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ABSTRACT

Single Co?' sites in graphitic carbon nitride (C3N4) demonstrated excellent activity and
selectivity in photocatalytic CO; reduction. In this work, we combine computational and
spectroscopic tools, including X-ray absorption spectroscopy, to probe the structure of such
single Co?" sites. Our results indicate that the Co?" sites exist in the Co-Na:2 coordination at
edges of C3Ny4 flakes. This mode of coordination was further supported by experimental results
obtained using single Co?" sites in C3N4 materials treated with NH3 which contain more edge
sites than untreated C3N4. In our experimental observations, doping C3N4 with carbon was found
to be important for the photocatalytic properties of the single Co?" sites. A simplified model is
proposed to explain the origin of the observed enhancement effect of C doping. In this model, the
presence of C dopant near the metal centers results in shorter Co-N bond length and stronger Co-
N binding energy. In addition to enhanced light absorption and charge separation in C-doped
C3Ny, the stronger Co-N binding upon C doping likely contributes to the improved catalytic

properties of the single Co?" sites.
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1. Introduction

Single atom catalysts (SACs) exhibit distinct properties for a wide range of chemical reactions
and allow the use of characterization techniques available in both heterogeneous and
homogeneous catalysis.!® This type of catalyst has been extensively explored in a variety of
applications including electrocatalysis’® and photocatalysis.” SACs confined in single layers of
2D materials could offer unique properties. A variety of 2D materials, including N-doped
graphene and graphitic carbon nitride (C3N4), have been employed as support for SACs.> 1012
For SACs in such materials, metal (M)-N coordination was found to be key to their catalytic
activities. For example, the presence of Ni-Ny sites in a carbon-based electrode was shown to

account for the excellent activity and product selectivity towards CO, reduction.!31*

The structure of C3Ns, which has a bandgap of 2.7 eV and can harvest visible light (up to 460
nm),'> enables it to serve as a photoactive support for SACs.!% 1620 In CO, reduction, C3N4

' or coupled with metal-ligand

materials have been studied as photocatalysts by themselves,>
complexes**® to achieve enhanced catalysis. A few studies, including our recent work,?” have
examined SACs in C3N; for use in photocatalytic CO> reduction.?®- Despite the strong interest
in this area, the exact structures of SACs in C3N4 remain under debate. Existing models in the
literature include in-plane M-N3 and inter-layer M-N4 coordination,” C-M-N, coordination,?® M-

N4 coordination in the presence of N vacancies,*® and other possible structures.>4°

Recently, we prepared Co SACs in C3N4 that demonstrated excellent activity and product
selectivity in photocatalytic CO» reduction.”” However, the exact structure of such Co SACs
remains elusive.*!"* In this current work, we combine experimental and computational studies to

investigate the structure of Co SACs in C3N4. Specifically, the Co SACs were characterized



using different techniques, including X-ray absorption near edge structure (XANES) and
extended X-ray absorption fine structure (EXAFS) spectroscopies. Binding of Co atoms to C3Na4
was simulated using density functional theory (DFT). The obtained results were utilized to
confirm the structure of the Co SACs. In addition, doping C3Ns with carbon was found to be
important for the observed photocatalytic properties of the Co SACs in C3Ns. Herein, we also

explore the origin of such enhancement effect of C doping.

2. Experimental

Materials: Acetonitrile (99.999%), 1,4,8,11-tetraazacyclotetradecane (Cyclam, 98%), and
cobalt(I) chloride were obtained from Sigma-Aldrich. Urea (99.5+ %) and dextrose (anhydrous)
were purchased from Fisher Chemical. Methanol and chloroform (99.8%) were purchased from
Pharmco-Aaper. Triethylamine (TEA, >99%) was obtained from Acros. Triethanolamine (TEOA,

>99%) was obtained from Alfa Aesar. All reagents were used without further purification.

Synthesis of C3N4, C-C3N4, and NH3 Treated Samples: Graphitic carbon nitride (C3N4) was
prepared by pyrolysis of urea. In a typical synthesis, 20 g urea (99.5+% purity) was put into a
covered crucible and calcined in a muftle furnace at 600 °C for 4 hours (ramp rate 5 °C/min). In
one of our previous studies on Co SACs,?” C-doped C3N4 was obtained using a urea sample of
98% purity. However, the quality of C-doped CsNs4 may vary due to differences in the
composition of commercial urea samples at this purity level. Recently, we reported an improved
method to synthesize Co SACs using urea of the highest purity (99.5+%) and dextrose as the
source of C dopant.*¢ In this current study, Co SACs in C-doped C3N4 was synthesized following

the improved method. In particular, 20 mg of dextrose were evenly ground with the urea (the



total mass was kept at 20 g) as the precursor. The obtained sample was denoted as C-C3Ns. Both
C3Ng and C-C3N4 were also treated with NH3s, in which 1 g sample was put into a partially
covered crucible and calcined in a tube furnace at 500 °C for 4 hours (ramp rate 5 °C/min) with
the flow of NH3 (94 mL/min). The resulting materials were denoted as NH3-C3N4 and NH3-C-

C3Ny, respectively.

Synthesis of Single Co?* Sites on Various C3N4 Samples: Single Co*" sites were prepared
through a microwave method. In a typical synthesis, 100 mg C3Ns was mixed with 1.25 mg
CoCl in 7.5 mL acetonitrile and then stirred for 2 h. The mixture in a capped reaction vessel was
placed in a CEM Discover single-mode microwave reactor and was heated to 80 °C for 120 min.
After the microwave reaction, the resulting precipitate was recovered by centrifugation, and
washed several times with acetonitrile. After drying at room temperature, a hybrid photocatalyst,
denoted as Co?>*@C3N4, was obtained. Following the same procedure, Co*'@C-C3Na,
Co**@NH3-C3N4 and High-Co*" @NH3-C-C3N4 were also synthesized. A sample with low cobalt
loading, Low-Co**@NH;3-C-C3Na4, was synthesized in the presence of 0.25 mg CoCl, and 100

mg NH;3-C-C3Na.

Synthesis of Co Cyclam/C3N4 and Co Cyclam/C-C3Ns: A molecular CO;-reduction catalyst,
[Co(cyclam)CI2]Cl (denoted “Co Cyclam™), was deposited on C3Ns and C-C3N4 following an
established method.*” In a typical synthesis, 100 mg C3N4s was mixed with 1.5 mg
[Co(cyclam)Cl12]Cl in 7.5 mL acetonitrile and 65 uL. TEA, and then stirred for 2 h. The mixture
in a capped reaction vessel was placed in a CEM Discover single-mode microwave reactor and
was heated to 80 °C for 120 min. After the microwave reaction, the resulting precipitate was
recovered by centrifugation, and washed twice with chloroform, methanol and acetonitrile,

respectively. After drying at room temperature, a hybrid photocatalyst, denoted as Co



Cyclam/C3Ns, was obtained. Following the same procedure, another hybrid photocatalyst,

denoted as Co Cyclam/C-C3N4, was also obtained.

Materials Characterization: Elemental analysis of cobalt was conducted by acid digestion,
followed by quantification using a Varian Vista AX induced coupled plasma atomic emission
spectrometer. X-ray diffraction (XRD) patterns of powder samples were collected on a Rigaku
XDS 2000 diffractometer using nickel-filtered Cu Ka radiation (A = 1.5418 A). Scanning
electron microscopy (SEM) images were collected on an Amray 3300FE field emission SEM
with PGT Imix-PC microanalysis system. UV-visible spectra were obtained on a Cary 50 Bio
spectrophotometer. A Barrelino diffuse reflectance probe was used to collect UV-visible spectra
of powder samples using BaSO4 as a standard. Transmission FTIR spectra were collected on a
Thermo Nicolet iS10 FTIR spectrometer. The surface areas were measured by the Brunauer—
Emmett-Teller (BET) method using N, adsorption/desorption on an Autosorb-1 analyzer
(Quantachrome Instruments). Photoluminescence (PL) spectra were collected on a Cary Eclipse
fluorescence spectrophotometer. Electron paramagnetic resonance (EPR) spectra were collected
at liquid helium temperature on an X-band (9.5 GHz) Bruker EleXsys E-500 cw-EPR/ENDOR

spectrometer.

X-ray Absorption Spectroscopy: X-ray absorption spectra at Co K-edge were taken at the
beamline 7-BM (QAS) of National Synchrotron Light Source II (NSLS-II) at Brookhaven
National Laboratory. Si (111) double crystal was used as a monochromator. Passivated implanted
planar silicon (PIPS) detector was used for detection of fluorescence from the samples. The beam
size was 1.4 mm (vertical) x 6 mm (horizontal). The samples were made into 13 mm diameter
pellets. All measurements were performed in the ambient atmosphere at room temperature, and

the samples were held in 45° geometry. A Co foil was placed between the two detectors



downstream from the sample and measured simultaneously with the sample as a reference for
energy alignment. At least 25 scans were measured for each sample The existing data for Co

oxides were aligned with the samples’ spectra using their respective reference foil spectra.

In our recent work,*® EXAFS analysis was performed for each sample independently. In this
work, due to the low cobalt loading of Low-Co?"@NH3-C-C3N4, the multiple data set fitting
mode was used in the EXAFS analysis for all the samples to reduce uncertainties in the Co-N
distances and coordination numbers. The coordination number of Low-Co*"@NH;3-C-C3N4 was
constrained to vary together as the coordination number of Co**@C-C3N4. In addition to that,
AE) is constrained to be the same for all samples. The best fit value of AEo was obtained to be -

0.7£0.6 V.

Photocatalytic Testing: In photocatalytic CO; reduction, 1 mg catalyst was dispersed in a 4.0
mL mixture solution of acetonitrile containing TEOA (acetonitrile: TEOA= 4:1 v/v) as an
electron donor in a quartz test tube. Prior to photocatalytic testing, the reaction solution was
bubbled with CO2 (99.999%, Airgas) in the dark for 20 min. The reaction solution was then
irradiated with a halogen lamp equipped with a water filter. Light intensity on the reaction
solution was fixed at 200 mW/cm?. The head space above the reaction solution was sampled with
a gas-tight syringe at different time intervals for product analysis using an Agilent 7820 GC

equipped with a TCD detector and a 60/80 Carboxen-1000 packed column (Supelco).

Computational Methodology: Binding of Co atoms to C3N4 was simulated using the DFT code,
the Vienna Ab Initio Simulation Package (VASP)*¥3!. We used projector augmented wave
(PAW) potentials®*>* for core electrons, and plane waves with a cutoff energy of 450 eV for

valence electrons. The Perdew-Burke-Ernzerhof (PBE) exchange correlation functional®* was



employed. Gaussian smearing with a smearing width of 0.1 eV was used. The Grimme D3

5356 was applied to include dispersion forces. All

correction with Becke-Johnson damping
calculations were spin-polarized. Previous theoretical work®”® indicated that the tri-s-triazine
structure is the most stable of possible C3N4 structures. This structure consists of 2D sheets with
C and N atoms in a hexagonal array with an open cavity present in the sheets. We used this
structure in the current work. A single sheet of C3Ns was modeled using a (1x1) cell having
lattice lengths of 7.13 A, as shown in Figure S1 in the Supplementary Information. A 4x4x1 k-
point mesh was used for these sheet calculations. We placed Co atoms at various locations (i.e.
on top of C/N atoms, bridging C/N atoms, within the cavity) and calculated binding energies of
Co as the Eco-cana — Eco — Ecang. Here Eco-c3ng 1s the energy of the Co-C3N4 complex, Eco is the
energy of a single Co atom, and Ecsng is the energy of the bare C3Ns sheet. We calculated the
energies of Co with several spin states to find the most stable electron configuration of a single
Co atom, and modeled C-C3N4 sheets by replacing select N atoms in the sheets with C atoms.
Finally, we also modeled potential edges of C3Ns. Such edges may be present in the sheets and
may be reactive sites. These edges were modeled as clusters extracted from C3;Ng4, similar to

previous work®. We modeled Co interacting with one edge (one cluster) or two edges (two

clusters). These clusters were modeled in a large box with a single k-point.

3. Results and Discussion

In our study, pristine C3N4 was prepared from pyrolysis of urea. A Co SAC (denoted
Co**@C3N4) was synthesized by depositing Co*" cations in pristine C3Ns via a microwave

method.”” In photocatalytic CO> reduction, CO and H> were found to be the only gaseous



products in the presence of triethanolamine as an electron donor. Under the experimental
conditions employed in this study, Co**@C:sNs showed negligible activity towards CO2
reduction while producing more H> than CO (Figure 1, Figure S2 and Table S1 in Supplementary
Information). In comparison, significantly higher activity towards CO production was obtained
using a Co SAC deposited in C-doped C3Ns (denoted Co**@C-C3N4, Figure 1), which was
synthesized by pyrolysis of urea and a small amount of dextrose (0.1% wt).*® Furthermore,
significantly higher selectivity towards CO formation was obtained using Co*"@C-C3Ns (72%,

Table 1) than using Co** @C3N4 (28%).
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Figure 1. Production of CO using Co**@C3N4 (open cycle) and Co**@C-C3Ns (solid cycle) in
photocatalytic CO: reduction under light irradiation (A > 350 nm) in the presence of

triethanolamine as an electron donor.

Table 1. Cobalt loadings, turnover numbers (TONco), selectivity towards CO formation, and

EXAFS spectra fitting results: Co-N distances (dco-n) and coordination numbers (CNco-N).

Co
CO Selectivity
Samples Loading TONco ® dcon (A) ¢ CNcon ¢
(umol/g) for CO (%) ©
(nmol/g) *
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Co**@C:Ny 14.6 65 44 28 2.08£0.01  4.2+0.9

Co*" @C-C3Ny 14.1 870 61.6 72 2.07+0.01  4.2+1.0

Co**@NH;-C3N, 29.8 235 7.9 38 2.08+0.01 4.6+0.8

High-Co* @NH;-C-C3Ny 433 4026 93.0 80 2.0740.01  4.3+0.5
Low-Co**@NH;-C-C3Ny 23 1895 818.9 74 2.03+0.04 4.2

2 Determined by elemental analysis; ® TONs for CO after CO> reduction for 2 h; ¢ selectivity for
CO formation calculated as the ratio between the amount of CO produced and the total amount

of gaseous products (CO and Hy); 9 results obtained from EXAFS spectra fitting.

We have examined the Co SACs in C3Ny using X-ray absorption spectroscopy. The Co K-edge
XANES and EXAFS spectra of Co**@C3Ns are very similar to those of Co?*@C-C3N4 (Figure
2). As discussed in our previous work,?”’ comparison of the XANES spectra with those of
reference samples indicated the oxidation state of cobalt in the Co SACs is 2+. Further
characterization using electron paramagnetic resonance spectroscopy indicated that both Co
SACs contain high spin Co?* (Figure S3). Our calculations also confirmed the high spin state of
Co?" (2.037 magnetic moment on the Co atom). In the EXAFS spectra, the absence of high order
contribution beyond the first peak is consistent with the dominance of single Co?" sites in both
Co” @C3Ns and Co**@C-C3N4. Fitting their EXAFS spectra (Figure S4) resulted in a
coordination number of ~4 for both Co SACs, with four equivalent Co-N bonds having bond

lengths of ~2.08 A for Co**@C3N4 and ~2.07 A for Co**@C-C3N4 (Table 1).
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Figure 2. (a) Normalized Co K-edge XANES spectra and (b) Fourier transform magnitude of k-
weighted Co K-edge EXAFS spectra of Co** @C3N4, Co**@C-C3Ns, and reference samples
(CoO and Co0304).

Computational modeling was conducted to explore possible structures of Co?'@C3Ns. Binding
of Co atoms to the N atoms in the C3N4 framework was investigated using DFT calculations. The
modeling work failed to reach a Co SAC structure with four equivalent Co-N bonds inside the
“pocket” of pristine C3Ny4 (Figure 3, a and b; see also Table S2). Instead, a Co-N2+2 coordination
at C3N4 edge sites appeared to be the most probable structure (Figure 3c) with a calculated
binding energy of -358 kJ/mol (Table S3). In this structure, the calculated Co-N bond length is in
the range of 2.07-2.10 A (Table S3), in excellent agreement with the values obtained by fitting
EXAFS spectra of the Co SAC (Table 1). This structure is supported by similar studies in the
literature, such as the Fe-Na+ sites of highly active Fe SACs confined in N-doped carbon
materials.%%-%2 In our study, this Co-N2+» coordination at C3N4 edge sites is also the most probable

structure for Co*>*@C-C3Na4 (Table S3).
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Figure 3. Structures of single Co?" sites coordinated with N atoms in C3N4: (a) Co-Na, (b) Co-
N4, and (¢) Co-N»+; at edge sites. Color scheme: Co (blue), N (silver), C (gold), H (light brown).

As shown in our previous work,?” Co SACs only exist at very low loadings in C3N4; CoOx
clusters and nanoparticles were produced at higher cobalt loadings. This can be explained by the
fact that only a small amount of edge N sites available in the C3N4 material, as compared to
abundant framework N atoms in the “pockets”, for coordination with Co**. In order to further
validate the Co-N»+» model for the Co SACs, pristine C3Ns and C-C3N4 were treated with
gaseous NH3 at elevated temperature to create more edge sites. The resulting materials are
denoted as NH3-C3N4 and NH3-C-C3Ny, respectively. Figure 4 shows typical characterization
results for C-C3N4 and NH3-C-C3N4. Notably, smaller flakes are seen in NH3-C-C3N4 than C-
C3Ny (Figures 4d and S5). The photoluminescence spectra shown in Figure 4e suggest the

presence of more edge defect sites in NH3-C-C3N4 than in C-C3Na.
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Figure 4. Characterization of NH3-C-C3N4 and C-C3Ng4: (a) X-ray powder diffraction patterns,
(b) infrared spectra, (c) UV-vis spectra, (d) a scanning electron micrograph, (e)
photoluminescence spectra, and (f) electron paramagnetic resonance spectra.

The NHj3 treatment significantly increased surface areas of the C3Ns materials (Table S1) and
also their capacity to coordinate Co** (Table 1) in the presence of the same amount of Co*
precursor used in catalyst synthesis (1.25 mg CoCl). Despite the higher cobalt loadings, Co
SACs in the NHzs-treated samples demonstrated higher activity than the samples without the
treatment (Table 1 and Figure S6). These results obtained using the NHs-treated samples strongly

support the presence of single Co?" sites at C3N4 edge sites in our Co SACs.

We further explored the origin of the observed differences in activity and selectivity of
Co?”*@C3Ns and Co*"@C-C3Ny (Table 1) by characterizing the synthesized materials with a

variety of techniques. Pristine C3N4 and C-C3N4 show the same morphology, as can be seen from
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their microscopy images (see Figure S5). Pristine C3Ns and C-C3N4 containing Co SACs
materials have similar surface areas and cobalt loadings (Tables 1 and S1). The synthesized C-
C3Ny has a darker color and greater absorption than pristine C3Ns in the visible-light region (400-
800 nm, Figure S7, a). Furthermore, doping C3N4 with carbon significantly inhibited
photoinduced charge recombination, as indicated by the comparison shown in the
photoluminescence spectra of C-C3N4 and C3N4 (Figure S7, b). It has been demonstrated that
appropriate carbon doping can enhance the photocatalytic properties of C3Ns4 materials by
improving its photoresponse in the visible region (400-800 nm)** %-** and inhibiting charge
recombination.*® 70 These differences should account for, at least partly, the observed higher

activity of Co**@C-C3N4 than Co** @C3Ny in our study.

It appears that other reasons could also contribute to the enhanced activity of Co?"@C-C3N4 in
photocatalytic CO> reduction. This is based on our observations using hybrid photocatalysts
consisting of Co Cyclam, where cyclam is 1,4,8,11-tetraazacyclotetradecane, deposited on the
C3N4 materials following our established procedures (Figure S8).>**” Co Cyclam is a molecular
COs-reduction catalyst that has a well defined Co-N4 coordination structure.”!””> When the
hybrid photocatalysts containing Co Cyclam were tested in CO: reduction, only a 2-fold
enhancement in activity was obtained on C-C3N4 in comparison with C3N4 (Figure S9). This
difference is likely due to the better light absorption and decreased charge recombination in C-
C3Na. However, Co?"@C-C3N4 demonstrated ~14 times higher activity than Co**@C3N4 in CO»

reduction under the same experimental conditions (Table 1).

The above discussion of experimental results suggests that C doping likely affected the
coordination environment of Co?* sites in C-doped C3N4. We further carried out computational

studies using a simplified structural model of C doping. In this model, two or more N atoms near
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the edge sites are replaced with C atoms upon C doping (Figure S1, b and c). It should be pointed
out that the exact location and structure of doped C atoms in our Co**@C-C3N4 sample are
unclear, and this simplified structural model is employed in this study to understand the effect of
C doping at the molecular level. Our computational calculations indicate that such substitution
significantly strengthens Co-N coordination (Table S2). For the Co-N»+; structure, C doping by
replacing two N atoms near the edge sites led to stronger Co-N binding and a shorter bond length
in Co**@C-C3N4 than in Co**@C3N4 (Figure 5 and Table S3). The stronger Co-N binding in
Co*"@C-C3N4 could alter the photocatalytic properties of the single Co?* sites by enhancing
electron transfer from photoactivated C-C3N4 to the Co*" center. Further DFT calculations are
underway to investigate other possible structures of C doping and the mechanism of

photocatalytic CO; reduction on Co**@C-C3Na.

(@ ._ 0 L © g
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Figure 5. Calculated structures and Co-N bond lengths for (a) Co?*@C3N4, (b) Co**@C-C3Na,
and (c) Co Cyclam. In (¢), Cl ligands are omitted for clarity.

The Co-N bond length in Co?"@C-C3N4 was calculated to be 1.96-1.97 A, much shorter than
that obtained by fitting EXAFS spectra of Co*'@C-C3N4 and High-Co?*@NH3-C-C3N4 (both
~2.07 A, Table 1). This discrepancy is likely due to the fact that most of the single Co?" sites in
these samples are located far from doped C atoms. This argument is supported by the fact that a

much shorter Co-N bond (2.03 A, Table 1) was obtained by analyzing the EXAFS spectrum of a
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sample “Low-Co*"@NH;3-C-C3N4”, which was intentionally synthesized to have a low cobalt
loading (Table 1). As can be seen from the EXAFS spectra of Co SACs in NH3-C3N4 and NH3-
C-C3Na4, the peak position for Co**@NH3-C-C3Ny shifted to shorter distances compared to
Co?"@NH;3-C3Na. Fitting the EXAFS spectra (Figure S10) obtained evidence of 4-coordinated
Co with shorter Co-N bond lengths in NH3-C-C3Ny4 than in NH3-C3N4, and such comparison is
much more pronounced for the sample “Low-Co?"@NH3-C-C3N4”, in agreement with visual

observation of the spectra shown in Figure 6.

1.2 4 — O, MH

— Low-Co™ @NH,-C-C:N,

[x(R)] (A%)

R(A)

Figure 6. Fourier transform magnitude of k*-weighted Co K-edge EXAFS spectra of
Co?"@NH3-C-C3Ny at high (43.3 pumol/mg) and low (2.3 pmol/mg) cobalt loadings, and
Co**@NH3-C3Ns4 (29.8 umol/g) without C doping.

We note that the sample Low-Co**@NH;3-C-C3N4 exhibited an activity ~9 higher than High-
Co**@NH3-C-C3Ns in photocatalytic CO2 reduction under the same experimental conditions
(Table 1). Meanwhile, the Co-N bond lengths obtained by fitting EXAFS spectra were 2.07 A

and 2.03 A for High-Co**@NH;3-C-C3Ns and Low-Co**@NH;3-C-C3Na, respectively (Table 1).
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Based on the above discussion, there are more Co*" sites in Low-Co* @NH3-C-C3N4 than in
High-Co** @NH3-C-C3Ny4 that are coordinate with N atoms near doped C atoms. This is due to
the fact that at low loadings, the Co?" ions would preferentially bond to N atoms near doped C
atoms (Co-N binding energy -741 kJ/mol, Table S3) instead of those far from doped C atoms
(Co-N binding energy -358 kJ/mol, Table S3). This comparison suggests that Co SACs with
shorter Co-N bond lengths should be more active in CO»-reduction catalysis. Interestingly, the
calculated Co-N bond length in Co®"@C-C3Ns is very close to that in Co Cyclam (Figure 5, b
and c), which demonstrated similar activity in CO; reduction upon depositing on C-C3N4

(Figures 1 and S9).

These experimental results on the NHs-treated samples support the prediction made using the
simplified model shown in Figure 5. Therefore, appropriate C doping of C3N4 can enhance the
photocatalytic properties of Co SACs by improving its photoresponse, inhibiting charge
recombination, and altering the local coordination environment of the Co** sites. Based on this
present study and results by others, our future work is focused on the synthesis of few-layer C-
doped C3Nj4 that contains more uniform and well-defined coordination sites for highly active Co
SACs. We will also carry out additional DFT studies to explore mechanisms of selective CO»

reduction on the Co SACs.

4. Conclusions

In summary, we have carried out experimental and computational work to probe the structure of
single Co** sites in C3N4 that demonstrated excellent activity and product selectivity towards

photocatalytic CO2 reduction. A model of Co-N2+2 coordination at C3N4 edge sites was found to
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be the most probable structure. This structure was further supported by experimental results
obtained using Co SACs in NHs-treated C3N4 samples that contain more edge sites. We also
explored how C doping enhances the photocatalytic activity of Co SACs in C3N4. A simplified
model was proposed to explain the origin of the observed enhancement effect of C doping, which
involves substituting some N atoms near the metal center with C atoms. Such substitution
resulted in shorter (and stronger) Co-N bonds which could alter the catalytic activity of the Co

SACs towards CO; reduction.

Supporting Information. Supplementary figures and tables, including structures employed in

DFT calculations, fitting results of EXAFS spectra, and additional characterization data.
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