope of D and Eo is the x-intercept. 

Note that hν is equal to 1240/λ in units of eV. In addition, changing the path length and 

concentration did not affect the result of x-intercept (Eo). With the UV-Vis absorption 

spectrum results, the relationship (Ahν)1/2 vs. hν could be used to estimate Eo as 2.13 eV. 

Moreover, the exciton binding energy (Eb) can be estimated by the hydrogenic model:

,𝐸𝑏= 𝜇𝑅𝐻 𝑚0𝜀
2



where µ is the effective reduced mass of the exciton, RH is the Rydberg constant of the 

hydrogen atom (13.6 eV), m0 is the free electron mass, and ε is the dielectric constant. With 

the assumption of µ=0.1 m0, depending on the value used for ε, estimated values for Eb range 

from 6.1 meV to 13.6 meV.3,4

Method 2. Electrochemical measurement energy gap calculation

Fig. S10. Cyclic voltammetry (CV) of 1mg/mL ferrocene at scan rates of 20, 50, 100, 200 

mV/s. CV was recorded in 5 mL acetonitrile containing 0.1M tetrabutylammonium 

hexafluorophosphate as the supporting electrolyte with a working gold electrode, a reference 

silver (Ag/AgCl) electrode and a counter platinum electrode. According to the figure, the 

formal potential of the Fc+/Fc redox couple should be approximately 0.40V versus Ag/AgCl.

Cyclic voltammetry (CV) was used to determine the HOMO and LUMO energy levels of the 

CNDs. A three-electrode cell with a gold working electrode, a silver reference (Ag/AgCl) 



electrode and a platinum counter electrode in 4 mL acetonitrile containing 0.1 M 

tetrabutylammonium hexafluorophosphate as the supporting electrolyte and 1 mL H2O 

containing 0.3 mg CNDs as the sample at a scan rate of 100 mV/s under room temperature 

was used.5,6 All the potentials were compared with a standard fc+/fc couple measured in the 

same solution. Since the potential of SCE is 44 mV more positive than the potential of 

Ag/AgCl, and the formal potential of the Fc+/Fc redox couple should be approximately -5.1 

eV in the Fermi scale when its value is 0.40 V versus SCE in acetonitrile, the formal potential 

of the Fc+/Fc redox couple could be estimated as -5.06 eV in the Fermi scale when the formal 

potential of the Fc+/Fc redox is 0.40 V versus Ag/AgCl.

The HOMO and LUMO energy levels as well as the electrochemical energy gap in eV of the 

sample could be calculated according to the following equation:

EHOMO=–(Eonset,ox–0.4+5.06)eV=–(Eonset,ox+4.66)eV,

ELUMO=–(Eonset,red–0.4+5.06)eV=–(Eonset,red+4.66)eV,

Egap= (Eonset,ox–Eonset,red)eV,

where Eonset,ox and Eonset,red are the onset of oxidation and reduction potential, respectively. 

By applying tangent method, on the basis of the onset of oxidation and reduction potential as 

1.18 and -0.91 V, the energy levels of the HOMO and LUMO were estimated to be–5.84 and 

-3.75 eV, respectively. Moreover, the electrochemical band gap was estimated to be 2.09 eV, 

which is consistent with the optical band gap.



Method 3. Hückel method energy gap calculation

The Hückel method7 is a linear combination of atomic orbitals molecular orbitals method for 

the determination of energies of molecular orbitals in conjugated hydrocarbon systems. Then 

it could be extended to heteroatoms by adjusting the coulomb and resonance integral values. 

Note that the coulomb integral for an electron on a carbon was defined as α and the resonance 

integral for two bonded carbons in conjugation was defined as β. In our CQDs system, 

according to the equations (α'=α+hβ, and β'=kβ) and table S6, α and β were adjusted to α’ and 

β’.8,9

Table S6. Adjustment of the coulomb and resonance integral values

Heteroatom h Heteroatom Bond k Bond Lengths (Å)

C 0 C-C 0.9 1.54

N 1.5 C=C 1.1 1.35

O 2.0 C-O 0.8 1.43

C=O 1.0 1.22

C-N 0.8 1.47

Then by solving the following determinant, the Hückel values for our CNDs can be 

determined following the order of heteroatoms and heteroatom bonds as the assumed 

molecular structure of CNDs shown (Fig. S11). After that, we can use Ei= α'+xiβ' to calculate 

L+1, L+2, LUMO, HOMO, H-1, and H-2 energy levels. And the magnitudes of the transition 

moment for different bonds were calculated from a simple model10 (transition moment equals 

to half of dipole moment of one charge displaced through the bond length). Note that many 

computer programs like SHMO or Matlab software can help to solve the determinants. 



Fig. S11. Molecular orbital energy levels of CNDs calculated by Hückel method.



Table S7. Transition moments for different bonds

Bond Bond Lengths (Å) Transition Moment (D)

C=C 1.35 3.24

C=O 1.22 2.93

C-O 1.43 3.43

O-H 0.96 2.30
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