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ABSTRACT  16 

Regulating the rate-determining step in photocatalysis is crucial for advancing its application 17 

in environmental remediation. However, approaches for tailoring the rate-determining step have 18 

been largely overlooked. Herein, Ca-intercalated g-C3N4 is designed as a model photocatalyst to 19 

deeply understand the electron transportation behavior and the mechanisms of photocatalytic NO 20 

removal. The intercalation of Ca builds an interlayer channel for electron migration between g-21 

C3N4 layers, which extends the sp
2
 hybridized planes and enables the electrons to transform from 22 

a delocalized state to a localized state around Ca, leading to the formation of localized excess 23 

electrons (e
-
ex). Under visible light irradiation, these e

-
ex are subsequently captured by gas 24 

molecules for more efficient reactive oxygen species (ROS) generation and reactant activation. 25 

The ROS generated by Ca-intercalated g-C3N4 demonstrate stronger oxidation capability than 26 

those generated by pure CN. The ROS directly participate in photocatalytic NO oxidation and 27 

tailor the rate-determining step by decreasing the reaction activation energies, resulting in an 28 

overall increase in NO removal efficiency and a reduction in NO2 production. The photocatalytic 29 

efficiency and selectivity have been significantly improved owing to the functionality of the e
-
ex. 30 

Using closely combined experimental and theoretical methods, this work provides a new 31 

approach for understanding the behaviors of e
-
ex in environmental photocatalysis and tailoring 32 

the rate-determining step to enhance reaction efficiency, achieving efficient and safe air 33 

purification.  34 

Keywords: localized excess electrons; rate-determining step; photocatalysis; g-C3N4; DFT 35 

  36 
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1. Introduction 37 

Semiconductor photocatalysis has been long recognized as a feasible and sustainable 38 

technology for environmental remediation, including NOx purification,[1-4] volatile organic 39 

compound (VOC) removal[5, 6] and wastewater treatment.[7-9] Nevertheless, the photocatalytic 40 

activity and selectivity are still not satisfactory, especially when confronted with the 41 

accumulation of toxic intermediates.[10, 11] The inevitable generation of intermediates could 42 

cover the reactive sites of the photocatalysts and impede the overall reaction from reactants to 43 

final products. The conversion of intermediates to final products, which requires overcoming the 44 

high activation energy, appears to be the bottleneck in general environmental photocatalysis.[12-45 

14] Thus, tailoring the rate-determining step to enhance reactant and intermediate conversion is 46 

of key importance in photocatalytic environmental remediation. To address this issue, in situ 47 

characterization technology and atomic level simulation, which could continuously survey the 48 

reaction process and provide insightful results, are conclusively required. 49 

General modification strategies, including doping,[15-17] atomic vacancies[18, 19] and 50 

heterostructure construction,[20, 21] can transform the electrons from a delocalized state to a 51 

localized state, which can generate localized excess electrons (e
-
ex). However, the effects of e

-
ex 52 

on reactant activation and reactive oxygen species (ROS) generation have not been fully revealed. 53 

As illustrated in Scheme 1, the generation and delivery of e
-
ex are prerequisites for one 54 

semiconductor to participate in a photoredox reaction, thereby strongly impacting the optical 55 

absorption, charge transfer, and chemical reactivity.[22-24] Under light excitation, the e
-
ex prefer 56 

to be captured by reactants,[25, 26] which dominantly contribute to reinforced reactant activation 57 

and ROS generation.[27-29] Moreover, compared to the ROS with low activity (ROS-L; Scheme 58 

1) that are induced by delocalized electrons, the e
-
ex can activate the O2 molecules to generate 59 



4 

 

ROS with high oxidative capability (ROS-H).[30] The ROS-H directly initiate the photocatalytic 60 

reaction, which can reduce the reaction activation energies and increase the reaction rates of 61 

elementary reactions, hence overcoming the rate-determining step for more efficient pollutant 62 

conversion and target product generation.[31-33] Here, the e
-
ex could tailor the rate-determining 63 

step, which is a key limiting factor for increasing the overall photocatalysis efficiency. 64 

Scheme 1 65 

Considering the photocatalytic NO removal reaction as a case study, the accumulation of 66 

intermediate NO2 is the bottleneck in improving overall reaction efficiency. The further 67 

oxidation of the toxic and stable intermediate NO2 is the rate-determining step in NO 68 

removal.[34, 35] In this study, we designed the alkaline earth–intercalated g-C3N4 (henceforth 69 

denoted as CN) as model photocatalysts for tailoring charge transfer and electron localization 70 

because of their facile fabrication,[36, 37] visible-light response,[38, 39] and well-understood 71 

behavior regarding ion intercalation.[40-42] The Ca-intercalated CN (CN-Ca) was found to 72 

strongly assist e
-
ex generation, transfer, and capture in comparison with pure CN, significantly 73 

promoting spatial charge separation and ROS production.  74 

Most importantly, the regulation of the rate-determining step in NO removal was first 75 

investigated via closely combined in situ diffuse reflectance infrared Fourier transform 76 

spectroscopy (DRIFTS) and density functional theory (DFT) simulations. The generation and 77 

delivery of e
-
ex in CN-Ca essentially contributes to O2 activation, which subsequently provides 78 

ROS-H to overcome the rate-determining step, tuning the photocatalytic activity and selectivity 79 

for more efficient NO conversion and NO2 inhibition. These results provide direct evidence that 80 

electron behavior definitively tailors the rate-determining step in photocatalytic environmental 81 

remediation. Specifically, the e
-
ex are generated by Ca intercalation and then captured by the gas 82 
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molecules to promote reactant activation and ROS generation under light irradiation. The 83 

reaction activation energy is reduced, thereby increasing reaction rate of the key elementary 84 

reaction and achieving more efficient and safe NO removal. Based on this success, various 85 

calculations, including the activation of CO, CO2, NO2, methanal, and toluene on Ca-CN, were 86 

performed to extend the knowledge base. The results agreed well with the case of NO. 87 

Consequently, we offer the general perspective that understanding the effect of e
-
ex on the rate-88 

determining step is crucial for improving the performance of photocatalysts in many 89 

environmental and energy-related applications. 90 

2. Experimental section 91 

2.1 DFT calculations 92 

All the spin-polarized DFT-D2 calculations were performed by the “Vienna ab initio 93 

simulation package (VASP 5.4.1)” using a generalized gradient correlation functional.[43] The 94 

cut-off energy was set to 450 eV within the framework of the projector-augmented wave method. 95 

The Gaussian smearing width was set to 0.2 eV. The Brillouin zone was sampled with a 5 × 5 × 96 

1 K points. A hybrid Heyd–Scuseria–Ernzerhof (HSE06) method was utilized to predict the 97 

exact band structures.[44] The climbing image nudged elastic band (CI-NEB) method was 98 

applied to locate the minimum energy pathway from the initial state (IS) to its final state (FS).[45] 99 

The transition state (TS) was validated with a single imaginary frequency. The obtained electrons 100 

of specific atoms and molecules, Δq, were calculated with the Bader method,[46] where positive 101 

and negative values correspond to electron depletion and accumulation, respectively. 102 

The adsorption energy, Eads, is defined as  103 

 Eads = Etot – (ECN + Emol) , (1) 
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where Etot, ECN, and Emol refer to the total energy of the adsorption structures, g-C3N4 structures, 104 

and isolated molecules, respectively. 105 

The formation energy, Ef, for Ca intercalation is defined as 106 

 Ef = ECN-Ca – (ECN + Emetal), (2) 

where ECN-Ca, ECN, and Emetal refer to the total energies of CN-Ca, pure CN, and induced Ca 107 

metal, respectively. The energy of a metal was calculated from its unit cell. 108 

2.2 Photocatalysts fabrication 109 

All chemicals used in this study were of analytical grade without additional treatment. The 110 

CN-Ca was fabricated via in situ co-pyrolysis. In a typical procedure, thiourea and Ca(NO3)2 111 

were used as the precursors. Ten grams of thiourea and a known amount of Ca(NO3)2 (molar 112 

ratios of 3%, 5%, and 10%, relative to the experimentally obtained CN) were added to an 113 

alumina crucible with 30 mL of deionized water and then dried at 80 ℃ to induce re-114 

crystallization. The covered crucible was then calcined at 550 ℃ in air for 2 h using a muffle 115 

furnace. After naturally cooling to room temperature, the as-prepared samples were collected. 116 

The CN-Ca with molar ratios of 1%, 3%, and 5% were labeled as CN-Ca1, CN-Ca3 and CN-Ca5, 117 

respectively. As will be discussed later, all the three CN-Ca samples manifested similar patterns 118 

in photocatalytic activities and characterizations. Thus CN-Ca3 was presented as a prototype, 119 

corresponding results of CN-Ca1 and CN-Ca5 were listed in the Supplementary Materials. 120 

2.3 Characterization 121 

The crystal phases of the samples were analyzed using X-ray diffraction (XRD) with CuKα 122 

radiation (Model D/max RA; Rigaku Co., Tokyo, JPN). The surface properties were investigated 123 

using X-ray photoelectron spectroscopy (XPS) with AlKα X-rays (Thermo ESCALAB 250; 124 

Thermo Scientific, Waltham, MA, USA). The morphologies were examined with scanning 125 
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electron microscopy (SEM; Model JSM-6490; JEOL, Tokyo, JPN) and transmission electron 126 

microscopy (TEM; Model JEM-2010; JEOL, Tokyo, JPN). Ultraviolet-visible (UV-vis) diffuse 127 

reflectance spectrometry was characterized using a scanning UV-vis spectra-photometer (UV-128 

2550; Shimadzu, Tokyo, JPN) equipped with an integrating sphere. Time-resolved fluorescence 129 

emission spectra were measured using a fluorescence spectrophotometer (FLSP920; Edinburgh 130 

Instruments, Livingston, GBR) at room temperature. The electron paramagnetic resonance (EPR) 131 

characterization (FLSP920) of the as-prepared photocatalysts was carried out at 77 K. Electron 132 

spin resonance (ESR) spectra of chemical radicals were obtained on a JES-FA200 spectrometer 133 

(JEOL, Tokyo, JPN) to determine the involvement of the ROS in methanol dispersion and 134 

aqueous dispersion for dimethyl pyridine N-oxide (DMPO)-
●
O2

-
 and DMPO-

●
OH, respectively. 135 

2.4 Photocatalytic efficiency evaluation 136 

The photocatalytic activities were investigated via the removal ratio of NO at ppb levels in an 137 

in-house–designed continuous-flow reactor (Scheme S1 in the Supplementary Materials). A 150-138 

W commercial tungsten halogen lamp was placed vertically outside the reactor. A UV-cutoff 139 

filter with a cutoff wavelength of 420 nm was utilized to remove UV light from the light beam. 140 

For each test, 0.20 g of the prepared sample was dispersed in 50 mL of distilled water in a beaker. 141 

The NO gas was obtained from a compressed gas cylinder, and the concentration of NO was 142 

diluted to approximately 500 ppb in the air stream. The desired relative humidity level of the NO 143 

flow was controlled at 50% by passing the NO-free air streams through a humidification 144 

chamber. The gas streams were premixed completely using a gas blender. After adsorption–145 

desorption equilibrium was achieved, the lamp was activated. The concentration of NO was 146 

continuously measured using a NOx analyzer (Model 42c-TL; Thermo Scientific, Waltham, MA, 147 

USA). The removal ratio, η, of NO was defined as  148 
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 η = 1 – C/C0 , (3) 

where C and C0 are the concentrations of NO in the outlet and feeding stream, respectively. 149 

2.5 In situ DRIFTS investigation 150 

In situ DRIFTS measurements (Scheme S2 and Fig. S1) were applied in a TENSOR II FT-IR 151 

spectrometer (Bruker Corp., Billerica, MA, USA) equipped with an in situ diffuse-reflectance 152 

cell (Harrick Scientific Products Inc., Pleasantville, NY, USA) and a high-temperature reaction 153 

chamber (HVC). The reaction chamber was equipped with two coolant ports and three gas 154 

ports—through which, He, O2, and 100 ppm of NO were fed into the reaction system. The total 155 

gas flow rate was 100 mL/min, and the concentration of NO was adjusted to 50 ppm by dilution 156 

with O2. The chamber was enclosed within a dome with three windows: two for IR light entrance 157 

and detection and one for photocatalyst illumination. The observation window was made of UV 158 

quartz and the other two windows were made of ZnSe. A Xe lamp (MVL-210; Mejiro Genossen 159 

Inc., Tokyo, JPN) was used as the irradiation light source. Before measurements, prepared 160 

samples were pretreated at 300 °C for 20 min. 161 

3 Results and discussion 162 

3.1 Electrons localization design 163 

The pure CN and CN-Ca were first constructed. As shown in the XRD patterns (Fig. 1a), two 164 

characteristic peaks, (001) and (002), at 13.1° and 27.4° respectively, reflect the generation of 165 

graphitic-like layered structures in CN.[38, 47] The (002) peak in CN-Ca is notably left-shifted 166 

in comparison with that of the pure CN (Fig. 1b), which can be attributed to the extension of the 167 

interlayer distance caused by the incorporation of Ca atoms between the layers. Thus, the 168 

intercalation of Ca between the layers of CN was realized. Moreover, the Ca is well defined in 169 

the XPS patterns (Fig. 1c and 1d). Typical SEM and TEM images (Fig. S2) indicate that Ca 170 
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inducement does not influence the morphology of CN, which consists of curved layers. The C, N, 171 

and Ca signals can be detected in the field emission SEM energy dispersive X-ray spectroscopy 172 

mappings (Fig. S3), verifying the homogeneous distribution of these elements. Additionally, the 173 

specific area, SBET, (Table S1) and pore volume of CN-Ca are slightly reduced compared with 174 

CN, indicating that Ca intercalation blocks some surface accessibility. However, as will be 175 

discussed later, this reduction does not lead to any drop in photocatalytic activity, indicating that 176 

the SBET and porous texture are not crucial parameters for determining the catalytic properties.  177 

Fig. 1 178 

The micro structures of CN-Ca at the atomic level were identified using the DFT calculations 179 

(Fig. S4). The Ca atoms tended to be located between the layers of CN, which agrees with the 180 

XRD patterns. The spatial distribution of electrons around Ca atoms was then calculated with the 181 

electronic localization function (ELF). The results indicate that Ca builds covalent interactions 182 

between the surface and subsurface of CN (Fig. 2a), which extends the π-conjugation system of 183 

CN to assemble delocalized electrons to form localized states around Ca atoms. The as-generated 184 

covalent bonding between Ca and C/N atoms can lead to the accumulation of e
-
ex, as depicted by 185 

the charge difference density (top view in Fig. 2b). These accumulated e
-
ex could further transfer 186 

between CN layers through the interlayer Ca channel (side view in Fig. 2c). This transfer route 187 

for e
-
ex is also proven by the calculated Bader effective charge, Δq, (Fig. S5), resulting in e

-
ex 188 

accumulation within this “triangle” region (Fig. 1f). This new electron localization pattern may 189 

strongly benefit light absorption and spatial charge separation. Most importantly, as the localized 190 

electrons can be accessed within this “triangle” region, more intense electron exchange is 191 

expected between the reactants and catalyst surface under light irradiation, leading to more 192 
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efficient reactant activation and ROS generation. Thus, the photocatalysis reaction process can 193 

be tailored via the e
-
ex–driven mechanism.  194 

Fig. 2 195 

3.2 Photocatalytic efficiency and photochemical properties evaluation 196 

The photocatalytic efficiency was assessed towards NO removal under visible-light 197 

illumination (Fig. 3a and S6). The maximum NO removal ratios were reached in approximately 5 198 

minutes for the CN and CN-Ca samples: 36.02% and 54.78%, respectively. The CN-Ca 199 

exhibited significantly enhanced conversion efficiency in comparison with the CN. Thus, the Ca 200 

intercalation is an effective approach for promoting the photocatalytic activity, which confirms 201 

our theoretical calculations. In addition, the catalytic stability of CN-Ca was investigated over 202 

five consecutive cycles (Fig. 3b). After the first run, it experienced slightly decreased activity, 203 

but the removal ratio remained constant for all remaining cycles (45%), which is nearly twice 204 

that of the pure CN (23%).  205 

Fig. 3 206 

The photo-electrochemical properties of the as-prepared samples were investigated to better 207 

understand the mechanism of photocatalytic efficiency enhancement. The calculated light 208 

absorption and UV-vis diffuse reflectance spectra (DRS; Fig 4a and S7) reveal that the red-shift 209 

band edge of the CN-Ca samples is present, unlike the pure CN; therefore, Ca intercalation 210 

extends the light absorption range in the visible-light region. The density of states (DOS; Fig. 4b) 211 

was calculated to survey the band structures. The band energy of pure CN was estimated to be 212 

2.66 eV; consequently, the narrower band gap of CN-Ca (2.05 eV) guarantees higher light 213 

absorption. Moreover, the valence band (VB) and conduction band (CB) edges of CN-Ca are 214 

downshifted relative to those in CN. Thus, the band structure is tailored by Ca intercalation, 215 
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resulting in the enhanced photo-oxidation ability of the holes in CN-Ca. The elevated light 216 

absorption ability is essentially contributed by the electron localization, which provides broad 217 

light response and facilitations electrons hopping between the VB and CB. 218 

The time-dependent fluorescence decay spectra were obtained to investigate the charge motion 219 

dynamics (Fig. 4c). In contrast to the pure CN, the lifetimes of carriers in CN-Ca were prolonged, 220 

confirming that the electron localization effectively boosts charge separation and transfer. The 221 

photoluminescence (PL) spectra (Fig. S8) further demonstrate that electron–hole recombination 222 

is indubitably inhibited. The solid state EPR (Fig. 4d) was investigated to evaluate the electron 223 

mobility of the as-prepared samples. It indicates that the π-conjugated delocalization in CN is 224 

significantly extended by Ca intercalation,[48] which implies that the e
-
ex in CN-Ca can move out 225 

of the delocalized sp
2
 plane, subsequently accumulating around Ca atoms for more intense 226 

charge transfer with the reactants, contributing to reactant activation and ROS generation. The 227 

separated carriers can participate in photocatalytic reactions before their recombination. These 228 

photo-electrochemical properties demonstrate that the generation and delivery of e
-
ex in CN-Ca 229 

could promote the fast transfer and effective suppression of photo-excited charge carriers, 230 

consequently leading to enhanced photocatalytic efficiency and selectivity.  231 

Fig. 4 232 

Beyond the oxidation ability of light-generated holes, the photocatalytic activity is initiated 233 

through generated active radicals, such as ROS, for more efficient photo-oxidation reactions. The 234 

major ROS are detected by applying the DMPO spin-trapping ESR spectra in an ethanol 235 

dispersion for 
●
O2

-
 (Fig. 5a) and aqueous dispersion for 

●
OH (Fig. 5b). It is worth noting that the 236 

amount of ROS, which provides more reactive radicals for NO conversion, is remarkably higher 237 

in CN-Ca than in pure CN. Based on the band structures of CN (Fig. S9), the generation of ROS 238 
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on CN originates from O2 activation, along the route of O2 → 
●
O2

-
 → H2O2 → 

●
OH,[28, 49-51] 239 

hence, these experiments demonstrate that the effective capture of e
-
ex for O2 activation is the 240 

prerequisite for promoting photocatalytic NO oxidation. 241 

Fig. 5 242 

3.3 In situ DRIFTS investigation 243 

To understand the reaction process and clarify the promotion mechanism in detail, in situ 244 

DRIFTS were performed to measure the dynamic reaction intermediates and final products (Fig. 245 

3; Fig. S10 shows the full-region spectra over all wavenumbers). The background spectrum was 246 

recorded before NO injection. The NO absorption bands were detected once the injected NO 247 

contacted the surfaces of CN (2195 cm
-1

; Fig. 6a) and CN-Ca (2194 cm
-1

; Fig. 6b) in the dark.[52, 248 

53] Over time, the corresponding DRIFTS adsorption peak intensities increased, indicating the 249 

gradual accumulation of NO on the photocatalysts. Meanwhile, the absorption bands of the 250 

intermediate NO2 (2070 cm
-1

) were also observed. The species evolution (Fig. 6c) confirms that 251 

more NO and NO2 were accumulated on the CN-Ca than on the pure CN, which demonstrates 252 

that the e
-
ex efficiently contribute to the activation of reactants and intermediate products. Owing 253 

to the regulation of the sp
2
 system of CN-Ca, the e

-
ex tended to transfer out of the π-conjugated 254 

surface for more intense electron donation to NOx compounds and O2 molecules for activation. 255 

Hence, NO oxidation at atmospheric temperature took place as NO2
-
 (1090 cm

-1
 in CN and 1095 256 

cm
-1

 in CN-Ca ) and NO3
-
 (1009 cm

-1
 in CN and 1014 cm

-1
 in CN-Ca) were detected.[54, 55] 257 

Many more products accumulated on CN-Ca than on CN, which confirms that the extension of 258 

π-conjugation could increase the catalytic process.[56, 57]  259 

Fig. 6 260 
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After the adsorption equilibrium (Ads. equil.) was reached, the DRIFTS of CN (Fig. 6d) and 261 

CN-Ca (Fig. 6e) were continuously monitored under visible-light irradiation. In comparison with 262 

the “Ads. equil.” spectrum, the adsorption intensities of the intermediates and final products 263 

observably increased, which illustrates that the photocatalysts are sensitive to visible-light and 264 

able to effectively catalyze the NO oxidation. Most importantly, comparing the intermediate NO2 265 

and final product evolution on CN and CN-Ca (Fig. 6f) indicates that CN-Ca can better inhibit 266 

the accumulation of intermediate NO2, which catalyzes the NO oxidation more effectively to 267 

overcome the rate-determining step, leading to more accumulation of the target products (i.e., 268 

NO2
-
 and NO3

-
). It can therefore be concluded that the photocatalytic activity and selectivity for 269 

the final products are significantly reinforced by Ca intercalation–induced e
-
ex utilization, which 270 

promotes the adsorption and activation of reactants, suppresses the accumulation of intermediate 271 

products, and enhances the selectivity for the target products. All the observed DRIFTS bands of 272 

the adsorbed species are listed in Tables S2–S5. The proposed primary reaction mechanism for 273 

NO photocatalytic oxidation by ROS is 274 

 CN/CN-Ca + hν → e
-
 + h

+
 (4) 

 e
-
 + O2 → 

•
O2

-
 (5) 

 
•
O2

-
 + 2H

+
 + e

-
 → H2O2 (6) 

 H2O2 + e
-
 → 

•
OH + OH

- 
(7) 

 NO + 
•
O2

-
 → NO2

 
(8) 

 NO2 + 
•
O2

-
 → NO3

-
 (9) 

 NO + 
•
OH → HNO2

 
(10) 

 NO2+ 
•
OH → HNO3 (11) 

3.4 Reaction coordinates calculations 275 
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As the e
-
ex facilitate charge transfer between the photocatalysts’ surface and O2 molecules, 276 

which definitively contributes to ROS generation and photocatalytic efficiency enhancement, the 277 

electron behavior at the atomic level needs to be further investigated. The adsorption and 278 

activation of one O2 molecule on CN (Fig. 7a) and CN-Ca (Fig. 7c) were calculated via DFT. 279 

More intense charge transfer was observed between O2 and CN-Ca than between O2 and CN. 280 

The adsorption energy, Eads, for the O2 molecule increased from -0.19 eV (CN) to -0.54 eV (CN-281 

Ca), resulting in the O2 accepting more e
-
ex from CN-Ca (-0.46 e) than from pure CN (-0.23 e). 282 

Under light irradiation, the O2 on CN-Ca were more easily activated to form ROS-H, which 283 

possess higher oxidizability than the ROS-L in CN. The ROS-H directly participate in the photo-284 

oxidation reaction of NO, overcoming the rate-determining step of elementary reactions, which 285 

enhances the photo-oxidizability of CN-Ca compared with CN (Scheme 1).  286 

Fig. 7 287 

Additionally, we calculated the activation of multiple O2 molecules (Fig. 7b, 7d and S11). The 288 

average Bader effective charges, Δq (avg.), and adsorption energies, Eads (avg.), were increased 289 

in CN-Ca in comparison with those in CN. These results clearly indicate that the e
-
ex in CN-Ca 290 

significantly facilitate ROS generation, leading to the production of more 
●
O2

-
 and 

●
OH, which 291 

well match with the ESR results (Fig. 5). The more-accumulated ROS on CN-Ca can oxidize NO 292 

for more efficient conversion than that afforded by CN. The electron localization–induced ROS 293 

generation is predicted to contribute to the enhancement of photocatalytic activity and selectivity. 294 

In order to elucidate the primary reaction mechanism proposed from the in situ DRIFTS 295 

measurements, the ROS-driven reaction pathways were calculated using the CI-NEB method 296 

with a single imaginary frequency (f/i; Table S6) verified for NO photo-oxidation by 
•
O2

-
 (Fig. 297 

7e) and 
•
OH (Fig. 7f). Based on the detection of the most stable products at each step by the in-298 
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situ DRIFTS and ESR spectra, NO oxidation by 
•
O2

-
 is composed of three elementary reactions 299 

(path 1–3). As can be seen in Fig. 7e, O2 activation is more energy-favorable on CN-Ca than on 300 

CN owing to an increase of energy release (-0.45 eV, path 1). Subsequently, NO was smoothly 301 

oxidized to NO2 on CN-Ca without an energy barrier, resulting in a spontaneous oxidation 302 

process (path 2). In contrast, the same reaction requires 0.44 eV of activation energy, ΔEa, to 303 

proceed on CN. Furthermore, the reaction energies, ΔEr, (Fig. S12 and S13) of path 2 illustrate 304 

that the e
-
ex-induced ROS generation alters the reaction from energy absorption on CN (0.13 eV) 305 

to energy release on CN-Ca (-2.06 eV). Then, the NO2 oxidation was calculated (path 3), its ΔEr 306 

exhibits patterns similar to those of path 2. However, the ΔEa—CN (0.63 eV) and CN-Ca (0.33 307 

eV)—are higher than those of path 2, confirming that NO2 is more stable, being more difficult to 308 

oxidize, which causes NO2 oxidation to be the rate-determining step in NO photo-oxidation.  309 

Calculations for NO oxidation by 
•
OH were further conducted (Fig. 7f)—the results agree with 310 

those for 
•
O2

-
. Specifically, in the rate-determining step of NO2 oxidation (path 5), NO2 is more 311 

preferably oxidized by 
•
OH on CN-Ca than on pure CN, with a significant decrease of ΔEa from 312 

0.54 eV to 0.17 eV. Based on these results, the primary rate-determining step was concluded to 313 

be NO2 oxidation via path 3. The second-largest energy barrier was observed in path 5. In 314 

general, increasing the activation of a reactant on a catalyst reduces the energy barrier for a 315 

chemical reaction. The e
-
ex in CN-Ca were deduced to effectively promote reactant activation, 316 

hence generating more ROS-H to catalyze NO oxidation with lower ΔEa and higher reaction 317 

rates. These theoretical calculations directly expose the primary reaction processes of NO photo-318 

oxidation on CN, demonstrating that the enhanced photocatalytic efficiency and selectivity are 319 

dominantly caused by the effective utilization of e
-
ex. 320 

3.5 Pollutants activation calculations 321 
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Based on the current knowledge base, we further conducted more theoretical calculations for a 322 

general perspective. As shown in Fig. 8, various gas molecules/pollutants, including NO, NO2, 323 

CO, CO2, methanal (CH2O), and toluene (C7H8), can be more effectively activated by the e
-
ex in 324 

CN-Ca than by the delocalized electrons in CN. The number of transferred electrons and the 325 

adsorption energies of these molecules substantially enhanced for CN-Ca compared with CN 326 

(Table S7); these improvements were caused by the Ca intercalation–induced e
-
ex utilization.  327 

Fig. 8 328 

 329 

4. Conclusions 330 

In summary, we have proposed and certified that the rate-determining step in NO 331 

photocatalytic removal can be rationally tailored via the localized excess electrons (e
-
ex). Using 332 

Ca intercalated g-C3N4 as a model photocatalyst to generate and assemble the e
-
ex, this work 333 

provided direct evidence that the light absorption and charge separation properties of g-C3N4 is 334 

significantly facilitated owing to the generation and transfer of the e
-
ex. Beyond that, more 335 

reactive oxygen species (ROS) with stronger oxidation capability were generated, which can 336 

directly initiate the photocatalysis reaction and regulated the rate-determining step to enhance the 337 

over-all photocatalytic efficiency, meanwhile reducing the toxic intermediate accumulation. 338 

Applying closely-combined experimental and theoretical methods, the rate-determining step in 339 

photocatalysis is firstly tailored via the e
-
ex-driven mechanism. This work reveals that 340 

understanding the effect of e
-
ex on the rate-determining step is crucial for improving the 341 

performance of photocatalysts in environmental and energy-related applications. 342 
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continuous photocatalytic and in situ DRIFTS reactors, SEM and TEM images, elemental 355 

mappings, SBET and pore volumes results, micro structures, Bader effective charges around Ca 356 

atoms, photocatalytic efficiencies, UV-Vis DRS and PL spectra of CN-Ca at different Ca 357 
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minimum energy pathways for NO oxidation, and a summary of reactant activation calculations. 360 
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Figure Captions 

Scheme 1. Design diagram for localized excess electrons that decrease the reaction 

activation energies and increase the photocatalysis efficiency. 

Fig. 1 XRD patterns for CN and CN-Ca (a), enlarged profiles of the (002) diffraction 

region in XRD patterns (b), XPS survey (c) and Ca scanning (b) spectra. 

Fig. 2 ELF for CN-Ca (a), top view (b) and  side view (c) of the charge difference 

density distribution for CN-Ca. [Charge accumulation and depletion are in blue and 

yellow, respectively; the isosurfaces are both set to 0.0075 eV Å
-3

; blue, green, and 

red spheres represent N, C, and Ca atoms, respectively]. 

Fig. 3 Photocatalytic activity evaluation of CN and CN-Ca towards NO purification 

under visible light irradiation (a) and cycling test for CN-Ca (b).  

Fig. 4 Calculated light absorption spectra and experimental UV-vis DRS spectra (a), 

calculated DOS (b), where the Fermi levels are both set to 0 eV, (c) ns-level 

time-resolved fluorescence spectra and (d) EPR spectra. 

Fig. 5 DMPO ESR spectra  in methanol dispersion for 
●
O2

-
 (a) and in aqueous 

dispersion of 
●
OH (b). 

Fig. 6 Survey of reaction processes on CN and CN-Ca: (a–c) in situ DRIFTS spectra 

in selected region of wavenumbers and species evolution of NO adsorption in the dark 

and (d–f) oxidation under visible light irradiation. 

Fig. 7 Calculated results for ROS generation and reaction pathways: Charge 

difference density distribution of (a) O2@CN, (b) 4O2@CN, (c) O2@CN-Ca, and (d) 

4O2@CN-Ca; calculated CI-NEB reaction pathways for NO photo-oxidation by (e) 

Figure
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●
O2

-
 and (f) 

●
OH. [Charge accumulation and depletion are in blue and yellow, 

respectively; the isosurfaces are all set to 0.005 eV Å
-3

; blue, green, red, and gold 

spheres represent N, C, Ca, and O atoms respectively; negative values for Eads indicate 

heat release.] 

Fig. 8 Reactant activation comparison: calculated charge density difference of (a, g) 

NO, (b, h) NO2, (c, i) CO, (d, j) CO2, (e, k) methanal (CH2O), and (f, l) toluene (C7H8) 

adsorption on (a–f) CN and (g–l) CN-Ca. [Blue, green, red, gold, and pink spheres 

represent N, C, Ca, O, and H atoms, respectively; all lengths are given in Å.] 
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Research highlights  

● The electrons localization patterns were established via Ca intercalation in g-C3N4. 

● The localized excess electrons increased the yield of reactive oxygen species. 

● The activity and selectivity in photocatalytic NO removal was greatly promoted. 

● The experimental and theoretical approaches are closely combined.  

● The rate-determining step in environmental photocatalysis was determined.  
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