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To obtain high-efficiency, low-cost, environmentally friendly carbon-based photocatalytic material, we
synthesized coal-based carbon dots with sp? carbon structure and multilayer graphene lattice structure
by the hydrogen peroxide (H,O;) oxidation method to strip nano-scale crystalline carbon in the coal
structure and link with oxygen-containing groups such as the hydroxyl group. N, S co-doped aminated
coal-based carbon nanoparticles (NH,-CNPs) were then obtained by thionyl chloride chlorination and
ethylenediamine passivation. The physical properties and chemical structure of the synthesized NH,-
CNPs were studied and the photocatalytic CO, reduction performance was tested. The results show that
NH,-CNPs are vesicle-type spherical particles with particle size of 4216 + 7.5 nm and have
a mesoporous structure that is capable of adsorbing CO,. A defect structure was formed on the surface
of the NH,-CNPs due to the doping of N and S elements, thereby significantly improving the ability to
photogenerate electrons under visible light along with the ability to efficiently separate the photo-
generated carriers. The photocatalytic reduction products of CO, over NH,-CNPs were CHzOH, CO,
C,HsOH, H, and CH,. After 10 hours of reaction, the total amount of products was 807.56 pmol g~* cat,
the amount of CHzOH was 618.7 umol g~ cat, and the calculated selectivity for conversion of CO, to
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1. Introduction

The photocatalytic reduction of CO, into hydrocarbon fuels has
motivated the research and development of various potentially
high-efficiency photocatalysts. The joint efforts of scholars
around the world have resulted in new photocatalytic materials
for photocatalytic reduction of CO,." However, most of the
developed catalysts are noble metal- and metal oxide
semiconductor-based photocatalysts, such as Ag, TiO, and ZnO,
etc., which have wide bandgaps, are expensive, show low effi-
ciency for visible light utilization, and pollute the environment.
As environmentally friendly substances, carbon-based nano-
materials such as graphene, carbon nanoparticles and activated
carbon are abundant and easy to obtain, with low cost and low
toxicity.> Carbon nanoparticles (CNPs) are a class of zero-
dimensional fluorescent nanomaterials that were accidentally
discovered by Scrivens et al. during the separation and purifi-
cation of single-wall carbon nanotubes.®* CNPs have fluores-
cence properties like traditional quantum dots and are also
excellent electron acceptors and donors. After being excited by
light, CNPs can generate electrons and holes and, at the same
time, can suppress the combination of the photogenerated
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electrons and holes by their own surface defects.*® Therefore,
they can be used as carriers for photocatalytic materials such as
noble metals or semiconductors or can be used as a photo-
catalyst after being modified by hetero elements.”™*

Coal is a natural and inexpensive carbon source, whose
microstructure contains amorphous carbon regions consisting
of aliphatic groups and nanoscale crystalline carbon formed by
polyaromatic groups.’> The crystalline carbon regions are
abundant and each crystalline carbon has the size of a quantum
dot, suitable for obtaining CNPs by various methods.**** In our
previous study,”™” we prepared coal-based CNPs used HNO;
pretreated coal samples from the Wucaiwan coalmine in Xin-
jiang, China. We stripped crystalline carbon from the coal by
acid oxidation and hydrogen peroxide oxidation methods and
linked oxygen-containing groups such as hydroxyl groups on
the CNPs. We found that the prepared coal-based CNPs had
a multi-layered graphene structure with sp” carbon and also
contained some metal and non-metallic elements such as Fe,
Ca, Al, Si, K, S, etc., thereby having the unique photoelectric
properties of metal oxide semiconductor materials.

Modification of carbon nanomaterials and metal oxide
semiconductors by doping (especially doping with non-metallic
elements such as N, S) is a method for controlling the photo-
electric properties of the products. For carbon nanomaterials,
the sp” hybrid carbon skeleton can be doped to obtain unpaired
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electrons, thereby generating a delocalized IT negative charge
system and promoting the electron transport properties of the
materials.'® For metal oxide semiconductors, creating states in
the band gap that absorb visible light by doping can improve
the visible light efficiency of the materials." Since coal-based
CNPs have the characteristics of both general carbon nano-
materials and metal oxide semiconductors, they are expected to
simultaneously increase their electron transport properties and
visible light efficiency if they are doped with N and S elements.
Thus, in this paper, sulfonyl chloride chlorination and ethylene
diamine passivation were adopted to dope the synthesized
CNPS with nitrogen and sulfur, and aminated coal-based
carbon nanoparticles (NH,-CNPs) were obtained. The struc-
ture and photocatalytic CO, reduction performance were
investigated.

2. Experimental section
2.1 Raw materials and reagents

The coal samples were acquired from Wucaiwan coalmine in
Zhundong coalfield, Xinjiang, China. The samples were ground
and filtered by a 200 mesh, followed by drying at 105 °C for 4 h.
The analytical grade sulfonyl chloride (SOCl,) was purchased
from Aladdin Reagent Co. Ltd. The analytical grade diamine
(EDA) was purchased from Tianjin Zhiyuan Chemical Reagent
Co. Ltd. Analytical grade DMF, THF, H,0,, and HNO; were
purchased from common chemical stores.

Ready-to-use dialysate bags (intercepted molecular weight of
500-1000, Spectrum Labs, U.S.) were purchased from Shanghai
Tong Shan Biological Science and Technology Co., Ltd.

2.2 Preparation of coal-based CNPs

Reflux treatment was conducted on coal samples from Wucai-
wan, Xinjiang with 2.5 M HNO; for 24 h. The pre-treated
samples were placed in a ball mill with distilled water, and
ground for 3 h at room temperature and 600 rpm. After drying,
0.5 g of ultra-fine coal powder was dispersed in 10 mL of
deionized water by sonication, then 30 mL of 30% H,O, was
added to the solution, followed by constant magnetic stirring
and reaction at 85 °C for 3 h (5 mL of 30% H,0, was added to
the solution every 10 min for a total of four times). After the
reaction stopped, the reaction liquid was transferred to
a centrifuge tube for centrifuge separation (10 000 rpm for 10
min). The supernatant was blown dry by N,, and the black-
brown coal-based CNPs were obtained.

2.3 Fabrication of NH,-CNPs

CNPs (1 g) were placed in a reaction bottle with 20 mL DMF and
dispersed by sonication for 2 h at room temperature. After the
CNPs were fully dispersed to form a suspension, 15 mL of SOCI,
was added to the solution, followed by reflux-stirring and
reaction for 12 h at 65 °C. DMF and unreacted SOCI, were
removed by centrifugation. The reaction liquid was washed
twice with THF to obtain the chloridized intermediate CNPs-Cl
and mixed with 30 mL EDA for reflux reaction for 12 h at 130 °C.
The temperature of the reaction liquid was decreased to 60 °C,
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and 30 mL of distilled water was added to the mixture with
constant stirring for 3-4 hours. Next, the reaction liquid was
centrifuged at 10 000 rpm for 10 min. The supernatant was
placed in a dialysate bag and dialyzed for 72 h (with constant
water changing) and the aminated coal-based CNPs (NH,-CNPs)
water dispersion was obtained. Finally, the NH,-CNPs were
separated by blowing dry the solution with N,.

2.4 Structural characterization of the product

An H-600 transmission electron microscope (TEM) was employed
to measure the morphology of the product. The elemental anal-
ysis was performed by an EDX energy spectrometer (HITACHI-
SU8010). The thermogravimetric (TG-DTG) analysis was per-
formed by a thermal analyzer (PE-DTA/1700) with temperature
scanning range of 25-800 °C. The XRD patterns of the product
were acquired by an X-ray diffractometer (M18XHF22-SRA). The
experimental conditions were as below: Cu Ko radiation (1 =
0.154056 nm), and scan range 26 = 10-80°. The confocal Raman
spectra of the product were acquired by a Raman spectrometer
(BRUKER VERTEX 70). The N, adsorption-desorption perfor-
mance was tested by a specific surface and aperture distribution
meter (Autosorb-IQ2), and the specific surface and aperture
distribution were calculated by the BET and BJH method. The
FTIR spectrum of the product was obtained by a Fourier trans-
form infrared spectrometer (FTIR, Bruker-EQUINOX 55). The
surface states of the product were analyzed by an X-ray photo-
electron spectrometer (XPS, ESCALAB 250). The CO, temperature
programmed desorption performance (CO,-TPD) was measured
by a TP-5080 automatic adsorption-desorption dynamic
analyzer. The ultraviolet-visible diffuse reflection spectrum (UV-
vis DRS) of the product was measured by a UV-vis DRS spec-
trometer (Shimadzu UV-3100). The electrochemical impedance
(EIS) and photoionization density were measured by an electro-
chemical workstation (CHI 660C).

2.5 Photocatalytic CO, reduction by visible light

NH,-CNPs (0.2 g) were added to 100 mL of 0.1 M NaOH solution
and dispersed by sonication for 15 min in the dark. The
suspension was transferred to a quartz bottle in a photocatalytic
reduction reactor, as shown in Fig. 1.

The system was placed under vacuum several times to
remove air, and high-purity CO, gas was flowed into the
suspension at 1 atm with stirring (flow rate of CO, was 20
mL min~" for 30 min). Next, the whole reaction system was
sealed, and illuminated with a 300 W xenon lamp (with a UV
cut-off filter to obtain visible light with wavelength over 420 nm)
to start the photocatalytic CO,/H,O reduction reaction. After
reaction for 6 h, the liquid and gas products were acquired
separately and subjected to "H NMR and GC-MS to identify the
species generated in the photocatalytic CO, reduction by NH,-
CNPs. The above CO,/H,O photocatalytic reduction was then
repeated, and the samples were acquired every 2 h and injected
into a gas chromatograph; the liquid and gas products were
analyzed by the standard curve method (liquid phase: FID
detector, PEG-21 filling column, gas phase: TCD detector, TDX-
01 filling column).

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 Schematic of the experimental setup for the photoreduction of CO, with H,O.

3. Results and discussions
3.1 Structure of NH,-CNPs

According to Fig. 2a, coal powder has an irregular size distri-
bution and shape, and it cannot be dispersed in water. However,
the CNPs synthesized by H,0, have good water dispersion and
spherical shape with a diameter of 4.51 &+ 0.82 nm (Fig. 2b). The
high magnification TEM image (inset) shows that the surface of
the CNPs has clear lattice strips. The spacing between the strips
is 0.21 nm, close to the (100) plane of graphite,* indicating that
the coal-based CNPs have a graphite-like crystalline carbon
structure. It can be seen from Fig. 2c that the NH,-CNPs are
spherical particles with vesicle structure, formed by EDA linking
and entangling with CNPs treated by SOCl,; the particle size of
42.16 £ 7.5 nm is larger compared to the CNPs. The NH,-CNPs
can also be uniformly dispersed in water.

From the EDX results for the coal powder, product CNPs and
NH,-CNPs shown in Table 1, it can be seen that the O and N
content in the coal-based CNPs are significantly higher
compared to the coal powder, while the C content is decreased.
This could be the result of the crystalline carbon being stripped
out from the pulverized coal during the HNO; pretreatment,
ball milling, tank grinding, and H,O, oxidation processes, and

linked to N and O containing groups such as -NO3, -COOH,
—-OH. Compared to CNPs, NH,-CNPs have lower inorganic
particle content and apparently higher N, S, and CI content,
which is due to the aminated reaction.

Fig. 3A shows the TG-DTG results for coal powder, CNPs, and
NH,-CNPs. We can see from the published literature* that the
first weight loss peak of coal powder under 100 °C is caused by
water volatilization, and the second peak at 445 °C corresponds
to the weight loss peak of devolatilization during the pyrolysis
process. As the temperature increases, especially exceeding
600 °C, the weight loss is relatively flat, mainly caused by the
polycondensation stage.

The coal-based CNPs also showed a peak for the loss of water
under 100 °C but there was also a large weight loss peak at
288 °C, which was obviously different from the weight loss
behavior of raw coal, corresponding to the volatilization of
small molecular compounds and the decomposition or dehy-
dration of oxygen-containing groups such as hydroxyl or
carboxyl groups.? This indicates that a large amount of active
oxygen-containing functional groups appeared in the coal
structure as a result of oxidative stripping by H,O,. In addition,
the coal-based CNPs showed a weight loss peak between 500-
600 °C, corresponding to the condensation and

451082 nm,
% )

Fig. 2 TEM images of (a) coal powder, (b) as-grown CNPs and (c) NH,-CNPs.

This journal is © The Royal Society of Chemistry 2018
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Table 1 Elemental analysis data for the coal, CNPs and NH,-CNPs
Elemental analysis,” w%

Sample Processing method C N (o) Al Si S Ca Fe Cl
Coal powder Coal samples were 75.04 0.58 17.79 0.89 3.35 0.52 0.71 1.12 0

ground and filtered

by a 200 mesh
CNPs As Section 2.2 47.34 6.65 43.40 0.24 1.36 0.14 0.28 0.59 0
NH,-CNPs As Section 2.3 40.64 14.43 36.45 0.18 0.93 6.31 0.17 0.21 0.68
¢ By EDX.

dehydrogenation of the aromatic structures in the coal; the peak
position is lower than the pyrolysis temperature of the coal
powder (600-800 °C). The possible reason is that the CNPs
contain more oxygen-containing groups, which can induce
pyrolysis of the organic compounds, thereby lowering the
pyrolysis temperature.” The results indicate that the coal-based
CNPs obtained by the H,0, oxidation method mainly contain
aromatic structures linked by oxygen-containing groups.

The primary weight loss of NH,-CNPs has four stages. The
first stage occurs below 100 °C with a loss amount of 2.84%,
which is attributed to the water in the sample. The second stage
happens at around 192 °C with a loss of 9.63%, corresponding
to the heat cracking of EDA groups linked to the CNPs surface.*
In the third stage, the TG loss is 8.22%, which occurs at around
267 °C and can be attributed to the decomposition of oxygen-
containing groups such as carboxyl and hydroxyl into CO, or
CO at high temperatures.> The oxygen-containing groups were
introduced in the synthesis process (such as coal pre-treatment
by HNO; or H,0, oxidation). The fourth stage happened at near
551 °C with a loss amount of 28.28%, corresponding to the
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condensation dehydrogenation of the aromatic structure into
semicoke.'® Above 600 °C, there was 57.30% undecomposed
remnant, which was made up of the graphitized carbon and
a small amount of inorganic particles in NH,-CNPs.** The TG-
DTG results further prove that the CNPs were successfully
aminated. Fig. 3B shows the XRD patterns of coal powder, CNPs
and NH,-CNPs. According to the figure, CNPs demonstrate
a broad diffraction peak at 15-40°, corresponding to the (002)
crystal plane of graphite;*” this characteristic peak does not
appear in the XRD pattern of the coal sample. After amination,
the corresponding graphite (002) peak in the NH,-CNPs shifted
toward lower angle. This is because the surface of CNPs is
linked to NH,- and other groups containing N and S, leading to
the larger particle size of NH,-CNPs compared to CNPs.
Raman spectrometry is an effective method for evaluating
the structure and performance of carbon nanoparticles. As
shown in the Raman spectrum in Fig. 3C, both CNPs and NH,-
CNPs demonstrate two obvious peaks at 1350 and 1580 cm ™,
corresponding to the D band and G band, respectively; however,
the coal powder does not display the characteristic peaks. The D
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Fig. 3 Physical characterizations of coal powder, CNPs, and NH,-CNPs. (A) TG-DTG; (B) XRD; (C) Raman; (D) BET.
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band is related to the defects in carbon materials, and the G
band reflects the sp> hybrid carbon atom content in carbon
material.?® The ratio of the peak intensity (Ip/Ig) between the D
band and G band can be used to evaluate the graphitization and
defects of the carbon material. Using the raw data from Fig. 3C,
the calculated Ip/I; for CNPs and NH,-CNPs is 0.76 and 0.98,
respectively. The Ip/Ig was apparently increased after the CNPs
were aminated, suggesting their high microstructural integrity.
The aminated material also has defect edges, which favor the
effective separation of photogenerated electrons and holes,*
leading to enhanced photocatalytic CO, reduction activity.

N, adsorption-desorption tests were performed on coal
powder, CNPs and NH,-CNPs. The specific surface area of the
sample was calculated using the BET equation, and the pore
size and distribution were calculated by the BJH equivalent
cylinder model; the results are shown in Fig. 3D. The hysteresis
loop of coal powder is not obvious, indicating that coal has
a complex pore structure that cannot be described by the BET
theory. The adsorption isotherms of the coal-based CNPs
belong to I-type isotherms, indicating that CNPs are micropo-
rous structural materials. The N, adsorption-desorption
isotherms for NH,-CNPs are type-IV isotherms, indicating the
mesoporous structure. From the pore distribution graph (inset),
the CNPs have a pore size of 3-12 nm, and NH,-CNPs have small
pores of 2-9 nm and large pores of 10-60 nm. The corre-
sponding BET specific surface areas are 29.36 m*> g~ ' for CNPs,
and 172.65 m* g~ ' for NH,-CNPs. The total pore volume for
CNPs and NH,-CNPs is 0.0114 cm® g ' and 0.320 cm® g7,
respectively. Generally, a larger specific surface area and pore
volume are favorable for reactant adsorption, which can
significantly enhance the photocatalytic activity.*

Fig. 4A shows the infrared spectrum of CNPs and NH,-CNPs.
The CNPs synthesized by H,O0, oxidation and separation show
the stretching-vibration peak of the hydroxyl groups at

View Article Online
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3400 cm ™' (curve a). At 1635 cm ™, the peak corresponds to the
stretching-vibration absorption peak of —-C-O-. The peak at
1350 cm~ ' corresponds to the stretching-vibration peak of
COO-. The peak at 1093 cm " is the stretching-vibration peak
of C-0. The peak at 797 em ™" is the stretching-vibration peak of
C-NO,. The absorption peak at 605 cm ™" corresponds to inor-
ganic particles. For NH,-CNPs, besides the above characteristic
peaks, there are apparent amido (CONH-) peaks at 3245 and
2922 cm™ . At 1520, 1443 and 1219 cm ™, the absorption peaks
correspond to the amide I band, amide II band and amide III
band, respectively. The peak at 583 cm ™" corresponds to the O-S
absorption peak. The results suggest that CNPs have success-
fully reacted with EDA to give the aminated product NH,-CNPs.
There is no apparent absorption peak for inorganic particles or
free ethylenediamine, suggesting the inorganic content was
lowered and the EDA was removed by dialysis.

XPS can be used to detect the valence states of elements in
nanomaterials. To further determine the product chemical
structure, we used XPS to analyze the surface states of CNPs and
NH,-CNPs, as shown in Fig. 4(B-F). According to the full XPS
spectra of CNPs and NH,-CNPs (Fig. 4B), the two products show
similar XPS patterns, with four characteristic peaks at 160.0,
286.0, 401.0 and 530.9 eV, corresponding to S,,, Cys, Nyig and
Oys. The results show that CNPs and NH,-CNPs are mainly
composed of C, N, O, and S, and the N and S contents in NH,-
CNPs are apparently higher as compared to those in CNPs. The
O content of NH,-CNPs is lower than CNPs, possibly due to the
replacement of oxygen-containing groups by NH,- groups.
Fig. 4C shows the high-resolution XPS spectrum of C;4 for CNPs
and NH,-CNPs. The NH,-CNPs have five splitting peaks at
284.8 eV, 286.1 eV, 287.3 eV, 288.0 eV and 292.4 eV, corre-
sponding to C-C, C-O, C-O-C, C=0 and O=C-O bonds,
respectively. The C-C, C-O and C=O0 bond have high content
and are consistent with the high-resolution XPS spectrum of C;
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Fig. 4 Structural characterizations of CNPs and NH,-CNPs: (A) FT-IR spectra; (B—F) XPS spectra.
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for CNPs (inset). This shows that the skeleton of the NH,-CNPs
comes from CNPs. Fig. 4D shows the high-resolution XPS
spectrum of Oy for CNPs and NH,-CNPs. The CNPs have peaks
at 530.0 eV and 532.8 eV, which correspond to the C-O and
C=0 groups of the graphene structure (inset).* NH,-CNPs have
a single peak between 530.0 eV and 532.8 eV, which is attributed
to C-O-H. This suggests that the oxygen content is lowered
during amination. Fig. 4E shows the high-resolution XPS
spectrum of N, for NH,-CNPs. There are three spitting peaks at
398.28 eV, 399.98 eV and 401.68 eV. The peaks at 398.28 eV and
399.98 eV have low binding energies, corresponding to the
amide bond (CONH) and an amine with a positive charge
(-NH*").*> The peak at 401.68 eV corresponds to graphite
nitrogen, which is formed by replacing the carbon atoms with
nitrogen atoms.* Fig. 4F is the high-resolution XPS spectrum of
S,p in NH,-CNPs. It can be seen that the products have four
types of S structure. The peaks at 163.96 eV, 164.9 eV, 168.4 €V,
and 169.7 eV correspond to C-S-C, C=S, C-SO,-C, and C-SO;—
C groups,**” respectively.

3.2 Photocatalytic CO, reduction performance by NH,-CNPs

To confirm the photocatalytic products and selectivity of the
NH,-CNPs, we used 'H NMR and GC-MS to analyze the liquid
and gas products obtained after reaction for 6 hours.

Fig. 5A shows the '"H NMR results for the liquid products
from the photocatalytic CO, reduction by NH,-CNPs. The single
peak at 6 = 3.34 ppm is the chemical shift of hydrogen protons
at -CH; of CH3OH. The triple peak at 6 = 1.17 ppm and the
quadruple peak at 6 = 3.67 ppm represent the hydrogen protons
at -CH, of CH;CH,OH. The single peak at 6 = 4.79 ppm is the
D,O solvent. This result shows that the liquid products of
photocatalytic CO, reduction are CH;0H and C,HsOH.

We also identified the gas products by GC-MS. The results
show that the gas products of photocatalytic CO, reduction by
NH,-CNPs contain H,, CO, and CH, Fig. 5B shows the GC-MS
results of the gas products when we used the isotopic marker
3CO0, as the only carbon source in the system for photocatalytic
CO, reduction. According to the results, m/z = 17 and 29 repre-
sent *CH, and **CO, respectively, which indicate that the CO
and CH, come from photocatalytic CO, reduction by NH,-CNPs.
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Fig. 5C shows the time-dependent photocatalytic conversion of
CO, into hydrocarbons over NH,-CNPs. It can be seen that the
yield of CH;0H is significantly higher than that of CH,, H,,
C,HsOH and CO. In addition, the amount of the photocatalytic
product was substantially unchanged after 10 hours of reaction,
indicating that NH,-CNPs have a faster photocatalytic reaction
rate. After the 10 hours of reaction, the total amount of products
was 807.56 umol g~ cat, and the amount of CH;OH was 618.7
umol g~ * cat. Therefore, the calculated selectivity for the conver-
sion of CO, to CH;OH was 76.6%. The inset of Fig. 5C shows the
change in CH;0H yield produced by photocatalytic CO, reduction
using NH,-CNPs after three cycles. In each cycle, the reaction
liquid was changed, and the illumination time was 6 h. The results
show that after reusing 3 times, NH,-CNPs gave a stable perfor-
mance with repeatable CH;OH production. The CH;OH yield in
the third cycle was 89.4% of the yield in the first cycle. This
suggests that the NH,-CNPs are suitable for photocatalytic CO,
reduction. We also examined the non-aminated CNPs photo-
catalytic CO, reduction products. It was found that the CH;OH
yield in the liquid products was only 91.70 pmol g~ cat, about 1/
6th of the CH;0H yield when using the NH,-CNPs photocatalyst.

To prove that the catalyst, illumination, and CO, are the
necessary requirements for photocatalytic CO, reduction to
CH;0H, CH,, H,, C,H;O0H and CO, we conducted three control
experiments under non-catalyst, non-illumination, and non-
CO, conditions. The experiments were performed according to
Section 2.5, with illumination time (if any) of 6 h. No products
were detected.

3.3 CO, photocatalytic reduction mechanism for NH,-CNPs

To reveal that the NH,-CNPs have greater photocatalytic
reduction of CO, activity than CNPs, we first analyzed the type of
basic sites and their distribution on the catalyst surface by CO,-
TPD. The results are shown in Fig. 6A. Generally, the area of the
desorption peak reflects the number of active sites on the
catalyst surface, while the temperature of the desorption peak
reflects the adsorption intensity of the corresponding species at
active sites.*® NH,-CNPs exhibited a weak a peak in the low-
temperature zone (162 °C), which is generally considered as
the CO, physical adsorption peak of the catalyst. At around
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Fig.5 (A)*H NMR spectra of the aqueous samples after 6 h of irradiation.

Irradiation time / h

(B) GC-MS spectral (m/z =16, 17, 28, 29) analyses of the carbon source

for the evolved CH,4 and CO in the photocatalytic conversion of 2*CO, on NH,-CNPs. (C) Time-dependent photocatalytic conversion of CO, into

hydrocarbons over NH,-CNPs (the inset shows the long-term time curve

for the recovered NH,-CNPs from the photocatalytic CO, synthesis of

CH3zOH, with replacement of the solution and photocatalyst (recovered) every 6 h).
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350 °C, the CO,-TPD spectra of both CNPs and NH,-CNPs
showed a strong B peak, corresponding to a medium-strong
adsorption of catalyst, indicating that both CNPs and NH,-
CNPs have CO, adsorption. NH,-CNPs demonstrated a broad y
peak at 460 °C, suggesting strong CO, adsorption sites in NH,-
CNPs. In addition, the adsorption peak area of NH,-CNPs is
apparently larger than CNPs. Based on the above results, it can
be concluded that NH,-CNPs have improved basic site types and
distribution compared to CNPs. This is an important reason
why NH,-CNPs have higher activity than CNPs in CO, photo-
catalytic reduction.

The photocatalytic process often involves the light excitation
of the catalyst, photocarrier separation, migration, and recom-
bination, as well as the generation of active species and the
subsequent oxidation and reduction reactions. Among them,
the absorption range and intensity are two important factors
affecting the CO, photocatalytic reduction performance. Fig. 6B
shows the measured UV-vis spectra of CNPs and NH,-CNPs.
According to the figure, both materials can absorb visible light,
while NH,-CNPs have a broader absorption range and intensity
than CNPs. Thus, after being aminated, the CNPs' response to
visible light is enhanced. In this work, we employed excitation
light with a wavelength greater than 420 nm for the photo-
catalytic reaction. The highest photon energy was 2.95 eV. The
incident photon energy must be equal to or greater than the
material band gap to excite electrons from the VB to CB and
generate holes in the VB for the subsequent redox reaction.*
Thus, to prove that the CNPs and NH,-CNPs can be excited by
visible light, we measured their DR UV-vis curves, and used eqn
(1) to calculate and plot the relationship between (4#v)*> and
hv.*® By extending the straight-line portion of the curve to the x-
axis, the energy band gaps (E;) of CNPs and NH,-CNPs were
obtained, which were 2.42 and 2.02 eV, respectively (Fig. 6C).
This further suggests that NH,-CNPs have stronger visible light
absorption than CNPs to generate electrons and holes. This is
another important reason why NH,-CNPs have higher activity
than CNPs in CO, photocatalytic reduction.

[SIE

B K(hv — Eg)
4= S (1)

where A is the absorption coefficient, K is a constant, and E, is
the energy band gap.

This journal is © The Royal Society of Chemistry 2018

After the catalyst is excited by light, the photogenerated
electrons and holes have two pathways: (i) migrating to the
surface of the catalyst and triggering the subsequent photo-
catalytic reduction reaction; (ii) recombining with each other.
Apparently, to enhance the photogenerated electron-hole pair
separation efficiency, the catalyst surface must have clear
pathways for electrons. It is generally considered that the semi-
circle in the EIS curve represents the transfer resistance for
electrons in the pores of the composite material. Semi-circles
with larger diameters correspond to poorer electron transfer
capability. Thus, to investigate the separation efficiency of
photogenerated electron-hole pairs, we measured the EIS
curves for CNPs and NH,-CNPs under the open circuit potential;
the results are shown in Fig. 7A. According to the Nyquist curve,
after the CNPs are aminated, the impedance of NH,-CNPs is
significantly lower compared to the CNPs. This is likely due to
the defects in NH,-CNPs, which can trap more photogenerated
electrons via the quantum confinement effect, enhancing the
separation efficiency of electron-hole pairs in the composite
catalyst, leading to lower sample impedance.

The transient photocurrent-time curve is an effective way to
study the transfer of photogenerated carriers on the surface of
the catalyst. Fig. 7B shows the photocurrent-time curve of CNPs
and NH,-CNPs electrodes in a 0.5 M Na,SO, solution with
illumination by a xenon lamp (A > 420 nm) under open circuit
potential and at room temperature. There are three differences
between the transient photocurrent-time curves of CNPs and
NH,-CNPs: (i) NH,-CNPs have larger steady-state photocurrent
density than CNPs. This suggests that NH,-CNPs can excite
more photogenerated electrons for photocurrent compared to
CNPs. (ii) Upon turning on the light, the photocurrent of CNPs
increases quickly, while the photocurrent of NH,-CNPs
increases slowly. This is because upon illumination, CNPs can
be quickly excited and generate electrons, while part of the
carriers in NH,-CNPs are trapped and cannot transfer in time,
leading to a slow increase to the maximum.** (iii) Upon cutting-
off the light, the photocurrent of CNPs quickly drops to zero,
while the photocurrent of NH,-CNPs decreases exponentially to
a “tail” rather than zero. This is because the previously trapped
charges are gradually released, generating low current and
slowing down the decrease of the photocurrent to a non-zero
value.*” Based on the transient photocurrent-time curve, it
can be concluded that NH,-CNPs can generate more

RSC Adv., 2018, 8, 35989-35997 | 35995
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photocarriers, and due to surface defects, the photo-generated
carriers can be effectively separated. Even after the light is
turned off, NH,-CNPs can still release a small amount of
charges for photocatalytic CO, reduction. This is another reason
that NH,-CNPs have better photocatalytic performance.

Based on the above analysis, we concluded that the mecha-
nism of photocatalytic CO,/H,O reduction by NH,-CNPs is as
shown in Fig. 8. The analysis of UV-vis DRS and band gap curves
revealed that the band gap of NH,-CNPs decreased from 2.42 eV
for CNPs to 2.02 eV, indicating that the NH,-CNPs have
enhanced response to visible light and can generate more
electrons and holes (eqn (2)). The PL, EIS, and I-T results show
that the photogenerated electron-hole pairs in NH,-CNPs can
be easily separated, and the electrons can be transferred to the
surface of the catalyst for the CO, reduction reaction (eqn(3)-
(8))- The reduction potential of NH,-CNPs and the generated
electron quantities are likely to be the same as the reduction
potential for CH;OH production and the required electron
amount, respectively. Therefore, the primary product of pho-
tocatalytic CO, reduction by NH,-CNPs is CH;OH.

NH,-CNPs + hv —> ¢~ + h* (2)
H,O+e” —» H" + OH™ (3)
2H" + e = Hy, Elgox = —041 V (4)
CNPs NH,-CNPs C,H.OH/CO,
B = CO/CO
— _/ 2
= — —>H2/H20
Z 0.0 _X\CH3OH/C02
3 2.42¢V  2.02¢V CH,/CO,
> 1.0
& 2.0
3.0

\4

\ 4

Fig. 8 Schematic of the mechanism of the photocatalytic CO,
reduction with water on NH,-CNPs.
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CO, + 2H" + 2¢ — CO + H,0, ESyoy = —0.53 V. (5)
CO, + 6H" + 6~ — CH30H + H,0, Eyoy = —0.38 V  (6)
CO, + 8H" + 8¢~ — CHy+ 2H,0, Elyox = —0.24 V. (7)

2C0, + 12H" + 12 ¢~ — CoH5OH + 3H,0, Edgoy = —0.74 V(8)

4. Conclusions

Using HNO; pre-treated coal samples from Wucaiwan, Xinjiang,
China, nano-scale crystalline carbon was fabricated from coal
by the hydrogen peroxide oxidation method. After being linked
with oxygen-containing groups such as hydroxyl, the coal-based
CNPs with sp® carbon architecture and multilayer graphene
fragmentation structure were obtained. Next, sulfonyl chloride
chlorination and ethylenediamine passivation were adopted to
dope the CNPs with nitrogen and sulfur and produce aminated
coal-based carbon nanoparticles (NH,-CNPs) for photocatalytic
CO, reduction. The results show that NH,-CNPs possess
enhanced visible light response, leading to more photo-
generated electrons that contribute to the photocurrent. More-
over, since the surface of NH,-CNPs has a defect structure, the
photogenerated carriers can be effectively separated. Even upon
turning off the illumination, the NH,-CNPs can still release
a small amount of charge for photocatalytic CO, reduction,
improving the overall catalytic performance. This work
contributes to better controlling the optoelectronic properties
of carbon nanomaterials, and provides a new approach to
further utilize coal resources for high-performance materials.
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