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Abstract

Electrochemiluminescence (ECL), an emission of light excited by electrochemical
reactions, has drawn attention as tools across diverse fields, ranging from clinical
disease diagnosis to photo-/electro-catalysts development. Nonetheless, the ECL
efficiency of most luminophores in aqueous solutions is low, which significantly
hamper their broad applications; thus, understanding the intrinsic factors for ECL
efficiency is highly envisioned. Herein, taking emerging carbon nitride (CN) with
unique electronic structures and rigid 2D backbone as a model luminophore, we report
that the orbital delocalization was a promising unifying factor for its ECL efficiency.
Behind the complicated transformation of molecular structures regarding cyano-
terminal groups and triazine/heptazine basal frameworks, the orbital delocalization of
the as-prepared CN was found to be generally improved at an elevated condensation
temperature. Such intrinsic evolution in electronic structure favored the electron
injection in excitation and photon emission afterward in ECL of CN. As a result, the
cathodic ECL efficiency of CN was remarkably improved to a new milestone of 170-

fold greater than benchmark Ru(bpy);Cl.



Introduction

Highly efficient interconversion of different types of energy is essential not only in
living but also for science and technology development. One prominent example is that
chlorophyll, enzymes, and Escherichia coli maintain normal physiological function at
an extreme efficiency approaching the physical limit. In contrast, there exists a giant
gap for artificial devices to pursue. For instance, electrochemiluminescence (ECL), a
light emission process in which excited species are generated at electrode surfaces by
electrochemical reactions, has been widely applied ranging from clinical disease
diagnosis to bioimaging.!”” Nonetheless, ECL efficiency (number of generated photons
per occupied electrons) of most emitters in aqueous solutions, including the
commercialized benchmark tris(2,2"-bipyridyl)ruthenium(II) chloride (Ru(bpy)3;Cl), is
essentially low (typically less than 2%),® which significantly hamper their broad

applications.

Numerous efforts have been devoted to addressing this problem, e.g., exploring new
ECL emitters via screening luminophores with superior photophysical properties.” >4

Alternatively, the ECL efficiency of existing emitters was enhanced by strengthening
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intermolecular charger transfer,!>'° radical stabilization,!”?°, and aggregation effects.'>
14.21-23 Despite these unprecedented successes, the study of ECL emitters with high ECL
efficiency and the associated mechanism is still in infancy. For instance, the reliable
correlations between photoluminescent (PL) quantum yield (QY) and ECL efficiency
remain controversial,'* %24 as the excitation kinetics of PL and ECL are different, e.g.,
the time scale of the former is faster than the latter by up to 6 orders of magnitude.
Moreover, in previous studies, the ECL efficiency is often confused with ECL
intensity,””> making the intrinsic comparison among different ECL emitters difficult.
Therefore, from both a fundamental and application point of view, it is urgent to

understand the intrinsic factors that influence ECL efficiency and consequently make

an improvement.



Due to the unique rigid 2D backbone and the associated electronic structures,
polymeric carbon nitride (CN) has emerged as a promising new generation of metal-
free luminophore.?%?° It had demonstrated a record cathodic ECL efficiency of ca.
seven times of benchmark Ru(bpy);Cl, in an aqueous solution.>® Herein, taking CN
with modulable molecular structures as a model system, we report the physicochemical
insights of orbital delocalization on enhancing ECL efficiency by a general kinetic
evaluation of electrons and photons participated-processes in ECL. In contrast to PL, it
was disclosed that the quantitative orbital delocalization index (ODI), associated with
the complicated development of cyano-terminal groups and basal triazine/heptazine
frameworks during the thermal condensation of CN, could be regarded as a unified
intrinsic factor for @gcL of CN. Following this finding, the cathodic ECL efficiency of
CN photoelectrode further improved remarkably up to ca. 170 times of benchmark
Ru(bpy)sCl.

Results and Discussion

Following our previous work,*® fluorine-doped tin oxide (FTO) was used as the
substrate to absorb microwave energy, on which cyanamide could be rapidly heated and
polymerized on FTO (Figure 1a). A thermal infrared camera was used to monitor the
temperature distribution in real-time during the microwave-assisted synthesis (Figure
1b and S1). As shown in Movie S1, the temperature of the reaction system could
quickly increase at ca. 60 °C/s by microwave irradiation. As a result, robust and uniform
CN films under different temperatures were successfully grown on FTO in seconds,
denoting CNmwr (T= 400 to 720 °C, see morphology, crystal structures, electronic
structures, and chemical bonding of CNmwr in Figure S2-6). Notably, CN started to
decompose at a temperature higher than 600 °C (see the thermal image and TGA curves

in Figure Sle and S7).

The detailed chemical structure of different CNmwt was investigated by Fourier
transformed infrared spectroscopy (FT-IR). As shown in Figure 1c, the FT-IR spectra

of all CNmwr showed the peak at around 800 and 1100-1700 cm™, typically attributing



to triazine or heptazine ring out of plane bending and the C-N heterocycles stretching
vibrations, respectively.®!*> Notably, characteristic vibrations for v(—NH) at
3457/3325 cm! and C=N at 2205 cm™!' were observed for CNmwaoo,>>* suggesting an
incomplete polymerization; at the higher temperature, these terminal groups gradually

disappeared.
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Figure 1. (a) Scheme of microwave-assisted synthesis of CN photoelectrode. (b)
Thermal image for temperature distributions of CNmwsso on FTO by microwave heating.

(c) FT-IR and (d) LDI-TOF mass spectra of CNmwrt (T= 400 to 580 °C)



To disclose more precise evolution of molecular structures, especially for the exact
type of repeating units, during the condensation synthesis of CNmwr, the matrix-free
laser desorption/ionization time-of-flight (LDI-TOF) mass spectra of CNwmwaoo,
CNmwso00, CNmwsso (Figure 1d) and the control bulk CNsso (Figure S8) were further
measured. Interestingly, the m/z fragments of 370, 550, 597, 613, and 614 that were
assignable to the linear oligomers of the triazine unit were observed for all samples
(Figure S9). Nevertheless, the relative intensity gradually decreased when the
condensation temperature was elevated. Moreover, the mass spectra of CNmwsoo and
CNmwsso showed 219, 420, and 621 m/z fragments, the same as that of bulk CNsso, with
an interval of 201. It corresponded to the successive loss of protonated heptazine in
ionization®. A series of peaks with m/z separated by 17,42, 67, 151, 176, and 201 were
also observed, showing the progressive ionization of heptazine to cyanamide (see more
discussion in SI and Table S1). Besides, multiple LDI-TOF mass spectra measurements
showed that the relative m/z fragment intensity of 621, assigning to heptazine trimer,
successively increased during the polymerization, indicating an improved
polymerization degree at a higher temperature. The by-products, including
dicyandiamide, melamine, and melam during the synthesis of CNmwsso, were also
identified by FTIR (Figure S10a), XRD patterns (Figure S10b), and high-performance

liquid chromatography (HPLC)-mass spectrometry (Figure S11).

Given the above, the detailed thermal-condensation processes of CNmwrt were
summarized as follows: (1) triazine repeating units with cyano-terminal groups were
firstly produced from monomers; (2) they later converted into a more conjugated
heptazine framework when the critical temperature (ca. 500 °C) was reached; (3) at a
higher temperature up to 580 °C, the polymerization degree increased; (4) and finally,
at an even higher temperature, CNmwr started to decompose (Figure S13). Notably, our
results showed that the triazine unit was always accompanied by the electron-drawing
cyano-terminal groups during the condensation reaction, while the heptazine unit was

not. It was supposed that such molecular structures evolution would alter the HOMO-



LUMO orbits delocalization of CNmwt and subsequently influence the ECL efficiency,

which will be discussed in the following text.
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Figure 2. (a) Proposed ECL mechanism at CNmwr. (b) CV and ECL curves of CNmwsso.
(c) Wavelength-resolved ECL spectrum of CNmwsso under -1.5 V vs. Ag/AgCl that was
used for calculating the total number of photons. Insets: the photographs of CNmwsso
electrode before and after applying voltage in the daylight and dark. (d) The relative
ECL efficiency of CNmwr. Electrolyte: 0.01 M PBS, 0.1 M KCl and 25 mM K2S>0s.

ECL is the emission of light produced by the electron transfer reaction between the
electrochemically generated species in the vicinity of an electrode.? *® Figure 2a shows
that the entire ECL processes of CN can be divided into four steps. The first is the
injection of electrons from the working electrode into CN's conduction band (CB). Next,

partially excited electrons reduced the co-reagent, producing potent oxidant radicals. It



later initiated the third step, i.e., hole-generation in the valence band (VB). Lastly, the
electrons in the CB and the holes in the VB recombine with the emission of lights.?’
The cyclic voltammogram (CV) curve showed the injection of electrons (Step 1) for
CNmwsso at an onset potential of ca. -0.93 V; simultaneously, the ECL emission was
observed (Figure 2b), even by naked eyes (Figure 2¢ inset). The wavelength-resolved
ECL spectrum in Figure 2¢ demonstrated an intense peak centered at ca. 460 nm,
almost identical to its optical bandgap (Figure S7), manifesting the above CB-VB

transition mechanism?°.

Our previous microwave-assisted synthesis work obtained a historic record cathodic
ECL efficiency of ca. seven times of benchmark Ru(bpy)s;Cl».*” This study revealed that
by optimizing the microwave sampling position (Figure S14), the heating temperature
could be further substantially improved from prevenient 400 °C to 720 °C, fully
covering the condensation and decomposition temperature for CN. Interestingly, as
shown in Figure 2d, the relative ECL efficiency (®@rcL, Eqn. 1) demonstrated a volcano
relationship with the synthesis temperature, and the highest one of CNwmwsso reached a
new milestone of 170 times of benchmark Ru(bpy);Cl. (see the detailed calculation in
Figure S15). Thanks to the variable molecular structures discussed in the above section,
CNmwr offered a versatile platform to understand the intrinsic factors that influence

DecL.

To verify how electrons participated in the ECL processes in Step 1, the electrochemical
impedance spectra (EIS) and Mott—Schottky plots of different CNmwt were measured.
Generally, the semicircle diameter in Nyquist plots is equivalent to the electron-transfer
resistance (R,),>® and low resistance favors electrons injection from substrate electrodes
to emitters for cathodic ECL (Step 1). As shown in Figure 3a and S16a, the semicircle
domain decreased with condensation temperature, indicating that the higher the
condensation temperature, the higher the electron conductivity. Mott—Schottky plots
under dark conditions were also analyzed. Figure 3b showed a lower slope for CNywr
at high temperatures. As known, the slope of the Mott—Schottky plot was inversely

correlated with the charge carrier density (Eqn. 2). It suggested that CNwmwr at higher
8



temperatures could improve the charge carrier density*® (Figure S16b), which provided

the origin of the enhanced electron conductivity of CNmwr.
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Figure 3. (a) Nyquist and (b) Mott—Schottky plots of different CNmwr (T=400-580) in
0.1 M KCI. The inset shows the Mott—Schottky plots of CNmwt (T=500-580) under
same condition. (¢) Charge consumed by Faraday reactions and (d) energy level

diagram of different CNmwt (T=400-580).

We next explored Step 2 and 3, in which K»S,0g co-reagent was successively
reduced, followed by the generation of holes in the VB of CNmwrt. The ECL intensity-
potential curves in Figure S17 showed CNmwr at higher temperature demonstrated a
positively shifted ECL onset potential. As enabled by the formation of more heptazine
units, the increased electronic conductivity of CNmwt well supported the accelerated
reduction of K2S20s into SO4™ (Step 2). The charge consumed by Faraday reactions

including K»S>Og and CNmwr reduction could be quantitatively evaluated by

9



subtracting the consumed charge during chronoamperometric measurements in
electrolyte without K>S>Os from that with K>S>0s. As summarized in Figure 3c, the
charge consumed by K»S>Og reduction in the ECL processes also increased for CNmwt
at high temperatures, which was supposed to generate more co-reagent radicals. To
understand the formation of a hole in the VB of CNmwr, the energy band structure of
CNmwrt was further calculated by measuring the flat band potential using the onset of
the photocurrent (Figure S18) and the band gap from the UV-vis absorption spectra
(Figure S8). It was observed that the CB-VB position up-shifted with a shrinking gap
for CNmwr at a higher temperature. As such, the strong oxidizing species, i.e., SOs™,
would be more easily generated and further extracted an electron from VB to produce
a hole (Step 3). After this step, the excited CNmwr™® was formed. In these regards, the
electronic conductivity and CB-VB position of CNmwr at higher temperatures were

more favorable to the kinetics of Step 2 and 3 in the ECL for CNmwr.

To understand the influencing factors for the photon dynamics in ECL (Step 4), the
open-circuit photovoltage (OCP) was further measured. Generally, a larger OCP upon
irradiation is often associated with solid excited electron storage. It was found that the
OCP of all CNmwrt increased with time under the irradiation and gradually reached a
plateau. Interestingly, the slopes (ki) were higher for CNmwr at a higher temperature,
indicating faster electrochemical excitation kinetics (Figure 4a), consistent with the
lower ECL onset potential (Figure S18). A similar trend of the stabilized OCP under
irradiation (AV1) for all CNmwt was also observed, indicating higher excited electron
storage.***! When the light was off, the OCP rapidly subsided. The slope, an indicator
of the electron-hole recombination kinetics (k2), was also higher for CNmwr at higher
temperatures. The surface deep electron-trapping state could be evaluated by the ratio
of AV2/AV] (a).3% 4 It was observed that o of CNmwr at higher temperature was closer
to 1, suggesting less surface deep electron-trapping state. For clarity, the value of AV,
Ay, ki, and ko for different CNymwt are summarized in Figure S19. Thus, the OCP

measurement disclosed that CNwmwT at higher temperatures had higher excited electron-
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storage capacity, favorable excitation, faster electron-hole recombination kinetics, and

less surface deep trapping state of electrons.
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Figure 4. (a) Open circuit potential of different CNmwt (T=400-580) under chopped
visible light irradiation in 0.1 M KCI. (b) Time-resolved PL decay spectra and (c) holes
recombination efficiency of CNmwt (T=400-580) evaluated by PEC current under
chopped light biased at -0.3 V vs. Ag/AgCl in 0.1 M KCI. (d) PL quantum vyields, the
number of emitted photons and the number of consumed electrons involved in the ECL

of CNuwr (T=400-580).

To confirm the above photon dynamics, the excited state of CNmwt was also studied
using the time-resolved PL decay spectra (Figure 4b), thanks to the similar CB-VB
transition in ECL and PL. Three different processes contribute to the lifetime: the non-
). 444

radiative process (t1), radiative process (12), and energy transfer process (T3

Among them, 12 is directly related to the recombination of photogenerated electron-

11



hole pairs,** ** which was calculated to be 43.75, 16.05, and 13.15 ns for CNmwr
(T=400, 500 and 580), respectively. In general, a shorter PL decay lifetime of the
radiative process often indicates a faster recombination rate for electron-hole pairs,*®
while an elongated one would result from the accumulation of excited electrons in the
deep trapping state. To support this hypothesis for CNmwr, triethanolamine (TEOA),
an efficient hole scavenger, was added to the electrolytes. Assuming that most holes are
successfully extracted in the system, the normalized photocurrent after the addition of
TEOA could be set as 100%.*7-** Based on this speculation, the calculated electron-hole
recombination efficiency (7., Eqn. 4) of CNmwt at higher temperature was higher
(Figure 4c¢, S20), supporting the as-observed shorter PL decay lifetime and consistent
with the OCP results (Figure 4a). Similarly, the R, by EIS plots (Figure S21a and b)
and the charge carrier density by Mott—Schottky plots (Figure S21b and ¢) under
irradiation for CNmwt also showed the consistent dependence on the condensation
temperature. For instance, the charge carrier density of CNmwsso was quantitatively
nearly 120 times that of CNwmwaoo under irradiation, showing the critical role of

condensation temperature in enhancing the photon dynamics process.

The above results revealed that higher condensation temperature favored both the
electron transfer and radiative process. Nonetheless, the detailed dependences were
different. As shown in Figure 4d, the turnaround temperature for consumed electrons
and emitted photons was observed both at ca. 500 °C, but beyond which, the former
gradually reached a plateau, while the latter sharply boosted up to 580 °C. It should be
noted that 500 and 580 °C were the critical temperatures for transforming triazine into
heptazine and the decomposition of CN, respectively. According to the definition of
®gcL, it suggested that in the stable scope of carbon nitrides, the higher ratio of
heptazine units, the higher @gcL. In contrast, the PL quantum yields (QY) of the CNmwrt
demonstrated a different dependence on the core repeating units (Figure 4d), indicating

a distinctive mechanism.
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CNMmwT.

In general, the ECL kinetics, such as electronic conductivity, excited electron-storage
capacity, surface deep electron-trapping state, charge carrier density, and electron-hole
recombination efficiency, were are all associated with the electronic structure of
luminophores, for which, the orbital delocalization is supposed to be a practical
desciptor.*®! To get more insights into the improved ®gcL for CNmwr, the orbital

delocalization index (ODI) of HOMO-LUMO for the typical fragments during the
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successive thermal condensation of CN were quantitatively calculated by using DFT
methods.®® The obI; is defined as 0.01xY,0,;%, where ©,; is the contribution
degree of A atom for the i obit. The lower ODI in value, the higher the orbital
delocalization. In addition, the ODI range is (0, 100]. It was found that due to the lone
pair electrons, cyano-terminal groups, which always accompanied the generation of
trazine during the condensation below the critical temperature of 400 °C, mostly
predominated the contribution for the HOMO and LUMO of CNmwr (Figure 5a),
manifesting a higher ODI. In contrast, the ODI of HOMO and LUMO for CNmwt with
heptazine framework decreased (Figure 5b) and became even lower with a higher
polymerization degree (Figure 5c), indicating electrons were ready to transfer in a more
polymerized structure. Such significant ODI changes for different CN fragments
supported the experimental observation that CNmwt at higher temperatures had
favorable electron injection in dark and photon emission afterward. Therefore, during
the thermal condensation of CN, the structure transformation regarding the terminal
groups and triazine/heptazine core frameworks was essentially associated with a
gradual improvement in the orbital delocalization. Factoring out the complicated
structure evolution, ODI could be regarded as a unified intrinsic factor for @gcL of CN,

i.e., the lower ODI, the higher ®ecL.

For clarity, the possible charge-transfer pathway for ECL (Figure 5¢) and PL (Figure
5d) of CNmwt was briefly proposed. Due to the unique electrochemical excitation, an
efficient obits delocalization would promote electron injection and co-reagent reduction
reaction Kinetics. In contrast, the same situation was often associated with non-radiative
decay pathways for photoexcitation, leading to a PL quenching. Understanding the
effects of electron delocalization on the unique electrochemical excitation and light
emission for ECL would unlock the intrinsic factors for boosting ®@ecL. As a result,
owing to the enhanced HOMO and LUMO delocalization, the as-synthesized CNwwsso
demonstrated the highest @gcL in this work, reaching a new milestone of 134-fold
greater than the benchmark Ru(bpy);CL (Figure 2d). Moreover, taking detection of

NaNO; as an example application, a near tenfold larger slope of the calibration curve

14



was obtained by using CNmwsgo, compared to CNmwaoo (Figure S22). It evidently
suggested that CNmwrt with higher @kcr held great potentials in developing chemical

sensors with superior sensitivity.
Conclusion

In summary, we report that the orbital delocalization of CN was a practically unifying
factor for its ECL efficiency. The comprehensive characterizations, including LDI-TOF
mass spectroscopy, confirmed the critical molecular transformation from triazine to
heptazine basal frameworks at 500 °C, accompanying the disappearance of cyano-
terminal groups. Apart from PL property in previous studies, each electron- and photon-
participated process in ECL of CN was further systematically explored to examine the
ECL kinetics, such as electronic conductivity, excited electron-storage capacity, surface
deep electron-trapping state, charge carrier density, and electron-hole recombination
efficiency. The resulting DFT calculation disclosed the intrinsic correlation between
molecular structure and ECL kinetics, i.e., behind the complicated molecular structure
evolution, the orbital delocalization of CN was essentially improved at successive
elevated condensation temperature, which favored the electron injection in excitation
and photon emission afterward in ECL. As a result, interestingly, the cathodic @kcL of
CN calcining at 580 °C before the decomposition was remarkably improved to a new
milestone up to ca. 170-fold greater than that of benchmark Ru(bpy);Cl>.This work
demonstrates that a better understanding of intrinsic factors, such as the orbital
delocalization for CN, is promising to unlock luminophores with higher @gcr and pave

more demanding applications.

Experimental Procedures

Reagent. Cyanamide (CA, 99%) was purchased from Energy Chemical, China.
Potassium peroxodisulfate (K2S20s), potassium chloride (KCI), sodium dihydrogen
phosphate dihydrate (NaH>PO42H>O), disodium hydrogen phosphate dodecahydrate

(NaaHPO4-12H>0), triethanolamine (TEOA) and sodium nitrite (NaNO) were obtained
15



from Shanghai Macklin Biochemical Co. Ltd., China. Fluorine-doped tin oxide (FTO)
glasses (12-14 Q/sq, Zhuhai Kaivo Optoelectronic Technology Co., Ltd., China) was
ultrasonically washed with acetone, alcohol, and ultrapure water for 15 min,
respectively, and then dried with high pure nitrogen gas flow before use. Ultrapure
water (18.2 MQ-cm) was obtained from a Direct-Q 3 UV pure water purification system
(Millipore, USA) throughout all experiments. Unless otherwise specified, all the other

reagents were of analytical grade and applied without further purification.

Characterization. Fourier transformed infrared spectra (FT-IR) were recorded using
Nicolet iS10 FT-IR spectrometer, equipped with an attenuated total reflection (ATR)
setup (Thermo, USA). The structure of CNmwr was obtained by matrix-free laser
desorption/ionization time-of-flight mass (LDI-TOF-MS, AB Sciex 5800, America).
The morphology of the CNmwr electrode were investigated by FEI Inspect F50
scanning electron microscope (FEI, USA). The XRD patterns were measured by using
Ultima IV (Rigaku, Japan). X-ray photoelectron spectroscopy (XPS) was taken on an
ESCALAB 250XI electron spectrometer (Thermo, USA) with monochromatic Al Ka
X-rays (hv =1486.6 eV) as the excitation source, and the binding energy were corrected
by reference Cls level to 284.6 eV to compensate for the specimen charging. The UV-
vis absorption spectra were measured on a Cary 100 (Agilent, Singapore) with a diffuse-
reflectance accessory, and BaSO4 was used as a standard reference (100% reflectance).
The photoluminescence (PL) spectra were performed on a Fluoromax-4 (Horiba Jobin
Yvon, Japan). The time-resolved PL spectra were performed with fluorescence
spectrometer (PluoroLog 3-TCSPC, Horiba Jobin Yvon, Japan). The high-performance
liquid chromatography (HPLC, Agilent, 1260-Infifinity) at a detection wavelength of
230 nm with a methanol/water mixture (80:20, v/v) as the mobile phase. Thermal
gravimetric analysis (TGA) was performed using a (TG209 F3, Netzsch, Germany)
analyzer with a heating rate of 10 °C/min from 25 °C to 800 °C under a nitrogen

atmosphere.

Preparation of CN photoelectrode. Firstly, CA was heated at 80 °C and melted. Then,

30 uL of CA was dropped on the conductive side of FTO. After that, the microwave
16



oven (M1-L213B, 2.45 GHz, Midea, China) were used to heat CA using FTO as
microwave interaction agent operating with the power of 700 W and cooled to room
temperature naturally. The thermal imaging device (AnalyzIR FOTRIC 280, China)
were used for monitoring the CNmw Synthesis process. A microwave leakage detector
(DT-2G, CEM, China) was used to monitor external field intensities around the oven in

order to safety precaution.

ECL Measurements. The ECL intensity measurements were conducted on an ECL
analyzer system (MPI-E, Xi’an Ruimai Analytical Instruments Co. Ltd., China). The
voltage of photomultiplier tube (PMT) for collecting the ECL signal was biased at 400
V during detection. The supporting electrolyte was 0.1 M KCI with 25 mM K5S,0s in
0.01 M PBS (pH 7.4).3":3 The ECL emission spectra were recorded by integrating CHI

400C with an Fluoromax-4 FL spectrophotometer, where the slit width was 20 nm.

Relative ECL efficiency (PkcL). DrcL are defined as the ratio of the number of photons
produced per electron transferred between the oxidized and reduced analyte species

relative to that of Ru(bpy)3;Clo/K2S20s, using Eqn. 1:3*

JECLdt

Geomema®
sl = (fCurrentdt x 100% (1)

TECL dt )
[ Current dt

where “ECL” and “Current” represent integrated ECL intensity from the accumulated
ECL spectrum and electrochemical current values respectively, “st” refers to the
Ru(bpy)sCl2/K2S20s standard and “x” refers to the analyte. The potential was fixed at -
1.5 V vs. Ag/AgCl by chronoamperometry in 0.01 M PBS (pH 7.4) containing 25 mM
K2S20g and 0.1 M KCl.

Photoelectrochemical measurements. All the electrochemical measurements were
performed with a conventional three-electrode system, consisting of CNmwt on FTO
electrode, platinum wires, Ag/AgCl in saturated KCl as working electrode, counter
electrode, and reference electrode, respectively. The PEC experiments were measured
out in 0.1 M KCI at ambient condition. The light source to simulate the sunlight was

obtained from a 150 W Xe lamp and the average light intensity was 100 mW/cm? The
17



electrochemical impedance spectroscopy (EIS), open circus potential (OCP) and Mott-
Schottky plots were recorded in a Reference 600 potentiostat/galvanostat/ZRA (Gamry,
USA). The potentials were measured against the Ag/AgCl (saturated KCl). The working
electrode was irradiated from the backside in order to minimize the influence of
thickness of the semiconductor layer. The Mott-Schottky equation (Eqn. 2) simply
relates C to the applied potential V relative to its Vs and other parameters of the

semiconductor as follows:>% >

r__ 2 _vy., — ksT

cz €€0A2eN (V Vfb e ) (2)

Slope = 2 3)
SEOAZGND

where ¢ and &g are the dielectric constant and the vacuum permittivity, respectively, A
is the area, e is the electronic charge, Vi, is the flat-band potential, Np and the donor
concentration, (for an n-type semiconductor photoanode), or acceptor concentration, V
is applied potential, ks is the Boltzmann constant, and T is the temperature. The Np is
proportional to the inverse of the slope.

Hole recombination efficiency. The hole recombination efficiency was calculated using

Eqn. 4:47-%
n. (%) =1— 2% % 100% (4)
re JTEOA

It is assumed that the recombination efficiency of photogenerated carriers in the system
is 100% after the addition of a hole scavenger (10% v/v TEOA). Jkciis the photocurrent
density obtained in 0.1 M KClI aqueous solution, while J7zo4 is the photocurrent density

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

Computational methods. Density functional theory (DFT) calculations were performed
with Gaussian 16 (revision A03).>” The models were optimized at the M06-2X/6-
311g(d,p) level without imaginary frequency. The ODI was calculated by Multiwfn
(revision 3.8).>® The images of isosurfaces of the LUMO and HOMO were obtained

from Visual Molecular Dynamics (VMD, revision 1.9.3) and Multiwfn (revision 3.8).
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