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1 Abstract

2 We demonstrate rational design of graphene-supported single and dual metal atom catalysts (SACs 

3 and DACs) for photocatalytic applications, such as singlet oxygen (1O2) sensitization and H2O2 

4 production. Here we combine density functional theory (DFT) and time-dependent DFT (TD-DFT) 

5 calculations with experimental verifications. We found a synergistic effect between triplet 

6 sensitization and triplet-triplet (Dexter) energy transfer both play a role in the photocatalytic 

7 activity through volcano plot of 3d transition metal SACs. More specifically, FeN4-SAC exhibits 

8 a low ISC energy gap (ΔEISC) of 0.039 eV, compared with 0.108 eV for FeNiN8-DACs, both 

9 possessing a high Bader charge transfer of 0.366 e─ and 0.405 e─, respectively. Guided by these 

10 computational results, we synthesized a series of SACs and a DAC and confirmed their structures 

11 with scanning transmission electron microscopy (STEM) along with X-ray absorption near-edge 

12 structure (XANES) and extended X-ray absorption fine structure (EXAFS). We then confirm their 

13 band structures with low-energy inverse photoemission spectroscopy (LEIPS) and UV-Vis-NIR. 

14 Subsequently, we synthesized the catalysts for photooxygenation of anthracene and two-electron 

15 oxygen reduction reaction (ORR) to measure their photocatalytic activity. We found that H2O2 

16 production through two-electron ORR competes with the 1O2 generation through Dexter energy 

17 transfer. FeN4-SAC demonstrates a high photooxygenation conversion of 86% and a high 1O2 

18 quantum yield of 1.04, obtained from ESR spectroscopy, while low H2O2 production. On the 

19 contrary, NiN4-SAC exhibits a low 1O2 generation and a high H2O2 production mainly because of 

20 the high Gibbs free energy of OOH* intermediate. This work proposes an effective DFT-guided 

21 strategy for designing SACs and DACs for various photocatalytic applications.

22 Keywords: DFT, TD-DFT, photocatalyst, Bader charge transfer, Intersystem crossing, ML

23

24
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1 Introduction

2 With maximized utilization of metallic atoms, single atom catalysts (SACs) and dual atom 

3 catalysts (DACs) exhibit high activity and selectivity.1 By introducing atomically dispersed metal 

4 atoms, the electronic and excitation structures can be tuned for appropriate exciton and charge 

5 transfer towards desired applications.2 Previous studies have devoted tremendous efforts to SACs 

6 for various electrochemical reactions.3–10 However, the application of SACs and DACs for 

7 photochemical reactions such as 1O2 sensitization, CO2 reduction reaction (CO2RR), oxygen 

8 reduction reaction (ORR), hydrogen evolution reaction (HER), N2 reduction reaction (NRR), and 

9 photoinduced electron/energy transfer reversible addition-fragmentation chain transfer (PET-

10 RAFT) polymerization has rarely been reported.11,12 More specifically, 1O2 sensitization can be 

11 used for organic synthesis, wastewater treatment, and photodynamic therapy (PDT). In order to 

12 apply SACs and DACs for the aforementioned applications, the mechanism of exciton, charge, 

13 and energy transfer in the SACs and the synergistic effect of the two metal atoms in DACs requires 

14 fundamental studies to bring insights into their rational design.13

15 Density functional theory (DFT) provides a powerful tool to calculate the electronic structure and 

16 Bader charge transfer ability of SACs in their ground state. As an example, the Bader charge 

17 transfer between dioxygen (O2) and graphene-supported FeN4-SAC, CoN4-SAC, NiN4-SAC, and 

18 CuN4-SAC is investigated through DFT calculations, finding that FeN4-SAC induces more Bader 

19 charge transfer. This leads to selective and enhanced singlet oxygen (1O2) sensitization, which is 

20 used for the PDT of tumor cells.14 Moreover, charge transfer between DACs and dioxygen is 

21 investigated using DFT calculations, finding the importance of magnetic coupling on the 

22 performance of DACs.15 In addition to studying the charge transfer using DFT calculations, the 

23 electronic structure of materials in their excited states can be examined using time-dependent DFT 
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1 (TD-DFT) calculations to provide additional fundamental insights into the photocatalytic 

2 process.16 For instance, TD-DFT calculations is used to calculate the singlet and triplet excitons of 

3 CoN4-SAC and N-doped graphene,17 showing that by introducing atomically dispersed Co metals, 

4 the ISC energy gap lowers to 0.06 eV, compared to 0.367 eV for the N-doped graphene.17 

5 Nevertheless, the screening of all the 3d transition metals in terms of charge transfer and ISC 

6 energy gap is needed through DFT and TD-DFT calculations to discover the best combination for 

7 SACs and DACs.

8 Machine Learning (ML) provides a fast, inexpensive, accurate, and supportive tool to extract 

9 complex structure-activity relationships and to perform feature engineering in large parameter 

10 space, such as the type of SAC and coordination environment.18–21 In fact, ML combined with 

11 time-consuming and computationally expensive DFT calculations, provides a new direction for 

12 the rapid and low-cost rational design of SACs for optimal electrochemical and photochemical 

13 catalytic activities.22–24  For example, several studies have used ML to perform feature importance 

14 analysis and design SACs and DACs with excellent activity by predicting the Gibbs free energy 

15 (ΔG) of reaction intermediates for CO2RR, ORR, HER, and NRR.25–27

16 In this work, we examine the performance of MN4-SACs and FeNiN8-DAC, where M stands for 

17 all the 3d transition metals, towards photocatalytic 1O2 sensitization and H2O2 production. We use 

18 TD-DFT calculations to examine the energy levels of singlet and triplet excitons and to calculate 

19 the ISC energy gap while using DFT to calculate the charge transfer to explain the triplet-triplet 

20 (Dexter) energy transfer process. Inspired by the volcano plot obtained from theoretical 

21 calculations, we synthesized SACs and a DAC using the pyrolysis approach. The local atomic 

22 structure of SAC and DACs and their local surroundings is confirmed using X-ray photoelectron 

23 spectroscopy (XPS), X-ray absorption near-edge structure (XANES), and extended X-ray 
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1 absorption fine structure (EXAFS). The bandgap structures are revealed using Low Energy Inverse 

2 Photoemission Spectroscopy (LEIPS) and UV-Vis spectroscopy. To evaluate the 1O2 generation 

3 ability of catalysts, we used photooxygenation reactions and ESR measurements, while the H2O2 

4 production is measured using the KMnO4 titration method. We conclude that FeN4-SAC shows 

5 superior performance for 1O2 generation, with a quantum yield of 1.04 due to higher triplet 

6 sensitization and triplet-triplet energy transfer. On the other hand, NiN4-SAC exhibits higher H2O2 

7 production due to lower electron-hole recombination and a higher Gibbs free energy of the OOH* 

8 intermediate (ΔGOOH*, obtained from ML). Our results indicate that the DFT- and TD-DFT-guided 

9 design of SACs enables accelerated discovery for desired photochemical activities, providing a 

10 new tool for their rational design.

11

12 Experimental section

13 Chemicals

14 An ethanol solution of 96% is obtained from the Merck Inc. of Germany. Anthracene of ≥ 99.0% 

15 is purchased from the Fluka Co. Acetonitrile (ACN) of ≥ 99.9% is obtained from the Scharlab 

16 Company, China. KMnO4, H2SO4 (95%), acrylamide (AM, 99%), hydrochloric acid (HCl 37%), 

17 FeCl3•6H2O (97%), CoCl2•6H2O (99%), NiCl2•6H2O (98%), 2,2,6,6-Tetramethylpiperidine 

18 (TEMP, 99%), and potassium hydroxide (KOH, 99%) are all obtained from Sigma Inc. USA. 

19 Graphite (grafguard) is used with an average particle size of 350 mm. Ultrapure (18.2 MΩ) 

20 deionized water (DI) is used for washing purposes during the whole synthesis process. All 

21 chemicals mentioned above are used as received and utilized with no further treatments.

22 Synthesis of graphene oxide (GO)

23 GO is synthesized using the modified hummers method through the exfoliation and oxidation of 

24 expanded graphite sheets during thermal treatment.28 Briefly, microwave-expanded graphite (1 g) 
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1 is dispersed into 30 ml of H2SO4 (98%) inside a 500 ml round bottom flask, followed by stirring 

2 in an ice bath. After a duration of 2 hours, 5 g of KMnO4 is slowly added to the suspension. 

3 Subsequently, the suspension is kept stirring at room temperature for 4 hours until the color became 

4 pale brownish. Then, the solution is slowly diluted with 50 ml of deionized (DI) water while the 

5 color change towards brown. After that, the solution is diluted with 200 ml of DI water while 

6 stirring for another 2 hours at room temperature. Finally, enough amount of H2O2 (30 wt.%) is 

7 added dropwise to the solution mixture to reduce the residual KMnO4 until the solution’s color is 

8 converted into bright green. The solution is stirred for another 2 hours and then allowed to settle 

9 for 1 day. The synthesized GO is then centrifuged and washed at least 9 times with DI water at 

10 15000 rpm for 30 min. The centrifuged GO solution ultimately reaches a concentration of 8 mg/ml 

11 concentration by dispersing into DI water for further experiments.

12 Synthesis of SACs

13 Different types of catalysts supported by graphene are synthesized, namely, FeN4-SAC, CoN4-

14 SAC, NiN4-SAC, and FeNiN8-DAC, along with nitrogen-doped graphene (N-doped). Metal 

15 precursors, FeCl3•6H2O, CoCl2•6H2O, and NiCl2•6H2O salts are dissolved to make 0.05 M 

16 solution of Fe3+, Co2+, and Ni2+ respectively.29,30 GO suspension is diluted by mixing 12.5 ml of 8 

17 mg/ml GO into 120 ml DI water. 250 µl of 0.05 M of Fe3+, Co2+, or Ni2+ solution and 1.2 ml of 

18 acrylamides (25 wt.%, as a nitrogen precursor) are added into the diluted GO suspension and 

19 stirred for 23 hours. The mixed solution is freeze-dried for four days and went through a two-step 

20 annealing process, as follows, to synthesize highly dispersed SACs.31 The brownish freeze-dried 

21 sample went through the first annealing step in a 1-inch quartz tube furnace at 300 ℃ for 3 hours 

22 under Ar (202 s.c.c.m). Then the blackish sample is washed using H2SO4 (0.05 M) and ethanol 

23 (96%) several times before being freeze-dried. Subsequently, the freeze-dried sample went through 

24 a second annealing process at 500 ℃ for 3 hours under Ar (202 s.c.c.m) to produce FeN4-SAC, 
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1 CoN4-SAC, and NiN4-SAC. Similarly, FeNiN8-DAC is prepared using 125 µl of each Fe3+ and 

2 Ni2+ solution as the metal precursors in the procedure mentioned above. The control sample (N-

3 doped) is prepared without adding a metal precursor.

4 Photocatalytic activity

5 The photooxygenation of anthracene is performed to measure the photocatalytic activity of N-

6 doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, and FeNiN8-DAC towards 1O2 generation. The 

7 photooxygenation reactions are performed using a 125 ml two-neck flask connected to an oxygen 

8 balloon to add oxygen to the reaction, at room temperature and atmospheric pressure. A warm 

9 white LED light (20 W) is positioned beside the flask. In a typical procedure, 5 mg of as-prepared 

10 SACs is added to the reactor containing 0.5 mg of anthracene and 0.5 µl of cyclohexanone as the 

11 internal standard dissolved in 5 ml of acetonitrile. After 1 hour of constant stirring at 500 rpm, 50 

12 µl of the sample is centrifuged and injected for GC analysis. In addition, the solution is titrated 

13 with KMnO4 (5 mM) to measure the amount of produced H2O2.

14 Characterization and analysis

15 The structure and morphology of synthesized DAC and SACs are examined by transmission 

16 electron microscopy (TEM, JEOL JEM 100CXII) and scanning electron microscopy (SEM, JEOL 

17 JSM-7800F). The coordination of single metal atoms at the atomic level resolution is investigated 

18 using scanning transmission electron microscopy (STEM, ThermoFisher Spectra 300). Chemical 

19 structure verification, elemental composition, and elemental bonding states are extracted from X-

20 ray photoelectron spectroscopy (XPS, PHI VersaProbe III). All XPS spectra are corrected 

21 concerning the C 1s peak (284.48 eV). Energy dispersive X-ray analysis (EDX, JEOL JEM 

22 100CXII, and JEOL JSM-7800F) is used for the elemental mapping. The Fe-K, Co-K, and Ni-K 

23 edge is acquired through the synchrotron radiation-based XAFS facility at Argonne Photon Source 
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1 (APS) to provide the local environment around metal atoms through the X-ray Absorption 

2 Spectroscopy (XAS). The bandgap and conduction band of samples are measured using UV-vis-

3 NIR absorption spectra (PerkinElmer Lambda 20) and Low Energy Inverse Photoemission 

4 Spectroscopy (LEIPS, PHI VersaProbe III), respectively. SACs are then analyzed using XRD 

5 (PANalytical) and Raman (Renishaw Raman RM3000 scopes with a 514 nm laser source). 

6 Electron spin resonance (ESR) spectra (JEOL JES FA200 spectrometer at 9.8 GHz X-band with 

7 100 Hz field modulation) are recorded at room temperature to measure the 1O2 generation. The 

8 conversion of reactions is calculated based on the GC-MS (Thermo Fisher GCMSD, ISQ QD, EI) 

9 technique.

10 DFT and TD-DFT calculations

11 Our density functional theory (DFT) calculations used the Becke 3-parameter, Lee, Yang, and Parr 

12 (B3LYP) hybrid functional 6-31G (d,p)32,33 basis set for ground-state optimizations and charge 

13 transfer calculations.17,34,35 In addition, we calculated the energy levels of the singlet and triplet 

14 excitons using time-dependent DFT (TD-DFT) to examine the photoexcitation process, based on 

15 the optimized ground-state geometry. Previous studies have shown that B3LYP can accurately 

16 describe the excited states and adsorption energies (charge transfer) of reaction intermediates in 

17 similar metal complexes.36–39 Therefore, we believe that the B3LYP hybrid functional can 

18 accurately describe both the excitons and charge transfers. We also applied the B3LYP-D3 method 

19 to include van der Waals attraction (London dispersion) interactions.40 All the DFT calculations 

20 are performed using Gaussian 09 software, and visualizations are performed using GaussView 

21 6.0.16 and Multiwfn 3.8.41,42

22 Machine Learning (ML) for Gibbs free energy calculation
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1 We use Support Vector Regression (SVR) as a supervised machine learning (ML) algorithm to 

2 calculate the Gibbs free energy of various intermediates using the results from the DFT 

3 calculations. The reason for applying the ML algorithm is to show the potential application of this 

4 technique for the fast and accurate prediction of Gibbs free energies for all transition metal SACs 

5 on N- and O-doped graphene- and porphyrin-based substrates. We use scikit-learn, numpy, 

6 matplotlib, rdkit, mendeleev, pickle, and bayes_opt libraries in Python 3.6 to process the data and 

7 train the ML algorithm (available free of charge).43 The dataset contains 2084 DFT-predicted 

8 Gibbs free energy values for H*, OH*, O*, OOH*, COOH*, CO*, CHO*, and COH* 

9 intermediates of electro- and photochemical CO2RR, ORR, and HER. The training data 

10 distribution for each intermediate is displayed through violin and box plots in Figure S31 to show 

11 the probability density of the dataset at different values. The input features used in our ML models 

12 include the properties of metal atoms, substrates, and intermediates. By introducing the properties 

13 of intermediates, the ML is generalized for different reaction intermediates. In addition, by 

14 introducing the properties of metal atoms and substrates, the ML model is applicable for all the 

15 transition metals and graphene- and porphyrin-based substrates with N and O dopants. For the 

16 training of ML algorithms, all the input features are normalized between 0 and 1, while the data is 

17 partitioned into the training set (90%) and the test set (10%). R2-score and the mean absolute error 

18 (MAE) are used to evaluate the performance of the ML algorithm.44 As shown in Figure S33a, 

19 the R2-scores for the train and test set are 0.930 and 0.891, respectively. In addition, the MAE 

20 values for the train and test set are 0.11 eV and 0.18 eV, respectively. The ML algorithms are 

21 trained for the minimum MAE without any signs of underfitting and overfitting. In addition, the 

22 bayes_opt library (Bayesian optimization) is used to optimize the hyperparameters of the SVR 
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1 algorithm and increase the accuracy of the results. For more details, please see the Supporting 

2 Information. 

3

4 Results and discussion

5 Singlet oxygen (1O2) generation from high quantum yield materials such as single and dual metal 

6 single atom catalysts (SACs and DACs) provide one of the most effective technologies for further 

7 photodynamic therapy (PDT), wastewater treatment, and organic synthesis applications.44,45 As 

8 shown in Scheme 1, the 1O2 sensitization process possesses an intersystem crossing (ISC) energy 

9 transfer (S1  T1) with a subsequent triplet-triplet energy transfer between T1 and 3O2 via a Dexter 
kISC

10 multielectron transfer process (T1 + 3O2  S0 + 1O2).44,46 According to the Arrhenius equation 
kDexter

11 (please see section S6 of Supporting Information for more details), the rate of ISC energy transfer 

12 (kISC ∝ exp(-ΔEISC/kT)) reaches its maximum when the ISC energy gap (ΔEISC) is close to zero. 

13 This leads to a high concentration of T1, which is critical for many photochemical reactions such 

14 as CO2RR, ORR, HER, and PET-RAFT polymerization.47–52 Also, according to the Dexter 

15 equation (kDexter ∝ exp(-2R/L)), a lower O2-SAC distance (R) leads to a higher triplet-triplet energy 

16 transfer from T1 to 3O2. Therefore, to rationally design appropriate SACs and DACs for 

17 photocatalytic applications, a systematic study on ISC energy transfer and charge transfer ability 

18 of SACs and DACs is of importance.

19 This study performs DFT and TD-DFT calculations to investigate the Dexter and ISC energy 

20 transfers, respectively. The structure of understudied N-doped, MN4-SAC, FeNiN8-DAC, and 

21 FeNiN6-DAC, are shown in Figure S22, where M stands for all the 3d transition metals. The 

22 ground state geometries are optimized using the B3LYP flavor of the DFT method with the 6-31G 

23 (d,p) basis set. Subsequently, the energy levels of the singlet and triplet excitons are calculated 
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1 using TD-DFT. Figure S24 displays the schematic Jablonski diagram for the synthesized samples 

2 showing the singlet (S1, S2, and S3) and triplet (T1 and T2) excitons based on ground-state (S0) with 

3 oscillator strengths (ƒ) and primary electronic components of excitons in Table S2. The 

4 intersystem crossing energy gap (ΔEISC) is calculated based on the difference between energy 

5 levels of singlet and triplet excitons (ΔEISC=S1-T2), which are shown through a volcano plot in 

6 Figure 1a. The results in Figure 1a indicate that the presence of metal atoms can lower the ΔEISC, 

7 to enhance triplet (T1) sensitization, compared to the N-doped sample (ΔEISC=0.367 eV). In 

8 addition, the FeN4-SAC possesses smaller ΔEISC compared to other samples, resulting in a higher 

9 rate of ISC (KISC ∝ exp(-ΔEISC/kT)). Figure S23 shows the frontier molecular orbitals involved 

10 in S0→S1 excitation of FeN4-SAC with the primary electronic component of HOMO→LUMO, 

11 indicating the charge transfer from ligand to metal. The triplet excitations of FeN4-SAC are 

12 composed of S0→T2 and S0→T1 transitions with the primary electronic components of HOMO-2

13 →LUMO and HOMO→LUMO, respectively.

14 DFT calculations were performed to calculate the electron transfer between MN4-SACs or 

15 FeNiN8-DAC and O2 providing in-depth insights into the mechanism of 1O2 generation through 

16 Dexter energy transfer. Figure 1b shows the Bader charge transfer from catalysts to O2, exhibiting 

17 an exponential decrease versus their distance (KDexter ∝ exp(-2R/L), where L is the van der Waals 

18 radius of the SAC, and R is the distance between dioxygen and SACs obtained from DFT 

19 calculations, (Figure S26). Table S3 displays the SAC-O2 distance (R), the Bader charge transfer, 

20 and the O-O bond length which suggests that transferred electrons occupy the half-filled 

21 antibonding πx* and πy* orbitals, giving rise to a distinct spin-flip degree for dioxygen that 

22 elongates its bond length.53 As shown in Table S3, distinct charge transfers of 0.405 e─ result in 

23 elongating the O-O bond from 1.205 Å for the ground state of dioxygen to 1.305 Å in dioxygen 
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1 adsorbed on FeNiN8-DAC. The inset of Figure 1b shows charge transfer from FeN4-SAC to O2 

2 during adsorption, indicating a high Bader charge transfer. The charge transfer from other SACs 

3 to O2 during adsorption is shown in Figure S27.

4 Based on the above calculations, we synthesized FeN4-SAC, CoN4-SAC, NiN4-SAC, FeNiN8-

5 DAC, and N-doped graphene samples. The chemical states and compositions of the prepared 

6 samples are studied with X-ray photoelectron spectroscopy (XPS). Figures S1-S4 show the wide 

7 range XPS spectra for all the synthesized samples. The XPS results show a tiny peak for metals, 

8 with Fe, Co, and Ni metal contents to be 0.33, 0.31, and 0.37 wt.% in the synthesized FeN4-SAC, 

9 CoN4-SAC, and NiN4-SACs samples, respectively. Also, we found Fe and Ni metal contents to 

10 be, respectively, 0.19 and 0.18 wt.% in the synthesized FeNiN8-DAC sample. To identify different 

11 types of nitrogen in the SACs, we deconvoluted the N 1s peak, suggesting different types of 

12 nitrogen for FeN4-SAC, CoN4-SAC, NiN4-SAC, and FeNiN8-DAC, and N-doped samples. For 

13 example, Figure S2b shows that the N 1s peak for FeN4-SAC deconvoluted into pyridinic-N 

14 (398.2 eV), Fe-N (398.8 eV), pyrrolic-N (400.2 eV), and oxidized-N (407.1 eV).29  Figure 2a-c 

15 shows a high-resolution peak spectrum for Fe, Co, and Ni metals of synthesized samples, 

16 indicating that Fe, Co, and Ni metals existed in the catalysts with two valence states (p1/2 and p3/2) 

17 compared to their pure and oxide states. The binding energy of Fe 2p3/2 in FeNiN8-DAC shifts by 

18 -0.3 eV compared with that in FeN4-SAC, suggesting a lower valence state for Fe, while there is 

19 no shift in the Ni 2p3/2. This is in agreement with the Mulliken charge analysis of Fe, changing 

20 from 1.07 e─ to 0.89 e─, respectively, in FeN4-SAC and FeNiN8-DAC, suggesting that the N and 

21 Ni atoms donate partial electrons to Fe atom (Figure 2b).54

22 The electronic states and atomic configuration of the single metal atoms in the synthesized samples 

23 are further investigated with the XANES and EXAFS. Figure 3a-c represent the metal K-edge 
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1 XANES spectra for FeN4-SAC, NiN4-SAC, FeNiN8-DAC, and CoN4-SAC, indicating that the 

2 local atomic structure around Fe, Co, and Ni metal atoms is distinct from their bulk metals. This 

3 is more clearly observed from its first derivative curves (Figure S8), suggesting intermediate 

4 oxidation states for SACs. Figure 3a-c indicates a blueshift in the absorption edge of SACs 

5 compared to their bulk metals, suggesting their valence state is higher than 0. The higher valence 

6 state should be attributed to the coordination between metal (M) and N forming FeN4, CoN4, and 

7 NiN4 coordination.29,30,55 Moreover, three peaks for Fe atom in Figure 3a are pointed with A, B, 

8 and C representing 1s→3d, 1s→4pz, and 1s→4pxy transitions, multiple scattering.30,55 The 

9 differences in intensity of the peak C as the main edge peak in Figure 3a is confirmed by the 

10 existence of divacancy-based M-N4C4 moieties bonded axially with broken D4h symmetry.29 In 

11 addition, a downshift in the main peak C of K-edge XANES spectra of FeNiN8-DAC compared 

12 to FeN4-SAC is observed, suggesting the delocalization of unpaired electrons in the high-lying dz2 

13 orbital of Fe into ligands,56 more clearly shown through the spin density in Figure S29. In addition, 

14 as shown in the inset of Figure 3a, Fe K-edge XANES spectra of FeNiN8-DAC shows a red-shift 

15 adsorption edge compared to FeN4-SAC, indicating the decreased valence of Fe in FeNiN8-DAC 

16 54, in agreement with XPS results. The red-shift in the Fe K-edge XANES spectra can be obtained 

17 from theory using the accurate finite difference (FD) approach implemented in the FDMNES 

18 software,29 shown in Figure S9. 

19 In addition, the bonding and coordination environment around metal in the SACs are further 

20 studied with the EXAFS Fourier transform (FT) for all four SACs shown in Figure 3d–f. Figure 

21 3d shows that the EXAFS FT spectra of FeN4-SAC and FeNiN8-DAC samples exhibit primary 

22 peaks corresponding to Fe-N bonding at around 1.42 Å, different from Fe-O peak at 1.55 Å57 and 

23 Fe-Fe peaks at 2.17 and 4.48 Å. Figure 3e also shows EXAFS FT spectra for NiN4-SAC and 
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1 FeNiN8-DAC samples exhibit a primary peak attributed to Ni-N bonding at 1.45 Å, different from 

2 Ni-O peak at 1.62 Å58 and Ni-Ni peaks at 2.17 and 4.19 Å. Similarly, Figure 3f shows EXAFS FT 

3 spectra for CoN4-SAC sample exhibiting a primary peak attributed to Co-N at 1.35 Å, different 

4 from the Co-O peak at 1.63 Å58 and Co-Co peaks at 2.15 and 4.20 Å.

5 The surface structure, morphology, and elemental mapping of FeN4-SAC are confirmed by SEM 

6 images. Figure S11 shows the SEM imaging and EDX elemental mapping for Fe, C, and N 

7 elements, confirming the presence of all elements in the synthesized FeN4-SAC sample. Figure 

8 4a and Figure S13 show TEM images for the FeN4-SAC sample, suggesting the uniform 

9 dispersion of the Fe metal atoms without noticeable aggregations. Figure S14 shows TEM 

10 imaging and EDX elemental mapping of the FeNiN8-DAC sample for C, N, O, Fe, and Ni elements, 

11 confirming the presence and ideal dispersion of individual Fe and Ni metal atoms in the 

12 synthesized FeNiN8-DAC sample. The results are consistent with an XRD spectrum provided in 

13 Figure S7 for N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, and FeNiN8-DAC samples. The 

14 XRD spectra occupy only one broad graphitic carbon peak (002) at 24.1o. No other peak is detected 

15 that would correspond to metal species or their compounds with oxides or nitrides.29 

16  As shown in Figure S6, the intensity ratio of D/G-band (ID/IG) in the Raman spectra increases 

17 from 0.714 for graphene oxide (GO) to 0.867 for the FeN4-SAC sample, indicating the increase 

18 in the density of defect vacancies (nD, please see Supporting Information for more details).59 The 

19 Raman results are consistent with the STEM image of the FeN4-SAC sample, shown in Figure 

20 4b, indicating rich porous support. ADF-STEM further examined the atomic structure of SACs. 

21 Figure 4c-f shows the STEM images of FeN4-SAC, CoN4-SAC, NiN4-SAC, and FeNiN8-DAC 

22 samples, where the atomic form of metals (white dots) distributes homogeneously throughout the 

23 whole graphene support.
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1 As shown in Figure S18, UV-Vis spectra of N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, and 

2 FeNiN8-DAC samples exhibit higher light-harvesting ability in the ultraviolet range (π-π* 

3 transition) and relatively weaker absorbance in the visible range. In order to find the optical 

4 bandgap (Eg) of samples, we obtain the Tauc plot from the UV-Vis spectra for each sample (please 

5 see section S3 of Supporting Information for more details).60 As shown in Figure S19, the Eg 

6 values are 1.90, 2.35, 2.38, 2.53, and 2.27 eV, respectively, for N-doped, FeN4-SAC, CoN4-SAC, 

7 NiN4-SAC, and FeNiN8-DAC samples. The efficient bandgap of NiN4-SAC suggests its low 

8 electron-hole recombination rate (see equation S6 of Supporting Information for more details).61 

9 In addition, we observed that introducing metal atoms increases the bandgap energy compared to 

10 the N-doped sample, in agreement with literature 62. We attribute the increase in the bandgap to a 

11 decrease in planarity of the framework due to the presence of the metal atom leading to less 

12 delocalization of unpaired electrons.63,64 

13 We further carried out Low Energy Inverse Photoemission Spectroscopy (LEIPS)65,66 experiments 

14 to measure the conduction band (CB) levels (relative to vacuum level) for N-doped, FeN4-SAC, 

15 CoN4-SAC, NiN4-SAC, and FeNiN8-DAC samples, (Figure S21). As shown in Figure 6a, the 

16 valence band (VB) levels in SACs are then calculated by adding the Eg values derived from Tauc 

17 plots to the CB levels.64 The CB and VB levels increase as metal atoms are introduced, indicating 

18 the contribution of metal atom d orbitals to the conduction and valence bands, which is consistent 

19 with PDOS obtained from DFT calculations (Figure S28). We emphasize here that introducing 

20 metal atoms can enable alignment of the CB and VB, which is of fundamental importance to 

21 achieve a favorable position of the edges of the CB and VB with respect to the target redox 

22 species.61 This also is of great importance to achieve efficient charge carrier separation, reduce 

23 electron-hole recombination, and improve photoactivity.61
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1 Furthermore, we examined the photocatalytic activity of the prepared SACs to verify our 

2 computational results. Figure 5a shows the reaction conversion of photooxygenation of 

3 anthracene (displayed in the inset) for N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, and 

4 FeNiN8-DAC, indicating that FeN4-SAC has the highest reaction conversion. This result is further 

5 confirmed by electron spin resonance (ESR) of SACs upon irradiation for 10 min in the presence 

6 of 2,2,6,6-Tetramethylpiperidine (TEMP), as shown in Figure 5b. Figure S16 also shows ESR 

7 spectra of N-doped, FeN4-SAC, CoN4-SAC, NiN4-SAC, FeNiN8-DAC, and methylene blue (MB, 

8 as the reference) without irradiation (dark) and with irradiations for 5 and 10 minutes in the 

9 presence of TEMP. The 1O2 trapping-ESR tests are performed by mixing samples and TEMP (0.01 

10 M) in deionized water to measure the 1O2 generation ability. As shown in Figure 5b and Figure 

11 S16, the ESR spectra clearly display a 1:1:1 triplet signal with a g-value of 2.002, which is 

12 characteristic of 2,2,6,6-tetramethylpiperidine-N-oxyl (TEMPO). Amongst all the synthesized 

13 SACs, FeN4-SAC shows the highest ESR peaks, implying more 1O2 generation. Inspired by the 

14 ESR measurements, the 1O2 quantum yield of all samples is calculated based on the 1O2 quantum 

15 yield of methylene blue (please see section S2 of Supporting Information for more details). As 

16 shown in Figure 5a, FeN4-SAC displays a high 1O2 quantum yield of 1.04, while N-doped shows 

17 a low 1O2 quantum yield of 0.26, indicating that introduction of the metal centers is critical for 1O2 

18 generation. This also agrees with our TD-DFT and DFT calculations results shown in Figure 1, 

19 which indicate that FeN4-SAC at the summit of the volcano plot with a low ΔEISC and a high 

20 charge transfer. It is worth mentioning that based on the calculations shown in Figure 1, MnN4-

21 SAC and CrN4-SAC also possess low ISC energy gap and high Bader charge transfer which might 

22 lead to their high 1O2 generation, similar to FeN4-SAC, and should be experimentally investigated 

23 by the community. 
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1 Considering the results from TD-DFT and DFT calculations, we may find the rate of 1O2 

2 sensitization based on the ISC energy gap (ΔEISC) and distance between SAC and O2 (R) (see 

3 section S6 of Supporting Information for more details):

K1O2
= kα

Dexterkβ
ISC ∝ exp( ―α

ΔEISC

kT ― β
2R
L ) (2)

4 in which α and β are constants, k is the Boltzmann constant, T is the temperature (in K), and L is 

5 the van der Waals radius. Equation 2 implies that 1O2 generation depends simultaneously on both 

6 the triplet sensitization and the charge transfer processes. Figure 5c displays experimental 1O2 

7 quantum yield versus exp(-αΔEISC/kT- 2βR/L), suggesting the following descriptor for the rational 

8 design of single and dual atom photocatalysts:

K1O2
= 2.64 × exp (0.10( ―

ΔEISC

kT ―
2R
L )) (3)

9 This descriptor explains the exponential relationship of experimentally measured quantum yields 

10 with theoretically calculated ΔEISC and R, indicating that the lower ΔEISC and the lower R for 

11 FeN4-SAC favors a higher 1O2 generation than for the other systems. This equation also suggests 

12 that in order to design single and dual atom photocatalysts, one should consider the synergistic 

13 interplay between triplet sensitization (ISC energy gap) and triplet-triplet energy transfer (metal 

14 complex-O2 charge transfer). Moreover, this descriptor can be extended to all the photocatalytic 

15 reactions such as ORR, CO2RR, HER, and PET-RAFT polymerization. To do that, the Dexter 

16 energy transfer and R should be calculated using DFT calculations for the specific reaction. 

17 In addition to 1O2, the electron transfer through redox reactions can generate H2O2 or reactive 

18 oxygen species (ROS), including O2˙─ and ·OH, which would compete with Dexter energy transfer 

19 for 1O2 sensitization, which should be considered.67 Based on the following reaction mechanism, 
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1 the two-electron oxygen reduction reaction (ORR) can compete with Dexter energy transfer to 

2 produce H2O2 rather than 1O2:68,69

∗ + O2 + e ― →1 ∗ O• ―
2 (4)

1 ∗ O• ―
2 →11O2 + e ― (5)

1 ∗ O ―
2 + H + →OOH ∗ (6)

OOH ∗ + e ― + H + →H2O2 (7)

3 Therefore, we measured the amount of H2O2 produced during the photocatalytic reaction. The 

4 reaction mixtures for FeN4-SAC, CoN4-SAC, and NiN4-SAC are titrated with the 5 mM KMnO4 

5 solution to measure the amount of H2O2 produced.70 Figure 6c shows the results for H2O2 

6 production for various SACs, indicating a very small concentration of H2O2 produced and the 

7 selective nature of SACs to produce 1O2 compared to H2O2.17  In addition, NiN4-SAC exhibits 

8 more H2O2 production than FeN4-SAC and CoN4-SAC due to three main reasons including (i) its 

9 low quantum yield of 1O2 sensitization as the competitive reaction, (ii) its efficient bandgap energy, 

10 and (iii) its higher Gibbs free energy of the OOH* intermediate. To some extent, as shown in 

11 Figure 6b, the larger bandgap of NiN4-SAC, obtained from the Tauc plot in Figure 6a, suggests 

12 its low electron-hole recombination rate and can explain its higher H2O2 production.68,71,72 In 

13 addition, based on Figure 6d, the higher Gibbs free energy of the OOH* intermediate (ΔGOOH*), 

14 predicted from the machine learning (ML) technique, further explains the increased H2O2 

15 production for NiN4-SAC. Indeed, the higher ΔGOOH* for NiN4-SAC represents the weaker 

16 binding energy for OOH* intermediate, making the desorption of the OOH* intermediate more 

17 favorable and lowering the overpotential towards H2O2 production.73 This agrees with the 

18 theoretically obtained volcano plot in the recent work indicating that ΔGOOH* of 0.429 eV for 
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1 NiN4-SAC leads to the optimal adsorption/desorption of the OOH* intermediate for H2O2 

2 production.74 

3 Conclusion

4 We combined density functional theory (DFT) and time-dependent DFT (TD-DFT) calculations 

5 to rationally design single and dual atom catalysts (SACs and DACs) for photocatalytic application. 

6 These theoretical investigations show a synergistic effect of triplet sensitization and triplet-triplet 

7 energy transfer that explains that FeN4-SAC is best because it has a low ISC energy gap (ΔEISC) 

8 of 0.039 eV and a high Bader charge transfer of 0.366 e─. Inspired by these results we synthesized 

9 FeN4-SAC, CoN4-SAC, NiN4-SAC, and FeNiN8-DAC along with the N-doped sample and 

10 measured their photocatalytic activity toward singlet oxygen (1O2) generation. We demonstrated 

11 that FeN4-SAC has a higher photooxygenation conversion of 86% and a high 1O2 quantum yield 

12 of 1.04 (obtained from ESR spectroscopy) in good agreement with our theoretical predictions. 

13 Finally, we measured the performance of our synthesized SACs for the two-electron oxygen 

14 reduction reaction (ORR), finding a higher H2O2 production for NiN4-SAC. These results show 

15 the advantage of combining DFT calculations, experiments, and data-driven machine learning (ML) 

16 techniques as the way forward for the development of single and dual atom photocatalysts.

17 ML code availability

18 Our PySACs ML algorithm is available free of charge at 

19 https://github.com/MohsenTamtaji/PySACs.43 PySACs is applicable for calculating ΔGH*, ΔGO*, 

20 ΔGOOH*, ΔGO*, ΔGOH*, ΔGCO*, ΔGCOOH*, ΔGCHO*, ΔGCOH*, ηHER, ηORR, ηOER and . It can be Honset
ORR

21 used for all transition metal SACs on N- and O-doped graphene- and porphyrin-based substrates. 

22 It can be also retrained easily for applications to other materials problems.
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1   
2 Scheme 1. Schematic Jablonski diagram for the application of SACs to 1O2 sensitization indicating 

3 the singlet (S1) and triplet (T1) excitons based on ground-state (S0) geometry. This suggests a 

4 synergistic effect for intersystem crossing (ISC) and Dexter energy transfers.
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1                                                                                                                                                                                                                       

2

3 Figure 1. TD-DFT and DFT calculations. (a) Volcano plot for intersystem crossing energy gap 

4 (ΔEISC) versus the electrons in d orbital of 3d transition metals, showing that the lowest value 

5 corresponds to FeN4-SAC. (b) The Bader charge transfer as a function of the distance between 

6 SACs and O2 obtained from DFT calculations. This shows that the highest and lowest charge 

7 transfers correspond to MnN4-SAC and NiN4-SAC, respectively. The inset shows the charge 

8 transfer from FeN4-SAC to O2 during adsorption. Yellow and green colors represent electron 

9 availability and deficiency, respectively, with the Isosurface value of 0.0048 e/Å3.
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1

2 Figure 2. XPS characterization. (a) The Fe 2p, (b) Ni 2p, and (c) Co 2p XPS spectra of 

3 synthesized samples, showing two peaks belonging to 2p3/2 and 2p1/2. The binding energy of Fe 

4 2p3/2 in FeNiN8-DAC shifts by -0.3 eV compared with that in FeN4-SAC, suggesting a higher 

5 valence oxidation state for Fe, while there is no shift in the Ni 2p3/2.

6

7

8 Figure 3. XANES and EXAFS characterizations. (a) Fe K-edge, (b) Ni K-edge, and (c) Co K-

9 edge XANES spectra of our synthesized samples and their reference bulk samples. Three peaks 

10 are identified with A, B, and C representing 1s→3d, 1s→4pz, 1s→4pxy transitions, and multiple 

11 scattering.30 Fourier transformations (FT) EXAFS spectra in R space of (d) of Fe, (e) Ni, and (f) 

12 Co with their reference bulk samples. The primary peaks attributed to Fe-, Co-, and Ni-N are 

13 different from Fe-Fe, Co-Co, and Ni-Ni peaks, respectively.
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1

2

3 Figure 4. Structure characterization. (a, b) TEM and STEM images of the FeN4-SAC sample, 

4 showing its porous structure. (c-f) STEM images of FeN4-SAC, CoN4-SAC, NiN4-SAC, and 

5 FeNiN8-DAC, showing that the metal atoms are atomically dispersed on the graphene support. 
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1   

2

3 Figure 5. Photocatalytic activity. (a) Reaction conversion for photooxygenation of anthracene 

4 and for 1O2 quantum yields of the synthesized samples. The inset shows a schematic for the 

5 photooxygenation of anthracene. (b) ESR spectra of synthesized samples upon irradiation for 10 

6 min in the presence of TEMP. (c) Calculated 1O2 quantum yield from ESR results versus exp(-

7 αΔEISC/kT-2βR/L), indicating the synergistic effect of ISC and Dexter energy transfers leading to 

8 a high 1O2 quantum yield for FeN4-SAC.
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1  

2

3

4 Figure 6. Bandgap structure and two-electron oxygen reduction reaction (ORR). (a) Tauc 

5 plot of FeN4-SAC sample. (b) Predicted Bandgaps of synthesized samples with respect to the 

6 vacuum level, indicating the lower electron-hole recombination for NiN4-SAC. (c) Photocatalytic 

7 H2O2 production over time. (d) Free energy diagram of the two-electron ORR on SACs, obtained 

8 from machine learning (ML). Increased H2O2 production for NiN4-SAC is due to its larger 

9 bandgap and its higher Gibbs free energy of OOH* intermediate (ΔGOOH*).
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