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Abstract 

Highly efficient interconversion of different types of energy plays a crucial role in both 

science and technology. Among them, electrochemiluminescence (ECL), an emission of 

light excited by electrochemical reactions, has drawn attention as a powerful tool for 

bioassays of clinical biomarkers. Nonetheless, the quantitative description of the charge 

transfer kinetics within the emitter, crucial for understanding and enhancing ECL efficiency, 

remains elusive (ΦECL). Here, we investigated the intercalation of CN using Au 

nanoparticles and single atom (Aux-CN), and the boosted charge carrier dynamics kinetics 

during ECL over time scales ranging from femtoseconds to seconds. Operando 

electrochemical impedance spectroscopy, fs-transient absorption spectroscopy, transit 

open circuit photovoltage and density functional theory calculations jointly disclosed Au-

N bonds endowed shallow trapped electron states, which reconciled the timescale of the 

fast electron transfer in the bulk emitter and slow reduction of S2O8
2. It ultimately 

accelerated the recombination rate for electron-hole pairs and further promoted the ECL 

performance of Aux-CN photoelectrode. As a result, Aux-CN showed a four-fold 

enhancement of ΦECL compared to the pristine CN, setting a new cathodic ΦECL record 

among metal-free ECL emitters and endowing a visual ECL sensor for nitrite ion, a typical 

environmental contaminant, with superior detection range and limit. 
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Introduction 

Over billions of years, organisms have evolved to become incredibly efficient in energy 

conversion. This efficiency is essential for life, as it allows organisms to grow, reproduce, 

and survive. For the same reason, highly efficient interconversion of different types of 

energy plays a crucial role in both science and technology. Among them, 

electrochemiluminescence (ECL) is a type of light emission produced by electron transfer 

reactions between reactive species and radicals in the vicinity of electrodes in solution1-5. 

It has been successfully commercialized in bioassays for more than 150 clinical 

biomarkers6-10. In general, ECL emitters of high efficiency (ΦECL) play a central role in 

developing biosensors with superior sensitivity. Nonetheless, due to the intricate kinetic 

limitations, ΦECL of most ECL emitters in aqueous solutions is still essentially low. 

To address this challenge, various innovative strategies have been proposed to enhance 

ΦECL. For instance, accelerating electron transfer at interfaces among electrodes, emitters 

and co-reactants using shortened distances11-12, Schottky junctions13 or catalytic effects14 

leads to a significantly improved ΦECL for a variety of emitters. Suppression of non-

radiative relaxation12, 15-20 (e.g., by aggregation/crystallization, host-guest recognition, and 

ligand-induced assembly), and pre-oxidation/reduction of emitters21-22 provide alternative 

routes to booster ΦECL. In principle, the physical and chemical properties of materials are 

intrinsically bestowed by interactions over not only different length scales but also variable 

timescales. Typical ECL with co-reagents, contains mixed multiple charge-transfer 

pathways, including electron transfer in bulk emitters, redox reactions at emitters/co-

reagents interface, and electron transition between excited and ground states. Notably, 

however there are huge timescale mismatches among them from nanoseconds to 

milliseconds. From an overall perspective, although challenging, unambiguously revealing 

ECL kinetics of each process is decisive in extracting the rate-determining step and 

therefore making a timescale reconcilement of them would open a new methodology to 

further boost ΦECL. Nonetheless, to the best of our knowledge, a complete quantitative 

description and coordination of ECL kinetics for diverse charge transfer processes at 

different timescales have still been lacking. 
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Herein, we report the timescale coordination of ECL kinetics for carbon nitrides (CN) 

by Au-N bond functionalization. Different to the conventional physical absorption of Au at 

surfaces or intercalation in layers, the Au-N bonds were established between adjacent CN 

layers. Quantitative kinetic studies revealed the Au-N bonding not only promoted the 

electron transfer in the bulk CN but also endowed a new shallow trapped electron state. 

Due to the electron sink effect, the timescale mismatch between the slow redox reaction at 

diffusion layers and fast electron transfer in bulk CN was reduced. Moreover, the emissive 

shallow trapped electrons exhibited a faster electron transition kinetics between excited 

and ground states. As a result, Aux-CN showed a four-fold enhancement of ΦECL compared 

to the pristine CN, setting a new cathodic ΦECL record among metal-free ECL emitters. 

This work provides a new approach to boost ΦECL by timescale coordination of each kinetic 

step in ECL. 

 

Results and discussion 

Synthesis and structural characterization of Aux-CN photoelectrode. As a metal-

free polymeric semiconductor, 2D carbon nitride (CN) has drawn increasing attention as a 

new generation of conjugated polymer-based ECL luminophore23-26. It demonstrates 

intriguing properties, such as abundant availability, high stability, excellent 

biocompatibility, and record-level cathodic ΦECL among metal-free ECL emitters27-28. To 

modulate the timescales of each ECL process of CN, herein we report the doping of CN 

via Au-N bond functionalization (Aux-CN). The general procedures for CN and Aux-CN 

photoelectrode preparation were shown in Figure 1a. Briefly, a clean fluorine doped tin 

oxide (FTO) glass was immersed into a hot (80 oC) saturated cyanamide solution with or 

without HAuCl4. A uniform crystal film was firmly coated on FTO after cooling. The final 

CN and Aux-CN photoelectrodes were prepared by calcination of the crystal films at 500 

oC for 4 h under N2 atmosphere. The scanning electron microscopy (SEM) of CN and Aux-

CN photoelectrodes exhibited a continuous film on FTO with an intimate interface (Figure 

S1). Scratch-track morphologies showed no obvious cracks, indicating the good toughness 

of the CN and Aux-CN photoelectrodes (Figure S2). To disclose the Au species in the 
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interlayer of CN, the scanning transmission electron microscopy (STEM) images were 

measured. As shown in Figures 1b and c, abundant bright spots were observed, 

corroborating the co-existence of uniformly dispersed Au nanoparticles (NPs) and single 

atoms (SA) in the adjacent layer of the CN matrix. High-resolution TEM (HRTEM) of Aux-

CN showed a typical Au (111) plane with a characteristic lattice spacing of 0.235 nm was 

observed (Figure 1b inset)24, 29. The corresponding high-resolution STEM-energy 

dispersive spectrometer (EDS) elemental mapping images showed that the C, N, and Au 

were homogeneously dispersed across the entire CN (Figure S3). The inductively coupled 

plasma-optical emission spectroscopy (ICP-OES) analysis showed that the Au loading in 

Aux-CN was 0.06 wt %, indicating only a minor structural disorder was introduced into the 

pristine CN structure. 

 

Figure 1. Synthesis and structural characterization of Aux-CN photoelectrode. (a) 

Scheme of the general fabrication procedure for CN and Aux-CN on the FTO. (b) STEM 

and (c) HAADF-STEM images of Aux-CN. Inset of (b): HRTEM image of Aux-CN. (d) 

XRD patterns of CN and Aux-CN. The asterisk indicates the diffraction from Au NPs. (e) 

Fourier transforms of the EXAFS spectra of Aux-CN and the reference samples.  
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The layered crystal structures of Aux-CN were investigated by X-ray diffraction (XRD, 

Figure 1e). A series of characteristic diffraction peaks at 2θ=34.4°, 44.7° and 64.8° 

belonging to (111), (200) and (220) crystal planes of Au NPs were slightly observed for 

Aux-CN, further confirming the cubic crystal structure of the intercalated Au NPs30. 

Moreover, the XRD peak of Aux-CN at 27.3o was observed, which could be assigned to 

interlayer stacking (002) of the conjugated aromatic systems31. Compared to that of CN 

(27.5o), it was shifted to a smaller angle, which was consistent with TEM analysis, 

indicative of a thicker interlayer distance due to intercalated Au species32. The Fourier 

transform infrared (FTIR, Figure S4), X-ray photoelectron spectroscopy (XPS, Figure S5) 

and matrix-free laser desorption/ionization time-of-flight mass (LDI-TOF-MS, Figure S6) 

spectra verified the intercalated Au rarely damage the CN framework. The changes in the 

energy band structure were due to the incorporation of the Au species into CN (Figure S7).  

To explore the chemical state of Au in Aux-CN, the X-ray absorption near-edge 

structure (XANES) was conducted at the Au L3-edge. As shown in Figure S8, the 

absorption edge for Aux-CN was located between HAuCl4 and Au foil references, and 

closer to that of AuCl, implying that the Au species carry slightly positive charges33-34. The 

valance state of Aux-CN was further confirmed by the X-ray photoelectron spectroscopy 

(XPS). The XPS spectra of Aux-CN (Figure S9) showed the typical 4f5/2 and 4f7/2 signals 

at 89.7 and 83.4 eV, assigning to the oxidation state (AuI) and metallic state (Au0)33, 

respectively. To disclose the coordination environment of Au species in Aux-CN, the 

extended X-ray absorption fine structure (EXAFS) spectroscopy was investigated at the 

Au L3-edge. Figure 1f showed the Fourier transforms of the Au L3-edge EXAFS 

oscillations of the as-prepared Aux-CN. It was obvious that the peaks at 2.0-3.3 Å were 

assigned to the Au-Au bond corresponding to Au NPs, while the peak located at 

approximately 1.7 Å could be ascribed to the scattering path of Au-N(C)33-34. According to 

this bond length, the density functional theory (DFT) calculation further verified that the 

Au-N bond was positioned between the interlayer of CN, rather than the cavity of the tri-

s-triazine framework in the basal plane of CN. Therefore, by a simple co-polymerization 

method, Au-N bonding was introduced into the interlayer of CN. 
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Figure 2. ECL performance of Aux-CN photoelectrode. (a) CV and (b) ECL curves of 

CN and Aux-CN photoelectrode. Electrolytes: 0.01 M PBS containing 0.1 M KCl with or 

without 25 mM K2S2O8. (c) ECL response of CN and Aux-CN photoelectrode under 

continuous CV scans. (d) Photographs of CN and Aux-CN photoelectrode under -1.5 V vs. 

Ag/AgCl. (e) ECL and fluorescence spectrum of CN and Aux-CN photoelectrode. (f) ECL 

efficiency comparison of Aux-/CN photoelectrode and other counterparts in previous 

reports. 

 

ECL performance of Aux-CN photoelectrode. The cyclic voltammogram (CV) 

curve provided the initial energy to trigger the ECL. As shown in Figure 2a, a minor 

current in CV curves was measured in the solution without K2S2O8 both for CN and Aux-

CN photoelectrode, indicating negligible polarization of water during the reduction of 

K2S2O8. Notably, the reduction peak of K2S2O8 was out of the scope of the electrochemical 

window. It was attributed to the high iR drop of CN and Aux-CN photoelectrode35. Figure 

2b showed the ECL onset potential of Aux-CN photoelectrode positively shifted by 200 

mV compared to that of CN photoelectrode. As shown in Figure S10, different Au loadings 

were examined to assess the ECL intensity of the Aux-CN photoelectrode, and the intensity 

reached almost 4 times of that the CN photoelectrode. The ECL of Aux-CN photoelectrode 
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was stable under continuous CV scans (Figure 2c) and the intense emission can be easily 

observed by the naked eye (Figure 2d). Figure 2e showed the ECL peak centered at ca. 

455 nm, almost identical to the fluorescence spectrum, manifesting the CB-VB transition 

mechanism, different from many nanostructured ECL emitters with defective state 

emission28. An easily reproducible Ru(bpy)3
2+/K2S2O8 aqueous system was used as a 

reference to facilely compare ΦECL with different luminophores in this study (see the 

detailed discussion of the justification and calculation methods in the Experimental section 

of SI and Figures S11 and 12). As shown in Figure 2f, the Aux-CN photoelectrode reached 

3261 times the aqueous Ru(bpy)3
2+/K2S2O8 reference, which set a new record of ΦECL for 

CN family and were higher than those of most reported luminophores, to the best of our 

knowledge (Table S1).  

Electron transfer processes of ECL in Aux-CN. The co-reactant typed ECL (e.g., 

Ru(bpy)3
2+) has been elucidated in detail for four possible reaction routes (Figure S13)36. 

Three of them are involved in the direct oxidation of co-reactants on the electrode surface 

(Figure S13a-c). Especially, for the CN and Aux-CN photoelectrode, the redox reaction 

was evidently inhibited by ca. 1000 times compared with bare FTO in regard to the 

interfacial charge transfer resistance across the electrode/electrolyte (Rct, Figure S14 and 

Table S2). It suggested that the co-reactants accepted electrons from CN or Aux-CN, rather 

than the conventional substrate electrode. The general ECL mechanisms of Aux-

CN/K2S2O8 system are shown in Eq. 1-428. Briefly, electrons were injected from FTO 

substrate electrodes into the conduction band (CB) of CN to form Aux-CN•− (Eq. 1). Next, 

a few excited electrons obtained from Aux-CN•− reduced co-reagents, producing strong 

oxidant SO4
•− (Eq. 2), which subsequently generated holes in the valence band (VB, Eq. 

3) by an additional one-electron extraction. Lastly, the electrons in the CB and the holes in 

the VB recombined with the emission of light (Eq. 4).  

Aux-CN + e- → Aux-CN•−             [Eq. 1] 

S2O8
2-+ Aux-CN•− → SO4

2- + SO4
•− + Aux-CN        [Eq. 2] 

Aux-CN•− + SO4
•− → Aux-CN* + SO4

2-          [Eq. 3]  

(SO4
•− → SO4

2- + h+) 

Aux-CN* → Aux-CN + hv             [Eq. 4] 
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Figure 3. Electron transfer pathways and kinetics in Aux-CN. (a) Possible charge 

transfer processes of ECL in Aux-CN. Nyquist plots for (b) CN and (c) Aux-CN 

photoelectrode at different applied potentials versus Ag/AgCl in 0.01 M PBS containing 

0.1 M KCl and 25 mM K2S2O8. Scatters and lines represent the experiment and fitted data, 

respectively. (d) Nyquist plots for CN and Aux-CN photoelectrode at -1.5 V vs. Ag/AgCl. 

Inset: Simplified equivalent circuit. Rt: electron transport resistance. Rct: the charge 

reaction resistance. Constant phase element (CPE1): non-ideal capacitance. CPE2: non-

ideal Warburg element. Rs: solution resistance. (e) Femtosecond transient absorption 

spectra of CN and Aux-CN photoelectrode at 5 fs delays under a 365 nm pump. (f) 

Representative ultrafast transient absorption kinetics probed at 725 nm (pump at 365 nm) 

for CN and Aux-CN photoelectrode. (g) Open circuit potential of CN and Aux-CN 

photoelectrode under chopped visible light irradiation in 0.1 M KCl. (h) Bode plots for CN 

and Aux-CN photoelectrode at -1.5 V vs. Ag/AgCl. (i) Representative ultrafast transient 

absorption kinetics probed at 460 nm (pump at 365 nm) for CN and Aux-CN photoelectrode.  

 

(1) Electron transfer kinetics in bulk ECL emitters. To verify electron transfer in 

the bulk ECL emitter (Eq. 1), the operand electrochemical impedance spectroscopy (EIS) 

under different potentials, the fs-transient absorption spectra (fs-TAS), and the open circuit 

photovoltage were explored. Before that, the photothermal effect and the plasma resonance 
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effect were excluded by control experiments, as negligible temperature variations (Figure 

S15) and plasma resonance effects of Au species (Figure S7b) were observed for the CN 

and Aux-CN photoelectrodes. As shown in Figures 3b and 3c, at the low voltage, Nyquist 

plots revealed approximated straight lines, which indicated high charge reaction resistance. 

When the voltage increased, a more complete semicircle appeared in the Nyquist plots, 

suggesting the Faradaic reaction occurred37-38. Moreover, the CN and Aux-CN 

photoelectrode started to exhibit Warburg impedance at -1.5 V and -1.0 V, respectively. 

The lower voltage value indicated that the CN photoelectrode had a limit in charge transfer 

resistance, presumably due to its poor electronic conductivity37-38. As shown in Figure 3d, 

the Nyquist plots showed straight lines in the high-frequency part at -1.5 V. This type of 

EIS pattern belonged to the transmission line model (Figure S17)39-40, and the simplified 

equivalent circuit models were shown in Figure 3d inset (see the fit parameters in Tables 

S3 and S4). As summarized in Figure S18, the values of electron transport resistance (Rt) 

remained almost constant under different applied voltages, indicating Rt was an intrinsic 

property of emitters. The Rt values for CN photoelectrode were approximately 5 times 

higher than that of Aux-CN photoelectrode, suggesting the improved electron conductivity 

of Aux-CN photoelectrode38.  

To confirm the carrier diffusion dynamics in bulk emitters, the carrier diffusion time 

(τd) and electron mobility (μ) of CN and Aux-CN photoelectrode at ECL work conditions 

were also analyzed from the EIS spectra. As shown in Figure 3d, the inflection point 

between the straight line and arc in the high-frequency part was associated with τd, which 

was inversely correlated with the frequency41-42. The τd of CN and Aux-CN photoelectrode 

were calculated to be 99 and 39 μs, respectively. And the electron mobility was calculated 

using the Nernst-Einstein equation42-43: 

𝜇 =
𝑒𝐿2

𝑘𝐵𝑇𝜏𝑑
                 [Eq. 5] 

where e is the electronic charge, L is the effective travel distance of carriers through the 

active layer (3 μm in this work), kB is the Boltzmann constant, and T is the absolute 

temperature. The electron mobility of the Aux-CN photoelectrode was calculated as 8.98 x 

10-2 cm2 V-1 s-1, which was 3 times higher than that of the CN photoelectrode (3.54 x 10-2 
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cm2 V-1 s-1). The significantly reduced τd and improved electron mobility of the Aux-CN 

photoelectrode indicated the faster carrier diffusion kinetics in the bulk Aux-CN 

photoelectrode. Therefore, in the bulk CN, electron diffusion kinetics was boosted after the 

introduction of the Au-N bond in the interlayer of CN. 

To investigate the electron states in bulk emitters, the fs-TAS was conducted. Figure 

3e exhibited a positive absorption from 500 to 780 nm and a negative absorption from 425 

to 500 nm in the fs-TAS of CN and Aux-CN photoelectrode at 5 fs delays under a 365 nm 

pump. The positive absorption features between 500 and 780 nm, which was highly related 

to photogenerated electrons in the CN44-45. The photoinduced absorption signal in the 

visible regions was partially quenched for Aux-CN, indicative of an effective electron 

transfer between CN and Au species by Au-N bond45. To completely avoid the effects of 

excitation and emission, the kinetic courses of transient signals at 725 nm were used to 

study the electron transfer kinetics of CN and Aux-CN photoelectrode. The fitting results 

showed that the electron transfer lifetime (ave-shallow) of CN and Aux-CN photoelectrode 

were 185.48 and 348.99 ps, respectively (Figure 3f). The increased lifetime suggested that 

the near band-edge shallow electron trap states of CN, most presumably 

introduced/strengthened by Au-N bonding, offered more opportunities for excited 

electrons to participate ECL46.  

The OCP under chopped light was further measured to study the deep trapped long-

lived electrons state (Figure 3g). The surface deep electron trap state could be evaluated 

by the ratio of photovoltage value (α) after light on (ΔV1) and off (ΔV2). It is commonly 

believed that low α is related to the electron deep trap state35. It was observed that the value 

of α was closer to 1 for Aux-CN photoelectrode, suggesting a less surface deep electron 

trap state. The electron lifetimes were calculated by fitting the photovoltage decay curves47-

48. As shown in Figure S19, the average charge lifetime (ave-deep) for CN photoelectrode 

was 149.04 s, which was 2 times of magnitude longer than Aux-CN photoelectrode (61.76 

s). In general, the long average lifetime indicated a severe electron trap effect48. Thus, the 

OCP measurement disclosed that Aux-CN photoelectrode had less surface deep trapping 

state of electrons, which would lead to a higher efficiency of electron utilization in ECL. 
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Moreover, the OCP measurement disclosed that Aux-CN photoelectrode had higher excited 

electron-storage capacity, which was favorable for excitation and faster electron-hole 

recombination kinetics (see more detailed discussion in Figure S20).  

(2) Electron transfer kinetics at emitter/co-reagent interface. We next explored 

the co-reagent reduction at the Aux-CN/S2O8
2- interface (Eq. 2 and 3). The phase angle vs. 

frequency plots at different potentials (Figure S21) of CN and Aux-CN photoelectrode 

were used to probe the electron reaction kinetic at the emitter/S2O8
2- interface during the 

ECL process. The peak at the mediate frequency region is related to the effective lifetime41-

42 (n, Figure 3h). The n of CN and Aux-CN photoelectrode from EIS bode plots was 

approximately 4 times smaller than that of CN photoelectrode at different overpotentials 

(Figure S22) and the values of n for CN and Aux-CN photoelectrode was 9.9 ms and 2.5 

ms at work conditions. In general, a shorter lifetime was associated with the faster electron 

transfer kinetic at the emitter/S2O8
2- interface. As shown in Figure S23, the Rct for Aux-

CN photoelectrode obtained from EIS fitting was approximately 10 times smaller than that 

of CN photoelectrode at different overpotentials, indicating the reduction of S2O8
2- was 

more ready to occur at the Aux-CN/S2O8
2- interface. Therefore, in the bulk CN, electron 

transfer kinetics at the emitter/co-reagent interface was boosted after the introduction of a 

more efficient shallow electron trapping state. 

(3) Electron-hole recombination kinetics in light emission. To understand the 

influencing factors for the emissive state in ECL (Eq. 4), the fs-TAS, electron-hole 

recombination efficiency (ηre) and time-resolved FL spectra were measured. Figure 3e 

exhibited a negative absorption from 425 to 500 nm in the fs-TAS of CN and Aux-CN 

photoelectrode, which was associated with the stimulated emission45, 47. The lower TAS 

intensity indicated increased electron-hole recombination for Aux-CN photoelectrode, 

which was consistent with the higher FL intensity in Figure 2e. Accordingly, as shown in 

Figure S24, the calculated ηre (Eq. 6) of CN and Aux-CN photoelectrode was calculated to 

be 47% and 65.6%. Moreover, the TA signal of Aux-CN photoelectrode decreased to 

almost zero within 1 ns after photoexcitation, while that of CN did not, suggesting a fast 

electron-hole recombination (Figure S25)47. The fitting result of the negative signal was 
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demonstrated in Figure 3i. The electron-hole recombination lifetime (τl) of Aux-CN 

photoelectrode fitted at 460 nm was 0.21 ns and this value was nearly 7 times shorter than 

that of CN photoelectrode (1.38 ns). Moreover, the FL decay lifetime for CN and Aux-CN 

photoelectrode was also measured to be 3.46 ns and 1.69 ns, respectively (Figure S26). In 

general, a shorter TAS and FL decay lifetime of the radiative process often indicates a 

faster recombination rate for electron-hole pairs35. In this sense, the enhanced electron-hole 

recombination efficiency and decreased lifetime were observed, indicative of the critical 

role of the Au-N bond, most presumably via a more efficient shallow electron trap state. 


𝑟𝑒
(%) = 1 −

𝐽𝐾𝐶𝑙

𝐽𝑇𝐸𝑂𝐴
× 100%            [Eq. 6] 

JKCl is the photocurrent density obtained in 0.1 M KCl aqueous solution, while JTEOA is the 

photocurrent density obtained in 0.1 M KCl containing 10% (v/v) triethanolamine (TEOA). 

 

Table 1. Quantitative kinetic parameters of electron transfer for the ECL of CN and Aux-

CN. 

Electron transfer stage Parameters CN Aux-CN 

In bulk ECL emitter 

τd (μs) 99 39 

μ (cm2 V-1 s-1) 3.54 x 10-2 8.98 x 10-2 

τavg-shallow (ps) 185.48 348.99 

τave-deep (s) 149.04 61.76 

At the emitter/co-

reactant interface 
τn (ms) 9.9 2.5 

During light emission 
τavg-l (ns) 1.38 0.21 

ηre (%) 47% 65.6% 

τave-shallow: shallow electron trap state lifetime; τd: carrier diffusion lifetime; τave-deep: deep 

electron trap state lifetime; μ: electron mobility; τn: electron transfer lifetime; τave-l: 

electron-hole recombination lifetime obtained from TAS; ηre: electron-hole recombination 

efficiency. 
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Given the above, the quantitative values of kinetic parameters for electron transfer in 

the ECL of CN and Aux-CN were shown in Table 1. The roles of Au in the electron transfer 

in the ECL of Aux-CN were summarized as follows. The formation of Au-N bonds 

accelerated the electron transfer in the bulk Aux-CN photoelectrode. More importantly, it 

endowed a new shallow trapped electron state that had a longer lifetime, thus smoothing 

out the timescale inconsistencies of electron transfer at different stages. The shallow-

trapped electrons in the bulk emitter that existed at about the picosecond time scale 

extended 2 times magnitude by the Au-N bond functionalization, which coordinated the 

slow charge transfer at the emitter/co-reactant interface in the microsecond time scale. It 

would increase the reduction of co-reactants at the interface, and further improve the 

electron-hole recombination rate and efficiency for the ECL of Aux-CN. In contrast, the 

accumulation of long-lived, deeply trapped electrons, detrimental to efficient ECL, was 

effectively suppressed. It should be noted that while the intricate interplay of charge 

transfer kinetics in ECL has rarely been quantitatively dissected, the profound influence of 

charge carrier traps on ECL performance, despite their extensive exploration in organic 

semiconductors for diverse time scales, remains largely elusive. Harnessing quantitative 

kinetic study tools like operando EIS, transit OCP, and TAS, this study unveils how 

incorporating appropriate trap states can manipulate the timescales of substantial 

fluctuations in electron transfer within bulk ECL emitters, redox reactions at diffusion 

layers, and electron transitions between excited and ground states, thereby paving the way 

to enhance ECL efficiency. 

 

Molecular insights of ECL enhancement by DFT calculations. The influence of 

Au-N bonds on accelerating the electron transfer and generating a new shallow electron 

trapping state in the Aux-CN photoelectrode was explored by the DFT calculation. In a 

simplified Aux-CN model (see Figure S27-S32, see more discussion in SI), the Au-N bonds, 

i.e., the distance between the Au atoms and the two adjacent CN layers, were 2.06 Å and 

2.07 Å, respectively, matching well with the EXAFS results (Figure 1e). The density of 

states (DOS) and the visible crystal orbitals of pristine CN and Aux-CN were analyzed 

(Figure 4). The VBM of pristine CN (Figures 4a and 4c) mainly originated from the N 2p 
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orbitals; whereas the CBM was contributed both by the C and N 2p orbitals. A similar 

electronic structure of CBM was found in Aux-CN (Figures 4b and 4d), and the 

contribution from Au 5d and 6s orbitals was negligible; while the VBM was mostly formed 

by Au 5d and 6s orbitals and N 2p orbitals. As a result, the higher-energy Au 5d and 6s 

orbitals recombined with the pristine CN π bonding orbitals and π anti-bonding orbitals, 

which made the continuity of the energy band near the CBM and VBM in Aux-CN be 

improved. Consequently, charge carriers could more readily transfer in the VBM and CBM, 

facilitating intralayer charge transfer.  

 

Figure 4. Band structure, DOS and VBM/CBM crystal orbitals of CN and Aux-CN. 

Band structure and DOS of (a) CN and (b) Aux-CN. Red dash lines in Aux-CN mark the 

positions of CMB and VBM for CN. VBM/CBM crystal orbitals of (c) CN and (d) Aux-

CN. Gray coloring indicates carbon atoms, blue indicates nitrogen, and orange indicates 

gold.  

 

In addition, inter-layer charge transfer was further analyzed by the Bader charge. The 

Bader charge difference between each adjacent layer of pristine CN was marginal (Figure 

S33b, ǀΔqǀ roughly 0.0009 e−), indicative of a very weak inter-layers charge transfer. In 

contrast, more electrons accumulated between each layer of Aux-CN (Figure S33d, 

approximately 0.2 e- of layer charge), and Au species lost 0.48 e-. As a result, Aux-CN 
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exhibited a much higher interlay charge difference (Figure S33d, ǀΔqǀ roughly 0.142 e- and 

0.203 e-), indicating Au-Nx in the CN inter-layer served as a bridge, promoting the electron 

transfer between the adjacent layers. Thus, the Au-N bonding improved the overall electron 

transfer in Aux-CN, compared to the pristine CN. 

Considering that the Au content was only 0.06 wt% in the as-prepared Aux-CN, the 

band structure in Aux-CN should still be dominated by the pristine CN. Accordingly, the 

band gap of Aux-CN was 2.79 eV, which was only 0.03 eV lower than the pristine CN 

(Figure S7). Nonetheless, the large-nuclear-charge Au species enhanced conjugation 

within the CN layer and made CBM to shift down by 0.2 eV (red dash line in Figure 4b). 

This new state close to the CBM energy level position of pristine CN, was usually 

considered to be a shallow trapped electron state, in which captured electrons could be 

released back to the band under external stimuli, such as electric field, thereby reconciling 

the timescale difference of each step in ECL49-51. Therefore, the Au-N bonds not only 

accelerated the electron transfer in the bulk CN, but also created new shallow trap states 

near the CBM, two important factors in the improved ECL efficiency for CN.  

 

Enhanced sensitivity in NO2
− detection using Aux-CN. Environmental pollution, 

especially water pollution, is one of the unpleasant global issues over the last few decades. 

Water pollution based on organic and inorganic species affects both human health and the 

living environment. Among them, nitrite ion (NO2
−) is recognized as one of the common 

inorganic contaminants in drinking water, wastewater, and food52-53. Therefore, monitoring 

the NO2
− concentration in drinking water and the living environment has become vital. In 

general, NO2
− could consume the SO4

•− around the electrode surface, resulting in the 

decrease of ECL intensity (Figure 5a)35. Figures 5b and 5c showed that the cathodic ECL 

signal decreased gradually with the increase of NO2
− concentration for both Aux-CN and 

carbon nitride nanosheets (CNNS) photoelectrode. The logarithmic value of the ECL 

intensity at the Aux-CN photoelectrode scaled linearly with the concentration of NO2
− from 

10-9 to 10-15 M, with a very low detection limit of 0.21 fM. The excellent performance of 

the NO2
−-based ECL biosensor has made it one of the most sensitive signal-amplification-

free biosensors (Table S5). And, the slope of the calibration curve and linear range of Aux-
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CN photoelectrode exhibits more than 150-fold higher and 3 orders of magnitude than 

those of the control CNNS (Figure 5c). It suggested that the emitters with higher ΦECL held 

great potential in developing chemical sensors with superior sensitivity. Moreover, because 

of the exceptionally high cathodic ECL efficiency, it could be further developed into a 

visual cathodic ECL biosensor by the naked eye with uncompromising performance 

(Figure 5e). 

 

Figure 5. (a) ECL quenching mechanism upon NO2
−. ECL curves in the presence of 

different concentrations of NO2
− at (b) Aux-CN and (c) CNNS photoelectrode. (d) 

Calibration curve of NO2
− detection using Aux-CN and CNNS photoelectrode. I0 and I are 

the ECL intensity before and after addition of NO2
−, respectively. (e) Photographs of ECL 

at Aux-CN photoelectrode in solution containing different concentrations of NO2
−. 

 

 

Conclusion 

In summary, we report that functionalization of Au-N bond between CN layers 

remarkably improved performance of ECL. The Aux-CN photoelectrode demonstrated the 

highest cathodic ECL efficiency thus far (3261 times that of the Ru(bpy)3Cl2/K2S2O8 
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reference) among the metal-free ECL emitters. This exceptionally high ECL performance 

is rationalized by the introduction of a shallow electron trap state associated with the Au-

N bonds. Operando EIS studies revealed that the Aux-CN photoelectrode developed 2 

times shorter charge carrier diffusion lifetime in μs timescale as compared to the CN 

photoelectrode. Furthermore, TAS revealed that, as compared to the CN photoelectrode, 

there was a large portion of electrons in shallow electrons trap states in Aux-CN and the 

lifetime of these electrons was extended by 2 times of magnitude into the ps timescale, 

which reconciled and accelerated the slow S2O8
2- reduction in diffusion layers with the 

timescale of ms by 4 times. Meanwhile, the average deep electron lifetime observed for 

Aux-CN photoelectrode was more than 2 times shorter than that of the CN photoelectrode 

in s timescale, which can be attributed to the faster electron transfer for Aux-CN 

photoelectrode. As a result, it would increase the reduction process at the emitter/co-

reactants interface in ms timescale, thus, the emissive electron-hole recombination rate 

and efficiency for Aux-CN photoelectrode were promoted in ns timescale. 

As such, operando EIS, TAS, and transit OCP collectively provided evidence that 

electrons in shallow trap states associated with Au-N bonds were key to the ECL 

characteristics of Aux-CN photoelectrode. We ascribed the significant enhancement to a 

synergetic effect of the construction of Au-N bonds between CN layers, which provided 

the charge transfer driving forces for electron extraction to the photoelectrode/electrolyte 

interface. Meanwhile, the shallow trap state could act as an electron sink, which reconciled 

the timescale of the fast electron transfer in bulk emitter and slow reduction of S2O8
2, 

ultimately accelerating the recombination rate for electron-hole pairs and further 

promoting the ECL performance of Aux-CN photoelectrode. 

As a proof-of-concept application, Aux-CN photoelectrode was successfully applied 

in a visual ECL sensor for a typical environmental contaminant, NO2
-, with a wider 

detection range and lower detection limit, compared to the conventional CNNS. The 

complete quantitative description of ECL kinetics and harnessing shallow trap state in 

timescale coordination of each step would expand the applicability of ECL emitters in 

various fields of optoelectronics devices, clinical diagnosis and bioimaging. 
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