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A series of photocatalysts containing various loadings of carbon dots (CD) on microporous graphitic
carbons (mpC) was prepared by pyrolysis at 900 °C under inert atmosphere of a-cyclodextrin containing
preformed CDs. CDs were obtained by microwave hydrothermal conversion of citric acid and urea, and
they were purified by centrifugation and partition between aqueous and organic solvents. The CD/mpC
composites exhibit the expected morphology for mpC in TEM with particles of about 20 nm and
microporous channels of 0.6 nm. XRD and Raman spectra of CD/mpC were also coincident with those
of pristine mpC, but XPS and elemental analysis detected the presence of pyridinic N from the CDs. The
optimal CD/mpC sample exhibits higher photocatalytic activity for the simultaneous H, evolution and
CO;, reduction to CH,4 than the independent components or than a mechanical CD and mpC mixture
reaching a productivity rate of 29 and 5 umol gcatalysfl h™ for H, and CH,, respectively. CD/mpC
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Introduction

Pyrolysis of carbohydrates can afford turbostratic graphitic
carbons that can render defective graphenes upon exfoliation.'”
In a series of papers, it has been shown that pyrolysis of cyclo-
dextrins, the cyclic glucopyranose oligomers, form microporous
graphitic carbons, whose porosity depends on the dimensions
of the a, B, or y cyclic precursor.*” It has been proposed that,
during the thermal treatment of the cyclic glucose oligomers
having a truncated conical shape, the solid first melts at
temperatures about 300 °C and then self-assembles, forming
tubular structures before being transformed at higher temper-
atures by dehydration and deoxygenation to the final carbon
residue.® These microporous graphitic carbon structures exhibit
activity as catalysts in the aerobic oxidation of hydrocarbons®
and also a photocatalytic activity for overall water splitting” and
photocatalytic CO, reduction.* The role of confinement
increasing the (photo)catalytic activity was firmly established by
comparison of the performance of a series of materials having
increasing micropore size or even no micropores.**’ It was
observed that the most active microporous graphitic carbon was
that derived from a-cyclodextrin having the smaller pore
diameter about 0.6 nm.
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photocatalysts were stable for four consecutive runs.

Following this line of research aimed at showing the pho-
tocatalytic activity of microporous graphitic carbons derived
from cyclodextrin pyrolysis and knowing that heterojunctions
and composites of carbonaceous photocatalysts can exhibit an
enhanced photocatalytic activity,®* it is of interest to determine
the performance of these microporous graphitic carbons in
combination with carbon dots (CDs). CDs have emerged as
highly efficient photocatalytic materials'®** and, also for these
carbon residues, combination with other components can
enhance their photocatalytic activity.*™**

Herein, it is reported that the incorporation of CDs on
microporous graphitic carbons derived from o-cyclodextrin
results in an enhanced photocatalytic activity for the CO,
reduction reaction.

Results and discussion

CDs were prepared from solvothermal treatment in microwaves
of an aqueous solution of citrate and urea.'**® The CDs were
purified by removing large particles by ultracentrifugation and
subsequent partition between dichloromethane and water/
methanol. Increasing amounts of CDs were added to a-cyclo-
dextrin in aqueous solution, and then, as described in
Scheme 1, the water was evaporated at low temperature under
magnetic stirring.

The dry powder was submitted to pyrolysis at 900 °C under
inert atmosphere to obtain the microporous graphitic carbons
having CDs (CD/mpC).
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Scheme 1 Preparation procedure for CD/mpC heterojunctions.
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Fig. 1 (@) HRTEM images from the sample CD-1/mpC and (b)
measurement of the pore size; (c) XRD pattern of CD-1/mpC, and (d)
Raman spectra of the same sample.

Additional samples submitting either CDs or a-cyclodextrin
to pyrolysis under the same conditions as those employed in
CD/mpC were also prepared as controls.

TEM images of CD/mpC exhibit the expected morphology of
small carbon particles about 20 nm mean particle size in which
the presence of parallel microporous channels of 0.60 nm
diameter was observed. Fig. 1 shows selected images and the
pore size measurement based on the contrast change between
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carbon walls and pores. This indicates that, at the CD loadings
used in the preparation of the present composites, there is no
significant CD agglomeration and that the self-assembly of o-
CD upon melting and their subsequent carbonization process
does not become disturbed by the presence of CDs.

XRD also confirms the porous and graphitic structure of the
CD/mpC series (Fig. 1 and S17) coincident to that of mpC
control. The broad XRD peaks at about 26 24 and 44° corre-
spond to the diffraction through the 002 and 101 planes. No
influence of the presence of CDs at the loadings employed in the
study in the XRD was apparent.

Similarly, Raman spectra of the series of CD/mpC samples
(Fig. 1 and S1t) were all coincident and also in accordance with
the Raman spectrum reported for pristine mpC, meaning that
the presence of CD does not show any signal. It does not
influence the Raman spectrum, presenting the characteristic G
+ D, G, and D bands as broad signals at 2900, 1590, and
1350 cm ™', respectively.

The relative intensity of the G vs. D (Ig/Ip) peaks is frequently
taken as a quantitative indicator of the density of defects in the
graphitic material. In the present case, this ratio is 1.19, and it is
the same for all the samples, implying again that no further
defects are generated on mpC during the pyrolysis by the
presence of CDs in the loadings used in the present study.

XPS analysis provides important information on the
elements present at the material's surface, their relative abun-
dance, and the distribution of the elements among different
families depending on the hybridization and coordination
sphere. In the present case, XPS analysis of CDs shows the
presence of C, N, and O in its composition with a relative atomic
abundance of 68, 13, and 18%, respectively.

Fig. 2 and S27 present the high-resolution XPS peak for these
elements and their best deconvolution to individual compo-
nents. As shown in this Fig. 2, deconvolution of the high-
resolution XPS C1s peak shows two components at 284.6 and
287.8 eV attributable to C atoms on graphenic and C=0 envi-
ronment. Deconvolution of XPS O1s shows a major component
at 531.3 and 533.3 eV ascribed to C=0 and OH, respectively. In
the case of XPS N1s peak, a single component at 399.6 eV is due
to pyridinic N atoms.

In comparison, XPS analysis of CD/mpC shows much
lesser N percentage. While the high-resolution XPS C1s of CD/
mpC exhibited an additional new component at 283.0 eV. The
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Fig.2 High-resolution XP spectra of the sample CD-1/mpC and the best deconvolution of the different components for Cl1s (left), N1s (center),

and Ols (right).
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Table 1 Combustion elemental analysis and XPS analytic data

XPS atomic
ratio (%)

Combustion elemental
analysis (%)

Sample N C N C o
CD-08/mpC 0.5 85.6 0.7 89 11
CD-1/mpC 0.5 86.6 0.6 90 9
CD-12/mpC 0.6 84.3 0.7 89 10

proportion of this other peak varies depending on the CD
loading in the composite.

The experimental high-resolution XPS O1s and Nis peaks
could fit with the same components as those indicated above for
CD. However, the proportion of the O1s component was
significantly higher than that of CDs. The number of compo-
nents and their distribution does not change with the CD
loading in the range of proportions used in the present study.

Fig. S27 also presents the XPS peaks of the CD/mpC
composites. In any case, it is worth commenting that while
no N 1s peak can be detected in XPS of the parent mpC, the CD/
mpC composites have detectable N1s peaks at the same binding
energy and components as those found in CD. This agrees with
CD as a component of the CD/mpC composite with the same
structure as pristine CD. Combustion chemical analysis also
confirmed the presence of N in the composition of the
composites and a significant percentage of O of about 14%.
Table 1 gathers these analytical data.

Regarding photocatalytic activity, one important point is
adsorption capacity and surface area of the material. As previ-
ously reported for mpC,®> no measurable N, adsorption at 77 K
was observed for mpC or CD-1/mpC. However, CO, adsorption
at 296 K gives a specific surface area of 725 and 630 m”> g™,
respectively. These values indicate that CO, can diffuse inside
the micropores of mpC, making accessible the photogenerated
charge carriers.

Photocatalytic CO, reduction tests

The photocatalytic reactions were carried out in the batch mode
using acetonitrile as solvent containing water as proton source
and triethanolamine as the electron donor in a quartz photo-
reactor with inlet and outlet (51 mL). The total solution volume
was 20 mL, and the photocatalyst concentration was 0.5 mg
mL~". Before the reaction, the solution was exhaustively purged
with Ar to remove ambient oxygen that could act as electron
quencher and, then charged with CO,, which is relatively
soluble in this liquid mixture containing amine, water, and
acetonitrile. Upon irradiation, simultaneous evolution of H,
and CH, was observed in all the CD/mpC samples. Controls in
the absence of photocatalysts, light, CO, or electron donors
showed no gas evolution, indicating that the three elements are
necessary for the process. Using isotopically labeled '*CO,
results in the appearance of *CH, as determined by mass
spectrometry. Fig. S31 shows the corresponding GC chromato-
gram, ">CH, mass spectrum formed in these experiments from
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Fig. 3 Gas evolution for the samples mpC (cyan), CD-08/mpC (red),
CD-1/mpC (green), CD-12/mpC (blue). Reaction conditions: aceto-
nitrile 12 mL, H,O 4 mL, triethanol amine 4 mL, CD-x/mpC at 0.5 mg
mL~%, irradiation through quartz with the full output of a 300 W Xe
lamp.

3CO0, in comparison to *CH, from '>CO,. Note that '*CH,
cannot be an ion fragment of *CO, in the mass spectrometer.
Three other samples, namely, mpC, CD, and a mechanical
mixture of CD and mpC, were also included as photocatalysts,
the three materials giving lesser product evolution than the CD/
mpC composites. Fig. 3 and S41 show the temporal profiles for
H, and CH, evolution of the CD-x/mpC and control samples
under study.

Although apparently, H, evolves preferentially in percentage
in the photocatalytic experiments. It should be reminded that
considering that CH, formation from CO, consumes eight
electrons and H, accounts for 2 electrons, the conduction band
electron consumption selectivity was 55 and 45% for H, and
CH,, respectively. It should be noted that the efficiency order for
H, and CH, generally follows the same order for the series of
photocatalysts.

This selectivity is remarkable and deserves further study,
particularly regarding the reaction mechanism and the CO,
intermediates on the photocatalyst surface that eventually
form CH,.

Regarding the influence of CD loading, an optimal propor-
tion was observed for CD-1/mpC, lower or higher loading
resulting in lesser photocatalytic activity in both H, and CH,
evolution. This optimal in the experimental parameters on the
activity is frequently observed in photocatalysis and is attrib-
uted to the operation of two opposite effects. On the one hand,
increasing CD concentration should benefit the charge carrier
separation, enhancing product formation rate. On the other
hand, an excessive amount of CD in the system accumulating
a certain charge carrier can promote charge carrier recombi-
nation when surface coverage is high, decreasing, in this way,
the product formation rate. The balance between positive and
negative effects is achieved for an optimal CD loading range.

To support the claim that the optimal CD-1/mpC sample
corresponds to the one with the highest efficiency in charge
separation, transient photocurrent measurements on a trans-
parent conductive electrode containing a thin film of CD/mpC
photocatalysts upon irradiation were measured in Na,SO, as
inert electrolyte. The photocurrent of CD-1/mpC was higher in
comparison to that of mpC component under the same condi-
tions, indicating that electron extraction is larger in the heter-
ojunction than for mpC. All attempts made to obtain a stable
photoelectrode for CD for an analogous comparison were

Sustainable Energy Fuels, 2024, 8, 1255-1259 | 1257
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Fig.4 Transient photocurrent measurements forampC (1 in blue line)
and CD-1/mpC (2 line in black) electrode after 300 s of stabilization in
the dark at (a) 0.5V and (b) 1 V polarization potential. On-off cycles
were of 1 min. Measurements conditions: Single cell using Pt and Ag/
AgCl as counter and reference electrodes upon irradiation with the full
output of a 150 W Xe lamp and 0.5 M Na,SO, as electrolyte.

unsuccessful, due to the insufficient adhesion of CD to the FTO
electrode. In any case, the transient photocurrent measure-
ments provided the same order for current intensity in the
transient photocurrent measurements than the observed pho-
tocatalytic activity, meaning that the samples in which higher
number of photogenerated electrons per unit of time can be
extracted are those for which the photocatalytic activity is the
highest. Fig. 4 shows the transient photocurrent measurements
for the most active CD-1/mpC sample at various voltage bias.

Photocatalyst stability was confirmed by performing four
consecutive photocatalytic reactions with the same CD-1/mpC
sample, outgassing each time the system after 24 h irradia-
tion, washing the photocatalyst by centrifugation and starting
the reaction again with the proper amounts of solvents.

As seen in Fig. 5, similar temporal profiles were monitored,
indicating photocatalyst stability. The four times reused pho-
tocatalyst was characterized by XPS (Fig. S2df), whereby the
same composition as that of the fresh CD-1/mpC was measured.

Valence band maximum energy for mpC was estimated from
the onset energy of the first ejected electrons in the XPS
measurements after correction by the work function of the
instrument, giving a value of —6.65 V vs. vacuum. The conduc-
tion band minimum energy was, then, determined from this
value and the optical bandgap measured by diffuse reflectance
UV-Vis absorption spectroscopy, given a value of —3.55 V vs.
vacuum. Similar measurements for the valence and conduction
band energy of CD gives values of —6.40 V and —3.35 V,
respectively. As shown in Scheme 2, these measurements allow
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Fig. 5 Temporal hydrogen and methane evolution in the photo-
catalytic irradiation of CD-1/mpC in four consecutive uses. Reaction
conditions: acetonitrile 12 mL, H,O 4 mL, triethanol amine 4 mL, CD-
1/mpC at 0.5 mg mL™%, irradiation through quartz with the full output
of a 300 W Xe lamp.

1258 | Sustainable Energy Fuels, 2024, 8, 1255-1259

View Article Online

Paper
23,04 CD mpC 15
-3.51 —CB —CB --1.0
< -4.01 CO, +BH* + 8e"—a= COy + 2Hp0 .--0.5,'—_‘]
1 I ) Loo £
+ +
=50 Hg + 2h"—== 2H -0'55
—_— e
0 -55] L1.0
955 0 <
> -6,04 15 &
(NN} -
6,51 VB —VB L20
7,01 L25
N\ - N 3
J— N CO,, H,0
A e \7 -
Q
A \ h T CH, H
TEA'* X
rEA CcD
a mpC

Scheme 2 Band energy diagram and proposed reaction mechanism
for the photocatalytic CO, reduction in the presence of sacrificial
electron donor by CD/mpC.

to establish a band energy diagram for the heterojunction,
corresponding to a Z-scheme. Scheme 2 also includes the redox
potential of the H'/H, and CO,/CH, pairs, showing the ther-
modynamic feasibility of the process.

Based on the band energy diagram and the previously re-
ported photocatalytic activity of mpC for H, evolution and
CDs,""* a reasonable mechanism for CO, reduction by CD/mpC
can be proposed as indicated in Scheme 2. According to it, light
absorption by CD and mpC will lead to photoinduced electron/
hole separation. Electron migration from photogenerated elec-
tron from mpC to CD conduction band will result in an
enhancement of the charge separation efficiency through the
heterojunction.

Conclusions

This manuscript reports that the photocatalytic activity of
metal-free microporous carbons derived from the pyrolysis of o-
cyclodextrin can be enhanced using carbon dots to form a het-
erojunction of metal-free components. The CD/mpC hetero-
junction exhibits photocatalytic activity in aqueous acetonitrile
saturated with CO, and triethanolamine, evolving simulta-
neously with H, and CH, production. At the optimal carbon dot
loading, the intrinsic photocatalytic activity for the microporous
graphitic carbon increases by factors of 3.5 and 1.7 for H, and
CH, evolution, giving at a rate of 29 and 5 pmol geagayse * h~ " for
H, and CH, evolution, respectively.

This product distribution corresponds to a
consumption of photogenerated electron conduction of 55 and
45% for H,0O and CO, reduction, respectively.

Transient photocurrent measurements indicate that the
enhanced photocatalytic activity of CD-1/mpC derives from
a more efficient charge separation in the heterojunction

relative

This journal is © The Royal Society of Chemistry 2024
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compared to mpC. Thus, the present results show the possi-
bility of forming metal-free photocatalysts' heterojunctions to
optimize their efficiency further.
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