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ARTICLE INFO ABSTRACT

Keywords: Photocatalytic CO2 reduction reaction (CO2RR) is an effective mean to address the current environmental and

Template co-pyrolysis energy issues. As a kind of typical photocatalyst, g-C3N4 possesses lots of advantages (i.e., facile synthesis,

‘Cé'cl\?g“ visible-light response, and high stability) in CO, reduction. However, the poor capacity of CO5 capture and rapid
! X

recombination of photo-generated electron and hole, both hinder the further development of g-C3N4 for CO2RR.
Herein, we developed a template co-pyrolysis strategy to prepare C-NH,-rich (x = 1 or 2) g-C3Ny, to increase the
CO; binding and the subsequent photocatalytic CO; reduction efficiency. Specifically, organic molecules with
multiple imino groups were used as additives to co-pyrolyze with urea. These additives can act as templates to
facilitate the formation of g-C3N4 with abundant C-NH, groups, which effectively improved the capacity of CO4
capture. Meanwhile, the capacity of light absorption and the separation of photo-generated electron and hole
were also optimized. As a result, the obtained C-NH,-rich g-C3N4 showed greatly enhanced photocatalytic ac-
tivity for CO2RR, over 74-fold higher than that of g-C3N4 conventionally prepared. This work provides a new

Photocatalytic CO, reduction

avenue for optimizing the g-C3Ny4-based photocatalysts for CO2RR.

1. Introduction

The solar-driven CO5 conversion into fuels or chemicals can effec-
tively address the global warming and energy issues, where the devel-
opment of highly-effective, robust and cost-efficient catalysts is
important and urgent. During the past several years, multitudinous
materials have been exploited for photocatalytic CO4 reduction reaction
(CO2RR) [1-22], among which graphitic carbon nitride (g-C3N4) is a
competitive candidate, as it possesses lots of advantages, including facile
synthesis, low cost, visible-light absorption ability, and so on [23-27].
However, the development of efficient g-C3N4-based photocatalysts for
CO2RR is still a big challenge, because the narrow band gap with low
electron mobility causes the rapid recombination of photo-generated
electron and hole [28-30]. To enhance the separation efficiency of
photo-generated electron and hole, researchers have developed various
strategies, including improving crystallinity [31,32], introducing de-
fects [33-39], doping elements [40-44], constructing heterojunctions
[45-50], and so on, with which the photocatalytic activity of g-C3N4 for
CO2RR have been improved to some extent.

Besides promoting the separation of photo-generated electron and
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hole, accelerating the reaction dynamics of COsRR can also boost the
catalytic activity. It is well-known that increasing the CO5 concentration
around the catalytic centers will accelerate the reaction dynamics of
CO2RR, as the first step of which is the CO; capture by the catalysts [51].
The higher capacity of CO, adsorption, the better photocatalytic effi-
ciency [52,53]. Therefore, strengthening the capacity of CO, capture to
increase the local CO; concentration on the g-C3N4 surface could
enhance the photocatalytic efficiency for COoRR. However, to our
knowledge, there is hardly any reported work about improving the CO2
adsorption ability of pristine g-C3N4. Considering that amino/imino
groups have shown exceptional capacity of gathering CO2 molecules in
porous materials [54,55], we speculated that modification of g-CsN4
with amino groups can concentrate CO5 on the g-C3Ny4 surface and thus
enhance the photocatalytic efficiency for CO2RR. Therefore, it is of great
significance to find general methods to endow pristine g-C3N4 with rich
C-NH, groups, which is still at a blank area but seems an effective and
promising mean for enhancing CO2RR efficiency.

Herein, a template co-pyrolysis of urea and organic molecules
strategy was developed to prepare C-NH,-rich (x = 1 or 2) g-C3N4-based
materials (i.e., L-C3N4) with enhanced photocatalytic CO,RR activity.
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Specifically, the organic molecule with imino groups was pre-assembled
with urea through intermolecular hydrogen bonds, and then acted as a
template to facilitate the formation of C-NH, within g-C3N4. The
enrichment of C-NH, contributed to the CO2 capture, thus the CO;
reduction efficiency was remarkably enhanced in contrast to the
conventionally prepared g-CsNy. In this strategy, the co-catalyst Co
could be in situ anchored on C-NH,-rich g-C3N4 by using Co complex as
addictive, which tremendously improved photocatalytic COoRR activ-
ity. Catalytic mechanism studies revealed that the enriched C-NH,
within g-C3N4 could boost the thermodynamics and accelerate the dy-
namics of photocatalytic CO2RR, that is, not only improve the ability of
CO;, capture, but also optimize the capacity of light absorption and the
separation of photo-generated electron and hole.

2. Experimental
2.1. Materials and chemicals

All chemicals were commercially available and used without further
purification. The synthetic methods of L-8HClO4 and CoL were similar to
the reported literatures [56,57]. The Ly (y = 1, 2, 3) were prepared
through the literature methods [58-60]. The synthesis of g-C3N4 was
based on the previous work [23]. Cobalt(II) perchlorate hexahydrate (Co
(Cl04)2-6H20, 98%, Macklin), cobalt(II) chloride hexahydrate
(CoClp-6H20, AR, General-Reagent), acetonitrile (CH3CN, HPLC, Tianjin
Saifurui, Science and Technology 1td). Urea (AR, Sinopharm Chemical
Reagent), 2,2'-bipyridine (AR, Aladdin), triethanolamine (TEOA, AR,
Aladdin), Nafion (5 wt%, in lower aliphatic alcohols, contains 15-20%
water, Aldrich). Other reagents were purchased from Aladdin with
analytical grade. The purity of Ar, Ny and CO3 was 99.999%.

2.2. Procedures

2.2.1. Preparation of g-C3Ny4

Typically, 5.0 g urea was placed in a covered crucible and heated at
600 °C for 2 h with a heating rate of 5 °C/min under air. The yellow
powder was collected and washed with deionized water and ethanol for
several times, and then dried under vacuum at 60 °C for 24 h.

2.2.2. Preparation of m-L-CsN4

The mixture of L-8HClO4 (3, 6, 12.5, 18 or 25 pmol) and urea (5.0 g)
was dissolved in deionized water, which was heated to get the concen-
trated solution, and then the residual water was evaporated by the ro-
tary evaporator to get uniform powder. The uniform powder was
denoted as (m-L+urea) (m = 3, 6, 12.5, 18 or 25). The powder sample
was placed in a covered crucible and heated at 600 °C (5 °C/min heating
rate) for 2 h under air. The pyrolytic product was washed by deionized
water and ethanol for several times, and dried at 60 °C under vacuum.
m-L-C3N4 were obtained as light brown powder.

2.2.3. Preparation of Ly-C3Ny4
The preparation procedure of Ly-C3N4 was similar to that of m-L-C3N4
by using other organic additives (7.5 mg; Table 1) instead of L-8HClO4.

2.2.4. Preparation of n-CoL-C3Ny4

The preparation procedure of n-CoL-C3Ny4 (n = 3, 5, 8, 12.5, 18, and
25) was similar to that of m-L-C3N4 except using CoL (3, 5, 8, 12.5, 18, or
25 pmol) instead of L-8HClOg4.

2.2.5. Preparation of Co-C3Ny4
The preparation procedure of Co-CsN4 was similar to that of 12.5-
CoL-C3Ny4 except using CoCly-6H20 (25 pmol) instead of CoL.

2.2.6. Preparation of 1-urea co-crystal
100 pL Hy0 containing 0.05 mmol (3 mg) urea was dropwise added
to 3 mL mixed solvent of MeOH/CH,Cly (v:v = 2:1) containing 0.004
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Table 1
The as-synthesized samples and corresponding organic additives.

Sample L, Molecular formula Molecular structures
L-C3Ny4 C36NgHs4 (L) [ j
( NH HN ‘\
N

NH HN

L;-C3Ny Ca27N4Hz6 (L1) /<\/\N
; NH NH HN

Ly-C3Ny C18N4H;g (L) | A

_N
L3-C3Ny C17N3H;5 (L3)

mmol (6 mg) L-8HClO4, which was transferred and sealed in a 10 mL
volatile bottle, and heated at 80 °C for 24 h. This solution was allowed to
stand at room temperature for a week, leading to the formation of col-
ourless block crystals with formula of L-2urea-6H;0-5HClO4, deter-
mined by single-crystal X-ray diffraction.

2.2.7. Preparation of L+urea

3 mg urea and 6 mg L-8HCIO4 were dissolved in 3.1 mL MeOH/
CHCly/HoO (veviv: = 2:1:0.1) mixed solvent. After evaporating the
solvent, L4-urea mixture was obtained.

2.2.8. Preparation of Ly-+urea

3 mg urea and 2.5 mg Ly (y = 1, 2, 3) were dissolved in 3.1 mL
MeOH/CH,Cly/H20 (v:v:y: = 2:1:0.1) mixed solvent. After evaporating
the solvent, L,{urea was obtained.

2.2.9. COz capture measurements in aqueous solution

First of all, the deionized water was refilled by Ar for removing
dissolved CO;. Then, 10 mg g-C3N4 and 12.5-L-C3Ny4 was respectively
dispersed in 10 mL deionized water, and 10 mL pure deionized water
was used as a reference. Due to the correlation between pH values and
CO; concentration of aqueous solution, the CO; capturing amount could
be determined by the pH values. By bubbling with 10 % CO» (Ar as
balance gas; 6 sccm) into the aqueous solution, the time-dependent pH
value change was detected by the pH meter at 30 °C.

2.2.10. Photoelectrochemical measurements

The photoelectrochemical measurements were monitored by using
an electrochemical workstation (CHI760E) with a standard three-
electrode system. The prepared FTO coated by catalyst, the Ag/AgCl
(saturated KCl) electrode and a Pt plate acted as the working, reference
and counter electrode, respectively. The working electrode was pre-
pared as follows: FTO glasses were cleaned via ultrasonication in
distilled water and absolute ethanol for 3 times sequentially. 5 mg
catalyst powder was dispersed in 1 mL ethanol/H>0 (v/v = 3/1) mixture
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containing 10 pL Nafion solution (5 wt% in water). After ultrasonic
treatment for 30 min, a homogeneous ink generated. The ink was
dropped on the FTO (1 cm x 2 cm) with 0.5 mg/cm? catalyst loading.
The prepared catalyst film on FTO was dried at room temperature for 10
h. 0.5 M NaySOy4 solution (pH = 6.8) was used as the electrolyte. Before
the test, the Ny or CO5 was purged into the Na;SO4 aqueous solution for
30 min. According to the Nernst equation (Egug = E + Eag/agc1 + 0.0591
x pH), the potentials versus Ag/AgCl were converted to those versus
RHE (reversible hydrogen electrode). The photocurrent responses were
measured under a 300 W Xe lamp at the intermittent irradiation model.
Electrochemical impedance spectra (EIS) were recorded over a fre-
quency range from 1 to 10° Hz.

2.2.11. Photocatalytic CO2RR

The photocatalytic CO, reduction experiments were operated in a
quartz tube (17 mL) containing 3 mg photocatalysts (For m-L-C3N4 and
L,-C3Ny4, 0.57 pmol CoCl, was added as a co-catalyst. The amount of
CoCl; (0.57 pmol) equates to the Co amount in 3 mg 12.5-CoL-C3Ny), 15
mg 2,2'-bipyridine, TEOA (0.3 M), and 5 mL CH3CN/H,0 (v/v = 4:1). A
300 W Xe lamp with a 420 nm cut-off filter was used as a light source.
Prior to irradiation, the reaction system was purged with CO3 for 20 min
under stirring. The reaction temperature was maintained at 25 °C by
water bath under vigorous stirring. The gaseous products were analyzed
by a gas chromatography.

2.3. Physical and chemical characterization

The powder X-ray diffraction (PXRD) results were obtained by using
the Smart X-ray diffractometer (SmartLab 9 KW, Rigaku, Japan) with Cu
Ko radiation (A = 1.54178 A). The content of Co in catalysts were
measured by the inductively coupled plasma mass spectrometer (ICP-
MS, ICAP-RQ, Thermo Fisher Scientific, Germany). Crystallographic
data of r-urea co-crystal was collected by using a Rigaku CCD diffrac-
tometer with Cu-Ka radiation (A = 1.54184 10\) at 293 K. Data processing
was performed by the crystal-clear software package (Rigaku, 2015).
The deposition number was CCDC 2176894. The transmission electron
microscopy (TEM) measurements were operated on a Transmission
Electron Microscope with a LaBg Gun (TeC3N4ai G2 spirit TWIN, FEIL,
USA) at an acceleration voltage of 120 kV. The High-Resolution Trans-
mission Electron Microscope (HRTEM) images and the corresponding
energy-dispersive X-ray spectroscopy (EDS) elemental mappings were
characterized by a High-Resolution Transmission Electron (Talos F200X,
FEI, USA). The HAADF-STEM images were obtained from a transmission
electron microscope with a probe corrector (Titan Themis Cubed G2
60-300, FEI). Fourier transform IR (FT-IR) spectra were recorded on a
PerkinElmer Frontier. The ultraviolet-visible (UV-vis) absorption
spectra (UV-vis) were acquired on a UV-vis spectrophotometer
(Lambda 750 UV/VIS/NIR, Perkin Elmer, USA). The CO, adsorption
isotherm tests were performed on a multi-station specific surface
micropore and vapor adsorption analyzer (BELSORP-Mas, Micro-
tracBEL, Japan). The photoluminescence (PL) spectra were collected by
using a Hitachi F-7000 Fluorescence spectrophotometer under excita-
tion at 367 nm. The electron paramagnetic resonance (EPR) spectros-
copy was operated on an EPR spectrometer (EXMplus6-1, Bruker,
Germany). The time-resolved fluorescence (TRF) measurements (exci-
tation wavelength: 450 nm, detection wavelength: 520 nm) were tested
by the FLS-1000 steady state and transient state fluorescence spec-
trometer (Edinburgh Instruments Itd). X-ray photoelectron spectroscopy
(XPS) spectra were obtained on photoelectron spectroscopy (ESCA-
LAB250Xi, THERMO SCIENTIFIC, United Kingdom) and calibrated
versus C 1 s binding energy (284.8 eV). The gaseous products were
analyzed by a gas chromatography (GC-2014 + ATF, 230C, Shimadzu,
Japan), in which the thermal conductivity detector (TCD) detected Hy
and flame ionization detector (FID) was employed to measure CO and
CH4. Argon was used as carrier gas.
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3. Results and discussion
3.1. Preparation and characterization of C—-NH,-rich g-C3N4

A cryptand ligand (L) (L = N[(CH3)oNHCHy(m-CgH4)CHoNH
(CH2)213N) with six imino groups was synthesized and tentatively
selected as an organic additive to synthesize C-NH,-rich g-C3Ny4 by co-
pyrolysis with 5.0 g urea (See the Procedures; Scheme 1 and Fig. S1).
Using different amounts of L (3, 6, 12.5, 18, and 25 pmol), a series of g-
C3Ny4-based materials named m-L-C3N4 (m = 3, 6, 12.5, 18, and 25) were
prepared. Transmission electron microscopy (TEM) images show that m-
L-C3Ny4 possess similar nanosheet morphology as g-CsN4 (Fig. 1a and
S2). Powder X-ray diffraction (PXRD) patterns reveal that m-L-C3Ny4
have the same crystal structures as conventionally prepared g-CsNy (i.e.,
g-C3Ny4, see the Procedures; Fig. 1b). Elemental analysis results
demonstrate that the content of C and N in m-L-C3Ny4 are also similar to
those in g-C3Ny (Table S1, Entry 1-6). To further analyze the chemical
configurations and stoichiometric compositions of as-synthesized sam-
ples, X-ray photoelectron spectroscopy (XPS) were employed. The C1 s
XPS profiles of g-C3N4 and m-L-C3Ny4 show three kinds of characteristic
peaks at ~284.7, ~286.0, and ~288.2 eV, corresponding to sp3 C—C,
C-NH,, and sp?> N-C=N, respectively (Fig. 1c and Fig. S3) [41]. The
decreased intensity of sp> N-C=N peak reveals the defects within L-
C3N4. The N 1 s XPS spectra of g-CsN4 and m-L-C3N4 display-three
characteristic peaks at ~398.6, ~400.0 and ~401.0 eV, assigning to
C=N-C, N-(C)3, and C-NH, groups, respectively (Fig. 1d and Fig. S4)
[35]. It should be noted that the percentage of C-NH,, in m-L-C3Ny is
obviously higher than that of g-C3sN4 based on the analysis of XPS results
(Fig. S5; Table S2, Entry 1-6). When L amount increases from 3 to 12.5
pmol, the percentage of C-NH, in m-L-C3N4 gradually enhances. With
the further increase of L amount, the percentage of C-NH,, slightly de-
creases. 12.5-L-C3Ny4 possesses the highest C-NH, content (19.4 %),
much higher than g-C3N4 (10.8 %).

3.2. Templated Co-pyrolysis strategy

It is interesting to find that the introduction of organic additive L to
the pyrolysis process of urea afforded g-C3N4 materials with enhanced
C-NH,, content. For revealing the regulating effect of organic additives
on the formation of C-NH, in g-C3Ny, three other organic molecules
containing imino N or pyridine N atoms were employed as additives in g-
C3N4 preparation process (Table 1). Three kinds of g-CsNy-based ma-
terials, i.e., L,-G3N4 (y = 1, 2, 3; Table 1; Fig. S6-S8), were thus obtained.
PXRD results show that all the as-synthesized L,-C3N4 keep the same
crystal structures as g-C3N4 (Fig. S9). As shown in Fig. S10, the TEM
images show that L,-C3N4 possess similar lamellar structures as g-C3Ny.
XPS and elemental analysis results show that the organic additive L;
with three imino groups plays the similar role as L; the introduction of Ly
to the pyrolysis process of urea can also effectively increase the per-
centage of C-NH, in obtained L;-C3N4 (Fig. S11-S13; Table S2, Entry
7-9). For Ly and L3 containing pyridine N atoms, the C-NH,-rich g-C3Ny4
based samples can also be obtained, but not as effective as L and L; with
multiple imino groups. These results indicate that the imino groups of
the organic additives contribute to obtain L,-C3N4 with high C-NH,
content.

On the basis of elemental analysis and XPS results, the N amount of
added organic additives and the increased N amount of C-NH, in ob-
tained m-L-C3N4 and L,-C3Ny4 over that of g-C3N4 were further quanti-
tatively calculated (Fig. 1e; Table S2, Entry 1-9). It is clearly seen that
the increased N amount of C-NH,. in m-L-C3Ny4 is much higher than the N
amount of added L (Fig. 1e), and similar phenomena also occured in L,-
C3Ny4 samples (Fig. 1f). Based on these result, not only did the imino
groups in these organic additives participate in the urea polymerization
process and transfer to the resulted m-L-C3N4 and Ly-C3Ny4, but also
organic additives could induce the N of part urea to form C-NH, rather
than tri-s-triazine N.
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Precursor

Scheme 1. Schematic process of the co-pyrolysis of L and urea to prepare C-NH,-rich g-C3N4 (i.e., L-C3Ny).

a b c
) \“\_L__g-_CL Cls 12.5-L-C;N,
s ~_~
£ 3-L-C,N, i
g 6-L-C,N, Z
2 B A 7
> 12.5-L-C,N, g
2 - =
da L
S
&
10 20 40 50 60 200 288 286 284 282
20 (degree) Binding energy (eV)
d e f
L 450 B LandL,
12.5-L-C3N4 t 1 N1s A480' - m-L-C3N4 _ - L—C3N4 and Ly-C3N4
-~ P 2 ]
=5 < ]
H oA £ 3601 g360
%} \\C-N—C E E
£ | C-NH,(19.4%) S 240+ § 2401
2 0 £ £
E N ® <
7120 Z 120
. . . 0 0-
402 400 398 396 0 3 6 125 18 25 L L, L, L,

Binding energy (eV)

Amount of L (umol)

Fig. 1. (a) TEM image of 12.5-L-C3N4. (b) PXRD patterns of m-L-C3N,4 (m = 3, 6, 12.5, 18, and 25) and g-C3N4 conventionally prepared. (¢) C1 s and (d) N 1 s XPS
spectra of 12.5-L-C3Ny. () The N amount in added L (black) and the increased N amount of C-NH,. in m-L-C3N4 (red) over that of g-C3Ny. (f) The N amount in added L
and L, (black), as well as the increased N amount of C-NH, (red) in 12.5-L-C3N,4 and L,-C3Nj.

To deeply reveal the effect of organic additive L on inducing urea to
form C-NH,, the pre-assembled structure of L and urea has been
determined by the single X-ray diffraction (See the Procedures). As
shown in Fig. 2a, the asymmetric unit of the pre-assembled structure, i.
e., L-urea co-crystal, contains one L molecule and two urea molecules.
Two types of intermolecular N—H---O hydrogen bonds between the
imino groups of L and the carbonyl groups of urea were observed,
respectively possessing the N---O distances of 2.759(5) and 2.750(5) ;\,
and the N—H—O angels of 168° and 162° (Table S3). These distances
and angles indicate the formation of strong hydrogen bonds between L
and urea [61]. The hydrogen bonds were further confirmed by Fourier
Transform-Infrared Spectroscopy (FT-IR) analysis. As shown in Fig. 2b,
the characteristic peak of carbonyl group stretching vibration (vc—o) of
urea locates at 1678.0 cm™*, and the corresponding characteristic peak

for r-urea co-crystal is red-shifted to 1657.7 em ! [62]. The similar re-
sults are observed in the mixture of L and urea (Fig. S14-S15), illus-
trating the existence of hydrogen bonds in the precursor 12.5-L+urea for
preparing L-C3N4. These hydrogen bonds might influence the behavior
of carbonyl group during urea polymerization. In reported urea pyrol-
ysis processes to prepare g-C3Ng, urea is firstly dehydrated to form cy-
anamide monomers which were then polymerized into melamine ring,
and the tri-s-triazine nitrogen carbide is finally obtained (Fig. S16) [63].
For revealing urea dehydration, the pure urea and 12.5-L+urea mixture
were respectively heated at 250 °C for different time (5, 20 and 30 min)
to simulate the intermediate state during pyrolysis process, which was
characterized by the FT-IR measurements. As for the pure urea, the
characteristic peak of the vc_q at 1679.0 cm ™! gradually broadens and
passivates with the extension of the pyrolysis time, while for 12.5-



K.-Y. Tao et al.

a
®0
CH
&N
¢C
C
urea
—— 5 min
S
5
& |—20 min
E
=
<
i
=
30 min
2400 2000 1600 1200

Wavenumber (cm™)

Chemical Engineering Journal xxx (xxxx) xxx

o

—urea

—L-urea co-crystal

Transmittance (%)

4000 3000 2000 1000 1800 1500
Wavenumber (cm™')  Wavenumber (cm™)
d

12.5-L+urea

——35 min
X
3 R
=
§ ——20 min
=
«
S
= .

30 min
2400 2000 1600 1200

Wavenumber (cm™)

Fig. 2. (a) Crystal structure of L-urea co-crystal. (b) FT-IR spectra of L, urea and r-urea co-crystal. FT-IR spectra of (c) urea and (d) 12.5-L+urea heated at 250 °C for 5

min, 20 min and 30 min.

L+urea mixture, the vc_g characteristic peak under the same condition
could be maintained to some extent (Fig. 2¢, 2d). The more stable
carbonyl group indicates that the hydrogen bonds between L and urea
restrained the dehydration of urea in some degree. Therefore, the for-
mation of cyanamide monomers was hindered partly, and part amino/
imino groups N are formed instead of tri-s-triazine N within the as-
synthesized samples. In general, the N—H:--O intermolecular
hydrogen bonds contribute to the pre-assemble structure of organic
additive L and urea, and during the co-pyrolysis, organic additive L acts
as a template to induce the N of neighboring urea to form C-NH,, rather
than tri-s-triazine N, which all facilitate the formation of C~-NH,, within
the g-C3Ny4-based materials.

3.3. CO2 adsorption capacity

With high C-NH, content in L-C3Ny4, the capacity of L-C3N4 to gather
CO4 molecules was measured. The CO5 adsorption and desorption iso-
therms show that 12.5-L-C3N4 exhibits better ability of adsorbing CO»
than g-C3Ny (Fig. 3a). The larger adsorption hysteresis of the sorption
isotherm reveals the stronger interaction of 12.5-L-C3N4 to CO5 than g-
C3Ny4 [64]. The Nj sorption isotherms demonstrate that 12.5-L-C3N4 and
g-C3Ny4 possess similar specific surface area and pore structure, which
further signifies that the enhancement of CO, adsorption is ascribed to
the enriched C-NH, groups in 12.5-L-C3N4 (Fig. S17). Moreover, the
gathering CO5 capacity of C-NH, groups in 12.5-L-C3N4 in aqueous so-
lution was further investigated (See the Procedures). The pH values of
aqueous solution were correlated with the adsorbed CO, amount and
hence were used to evaluate the CO2 capture ability. The aqueous

solution containing the same amount g-C3N4 or 12.5-L-C3N4 was
bubbled with 10 % CO-, for a certain time, and the real-time pH value
was detected by the pH meter. As shown in Fig. 3b and Table S4, the
initial pH values of water, g-C3N4 and 12.5-L-C3Ny4 aqueous solutions are
respectively 6.30, 6.79 and 7.30 which are positively correlated with the
C-NH,, content in the solution (pure water < g-C3N4 < 12.5-CoL-C3Ny).
According to the real-time pH values, the corresponding ApH values
(ApH = Initial pH - Final pH) were calculated to evaluate the ability of
CO4 capture (Table S4). As expected, the aqueous solution containing
12.5-L-C3Ny4 exhibits the maximum ApH value and the shortest pH
balancing time (t;/2), which illustrates the 12.5-L-C3Ny is better at
gathering CO4 than g-CsN4 in aqueous solution.

3.4. Performance on photocatalytic CO2RR

Encouraged by the strong CO, capture capacity, the photocatalytic
CO, reduction of m-L-C3N4 and Ly-C3Ny, as well as g-C3N4 were expored,
with the CoCly as a co-catalyst (designated as m-L-C3N4&CoCly). As
expected, both m-L-C3N4 and L,-C3Ny, containing higher C-NH, content
than g-C3Ny, possess markedly enhanced photocatalytic activity for CO5
reduction (Fig. 3c, 3d). Moreover, the activity enhancement is closely
related with the C-NH, content. The more C-NH,. groups, the higher
photocatalytic CO2RR activity. For m-L-C3Ny4, 12.5-L-C3N4 has the
highest C-NH, content, thus displays the best photocatalytic activity,
with the CO yield of 185.7 pmol-g~-h™1, over 74-fold higher than that
of g-C3Ny4 (2.5 pmol-g_lh_l; Fig. 3c). For Ly-C3Ny4, L1-C3N4 has similar
C-NH,, content to L-C3N4 (12.5-L-C3Ny), thus displays similar photo-
catalytic activity. Both of them are higher than those of L3-C3N4 and L4-
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Fig. 3. (a) CO, adsorption and desorption isotherms of 12.5-L-C3N4 and g-C3N4 at 298 K. (b) The real-time pH values of aqueous solution containing 12.5-L-C3Ny, g-
C3Ny, and pure water with the CO, bubbling. The catalytic performance and different C-NH, content of (c) m-L-C3N4 and (d) L,-C3Ny4. Conditions: 3 mg photo-
catalysts, CoCl, (0.57 pmol), TEOA (0.3 M), 15 mg 2,2'-bipyridine, 5 mL CH3CN/H20 (v/v = 4:1), 300 W Xe lamp (A > 420 nm), 10 h, 25 °C.

C3Ny4 with lower C-NH, content (Fig. 3d). The above results clearly
elucidate that the rich C-NH,, groups within g-C3N4 greatly contribute to
the enhancement of the photocatalytic CO, reduction activity.

In the above photocatalytic CO2RR, the CoCl; as a co-catalyst was
dissolved in reaction solution, which may be unfavorable for the elec-
tron transfer from C-NH,-rich g-C3Ny4 to Co(Il) sites. In the template co-
pyrolysis strategy, the organic addictive CoL containing Co co-catalyst,
which confined and facilitated Co sites in situ anchored on C-NH,-rich
g-C3Ny (i.e., n-CoL-C3Ny, n = 3, 5, 8, 12.5, 18, and 25; See the Sup-
porting Information; Fig. S18 and Table S5). In addition, the Co-
decorated g-C3Ny4 (Co-C3Ny4) as a reference was synthesized by using
CoCly-6H0 instead of CoL. The PXRD and TEM images show that there
are no Co nanoparticles (Fig. S19-520). The high-angle annular dark-
field scanning transmission electron images demonstrate that scattered
bright dots marked by green circles are highly dispersed, further con-
firming the existence of the distributed single Co atoms (Fig. 4a, 4b).
EDS elemental mapping shows that the Co, C, N are uniformly dispersed
(Fig. S21). The X-ray absorption fine structure (XAFS) spectroscopy re-
sults further exhibit that single-atom Co sites (valence state close to + 2)
via Co-N coordination bonds are uniformly dispersed on g-CsNy-based
nanosheets (Fig. 4c, 4d and S22-S24). According to the XPS results and
elementary analysis, the distribution of different N functionalities in
12.5-CoL-C3Ny is similar to 12.5-L-C3Ny4, and that in Co-C3Ny is similar
to g-C3N4, which means 12.5-CoL-C3Ny4 possesses higher C-NH,, content
than Co-C3N4 and g-C3Ny4 (Fig. S25-526; Table S1, Entry 11-12). The
enrichment of C-NH, in 12.5-L-C3N4 was further confirmed by gas
sorption tests. The results show that 12.5-CoL-C3N4 and Co-C3Ny display
similar N3 sorption isotherms at 77 K (Fig. S27), while exhibits markedly
higher CO, uptake than Co-C3N4 at 298 K (Fig. S28), which can be
ascribed to the increased C-NH, content contributing to the CO,
capture.

The photocatalytic activity of n-CoL-C3gN4 for CO5 reduction was

evaluated under the same conditions used above (Fig. S29). As expected,
all n-CoL-C3Ny4 exhibits photocatalytic activity for CO5 reduction. The
control experiments indicate that the photocatalysts, TEOA and light are
all essential factors for the occurrence of CO; reduction reaction
(Table S6). The 13COg isotope trace experiments show that 1Bco was
detected, illustrating that the CO originated from the CO; reduction
(Fig. S30). Furthermore, among all tested photocatalysts, 12.5-CoL-C3N4
exhibits the highest photocatalytic activity, with the CO yield of 263.5
pmol-g L:h~!, higher than that of 12.5-L-CsN4&CoCl, (185.7
pmol-g~1-h™!, discussed above). The result elucidates that the anchoring
of Co(I) on the surface of g-C3sN4 can really accelerate the electron
transfer, and thus further boosts the photocatalytic CO, reduction ac-
tivity [65]. Moreover, the results of photocatalytic CO, reduction show
that the CO yield of 12.5-CoL-C3Ny is much higher than that of Co-C3Ny4
(5.9 pmol-.g1:h™1), and the yield of 12.5-L-C3N4&CoCl, (185.7
pmol-g~1h™1) is also much higher than that of g-C3N4&CoCly (2.5
pmol-g1-h™Y; Fig. 5a). These results further illustrate that rich C-NH,
groups in g-CsNy-based materials are beneficial for improving their
catalytic activity. As discussed above, C-NH, groups in g-C3N4-based
photocatalysts can strongly capture and gather CO,, which would in-
crease the local CO, concentration around the catalytic Co centers, and
thus accelerate the catalytic reaction dynamics, greatly boosting the
conversion of COy to CO. In addition to the excellent photocatalytic
performance, 12.5-CoL-C3N4 also possesses high stability; after five-
cycle experiments, the catalytic activity, crystal structure and
morphology of 12.5-CoL-C3Ny are still maintained (Fig. S31-532). To our
knowledge, 12.5-CoL-C3N4 as the first case of molecular-complex-
derived g-CsN4-based photocatalyst, possesses much higher photo-
catalytic activity for CO5 reduction than other reported g-C3N4-based
composite catalysts (Table S7).
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Fig. 5. (a) CO and H, yield over different g-C3N4-based catalysts under Xe lamp (300 W, A > 420 nm) for 10 h. (b) Electronic band structures, (c) PL spectra, (d) time-
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3.5. Mechanism of photocatalytic CO2RR

The above results indicate that the increase of C-NH,. content in g-
C3Ny is beneficial to improve the photocatalytic CO, reduction activity.
To further reveal the effect of C-NH,, on improving photocatalytic COy
reduction performance, the mechanism of CO,RR by g-CsNy-based
photocatalysts was explored in thermodynamics and dynamics. The
UV-vis absorption spectra show that the light-harvesting capability of g-
C3Ny-based photocatalysts is obviously improved in the range of A >
400 nm with the help of C-NH, and/or Co implanting (Fig. S33). Thanks
to the rich C-NH,, 12.5-L-C3N4 possesses a narrower bandgap (Fig. S34).
The conduction band potentials of photocatalysts can be roughly derived
from Mott-Schottky plots (Fig. S35). Based on these, the electronic band
structures of g-C3Ny4, Co-C3Ny4, 12.5-L-C3N4 and 12.5-CoL-C3N4 were
schemed in Fig. 5b. The CB potentials of these samples are more negative
than the redox potential of p(CO2/CO) (-0.52 eV vs NHE), which means
the as-synthesized catalysts are capable of photocatalyzing CO2RR
thermodynamics.

As for the dynamics of COoRR, the ability of CO, capture is one of the
important aspects. The increase of C-NH, content in g-C3N4-based
photocatalysts contributes to capture and gather CO; in solid and
aqueous solution, and thus benefits to the subsequent photoreduction
have been discussed above in detail. Especially, the CO2 capture in
aqueous solution simulated the condition of catalytic system. 12.5-L-
C3Ny4 with rich C-NH,, showed much better at CO; capture than g-C3Ny,
which well illustrated that the enrichment of C-NH, within L-C3N4 could
enhance the CO, concentration around catalytic sites. In addition, the
separation and transport of photo-generated charge is another essential
aspect. As shown in the photoluminescence (PL) spectra, the PL intensity
of m-L-C3Ny, Ly-C3N4 and 12.5-CoL-C3Ny is much lower than that of g-
C3Ny (Fig. 5¢ and Fig. S36), which signify that C-NH, facilitates the
separation efficiency of photo-generated electron and hole. Further-
more, in the electron paramagnetic resonance (EPR) spectra, the only
one single Lorent-zian line at g = 2.003 belongs to lone pair electrons of
sp2-carbon in the aromatic rings [31,66]. In comparison with g-CsN, and
Co-C3Ny, 12.5-CoL-C3Ny exhibits highest EPR signal, demonstrating that
with rich C-NH,, groups, there is more unpaired electrons in 12.5-CoL-
C3Ny4 (Fig. S37a). Under irradiation, the intensity of peak further
increased (Fig. S37b), which indicate that more free electrons are
generated [67]. The average exciton lifetimes of g-C3N4, Co-C3Ny, 12.5-
L-C3N4 and 12.5-CoL-C3Ny4 are respectively 3.956, 1.759, 1.133 and
0.7437 ns, which illuminates that the electronic transfer process in 12.5-
L-C3N4 and 12.5-CoL-C3Ny is faster than in g-CsN4 and Co-C3N4 (Fig. 5d
and Table S8). The EIS Nyquist plots show smaller diameter of capacitive
loop of 12.5-CoL-C3N4 and 12.5-L-C3N4 over Co-C3Ny4 and g-C3Ny, also
confirms the smaller charge-transfer resistance (Fig. 5e). Electro-
chemical measurements show that the photocurrent density of 12.5-
CoL-C3Ny is over 6 times larger than that of Co-C3Ny4, and 12.5-L-C3Ny is
over 3 times larger than that of g-C3Ny4, further suggests that better
separation efficiency of photoinduced electrons with the help of C-NH,.
(Fig. 5f). The shorter average exciton lifetime, smaller diameter of
capacitive loop, as well as higher photocurrent density of 12.5-CoL-C3N4
and 12.5-L-C3Ny4 over Co-C3Ny4 and g-C3Ny, all evidence the better sep-
aration efficiency of photo-generated electron and hole with the help of
C-NH,. The high percentage of C-NH,, groups not only optimize the light
adsorption, but also improve the capacity of CO, capture and the sep-
aration of photo-generated electron and hole, all of which are in favor of
boosting the photocatalytic activity of CO2RR.

4. Conclusion

In this work, we developed a template co-pyrolysis strategy to pre-
pare C-NH,-rich g-C3N4 (L-C3Ny4). The organic addictive could form the
pre-assemble structure with urea via intermolecular hydrogen bonds,
and then acted as a template to facilitate the formation of C-NH, within
L-C3N4. The C-NH, functionalities not only improve the ability of
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gathering CO,, but also optimize the capacity of light absorption and the
separation of photo-generated electron and hole, which greatly boost
the photocatalytic CO5 reduction activity. In this ingenious strategy, the
single-atom co-catalyst Co can be in situ anchored on L-C3N4 nanosheets
by employing CoL as addictive, which further enhances the photo-
catalytic COy reduction activity. This work develops a template co-
pyrolysis strategy and firstly succeeds in regulating C-NH, content
within in g-C3Ny4, which opens a novel avenue for developing highly
efficient g-C3N4-based photocatalysts for CO2RR.
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