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ABSTRACT: Carbon quantum dots (CQDs) were synthe-
sized by an electrochemical etching method. The CQDs are
well-dispersed with uniform size about 5 nm. FT-IR spectra
suggest the presence of many hydroxyl groups on the surface of
CQDs. Here, CQDs with diameter approximately 5 nm,
directly used as effective heterogeneous nanocatalysts for H-
bond catalysis in aldol condensations, show excellent photo-
enhanced catalytic ability (89% yields when 4-cyanobenzalde-
hyde is used). It demonstrated that aldol condensation
between acetone and aromatic aldehydes resulted in higher
yields with visible light irradiation than in the dark, confirming
visible light is necessary for good conversion. The H-bond
catalytic activities of CQDs can be significantly enhanced with
visible light irradiation. The high catalytic activities of CQDs are due to highly efficient electron-accepting capabilities. Repeated
catalytic experiments suggest that the CQD catalyst can be easily recycled as a heterogeneous catalyst with a long catalyst life.
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Hydrogen bonding (H-bonding) plays a crucial role in
enzyme-catalyzed reactions by orienting the substrate

molecules and lowering barriers to reactions.1 Recently, this
kind of noncovalent interaction (H-bonding) was introduced
into many organic chemical reactions,2−9 including the Diels−
Alder, Aldol reaction, aza-Henry, Mannich, Michael, Morita−
Baylis−Hillman, and Strecker reactions.10−17 As a typical
organocatalysis, hydrogen bond (H-bond) catalysis uses H-
bonding interactions to accelerate organic reactions and
stabilize anionic intermediates and transition states.18 Several
organic molecules with hydroxyl groups can be used as
homogeneous H-bond catalysts.19−21 For example, Chiral
BINOL-derived Brønsted acids catalyze the enantioselective,
asymmetric Morita−Baylis−Hillman (MBH) reaction of cyclo-
hexenone with aldehydes.22 However, these catalytic reactions
produce low yields, and it is difficult to isolate the catalyst from
the reaction system. Inorganic solid nanoparticles with
abundant surface hydroxyl groups have been developed as
alternative heterogeneous catalysts for H-bonding reac-
tions.23,24 For example, aldol reactions could be catalyzed by
hydroxyl groups on the Fe(OH)3 shell of Fe3O4@Fe(OH)3
core−shell microspheres.25 However, compared with a
bioenzyme system, this artificial catalyst system faces the
challenges of low efficiency and poor controllability.
Carbon quantum dots (CQDs) constitute a new class of

zero-dimensional nanostructures with sizes below 10 nm.26 As a
novel class of recently discovered nanocarbons, CQDs are

stable and biocompatible and have strong and tunable
photoluminescence (PL). In addition to downconverted PL,
CQDs show excellent up-converted PL (UCPL), which enable
CQDs to efficiently utilize the full spectrum of sunlight.27 Due
to the novel PL and excellent photoinduced electron transfer/
reservoir properties of CQDs, composites of CQDs and
semiconductors have been successfully prepared. CQD/semi-
conductor composites have enhanced photocatalytic activities
and are stable in visible light. Examples include CQDs/TiO2,
CQDs/SiO2, CQDs/Fe2O3, CQDs/Cu2O, and CQDs/
Ag3PO4.

26−30 CQDs are considered to be good H-bonding
catalysts because of their rich photochemical properties and
functional carboxylic and hydroxyl groups.
In the current study, we used CQDs as heterogeneous

nanocatalysts for H-bond catalysis. CQDs showed good
photoenhanced catalytic abilities (89% yield when 4-cyano-
benzaldehyde is used) in the aldol condensation. A series of
catalytic experiments confirmed that the catalytic activity of
CQDs can be effectively enhanced by visible light, which may
be attributed to their photoinduced electron-accepting proper-
ties.
CQDs were synthesized through an electrochemical etching

method (see the experimental section in the Supporting
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Information (SI)).28 A typical transmission electron micros-
copy (TEM) image of the as-synthesized CQDs is shown in
Figure 1a. The CQDs were well-dispersed and uniform with

diameters of about 5 nm. A high-resolution TEM (HRTEM)
image of the CQDs (Figure 1a inset) shows that the lattice
spacing was around 0.212 nm, which is consistent with the
(100) facet of the graphite. The size distribution (Figure 1b)
was calculated by measuring approximately 200 particles. The
CQDs had an average size of 5.40 ± 0.72 nm.
A typical CQD ultraviolet and visible (UV−vis) absorption

spectrum was shown in Figure 1c. The peak at 240 nm
represented the typical absorption of an aromatic π system,
which is similar to that of polycyclic aromatic hydrocarbons.
CQDs showed broad absorption of sunlight in the ultraviolet
and visible region, which suggested that CQDs may have high
photocatalytic activities in visible light. Raman and Fourier
transform infrared (FT-IR) spectra were recorded to provide
further structural insights about the as-synthesized CQDs. The
Raman spectrum of CQDs showed two characteristic peaks at
about 1330 and 1595 cm−1 (Figure 1d, red line), which
corresponded to the D-band and G-band of carbon,
respectively. The peak at 1330 cm−1 (D-band) was associated
with the vibrations of sp3-banded carbon atoms in disordered
graphite. The peak at 1595 cm−1 (G-band) corresponded to the
vibrations of sp2 carbon atoms in a two-dimensional (2D)
hexagonal lattice. The FT-IR spectrum (Figure 1d, black line)
showed a broad peak centered at 3445 cm−1, which suggested
the presence of many hydroxyl groups on the CQD surface.
The peak at about 2960 cm−1 corresponded to the C−H
stretch of polycyclic aromatic hydrocarbons. The peaks at about
1637 cm−1 and in the range of 1000−1400 cm−1 indicated the
presence of carbonyl (CO) and C−O groups, respectively.
The TEM images, HRTEM images, particle-size histograms,
UV−vis absorption, Raman (red line), and FT-IR (black line)
spectra of CQDs (<4 nm and >10 nm) were shown in Figures
S1 and S2, respectively. The energy dispersive X-ray spectros-
copy (EDS) analysis of four kinds of CQDs were shown in
Figure S6. Figure S7 provided the pictures of solid CQDs (<4
nm; 5 nm; >10 nm and hydroxyl-group-free CQDs), indicating
that these CQDs can well-dissolved in solvent.
To further explore the optical properties of as-synthesized

CQDs, a detailed PL investigation was carried out with different

excitation wavelengths in the same sample. Figure S3 shows the
PL spectra of the as-synthesized CQDs with different sizes: (a)
<4 nm; (b) 5 nm; and (c) >10 nm The excitation wavelength
of the black, red, blue, green, magenta, and dark yellow PL lines
are 240, 300, 360, 420, 500, and 580 nm, respectively. The PL
spectra show that the as-synthesized CQDs with different sizes
exhibit the different distribution of emission colors, and that
smaller size (<4 nm) leads to increasing amount of CQDs
emitting at shorter wavelengths.
The CQDs (5 nm) without surface hydroxyl groups were

synthesized for comparison (the detailed experiments are in
SI). Figure S4a shows the typical TEM image of hydroxyl-
group-free CQDs. The CQDs are well-dispersed and uniform
with diameter of about 5 nm. The inset in Figure S4a is the
EDS analysis of hydroxyl-group-free CQDs. No N signal was
detected, indicating that the amines do not exist in reaction
system. Elemental analyses of C, N, O, and H were further
performed with an Elementar Vario EL III elemental analyzer
(shown in Table S2). The results show that only carbon,
hydrogen, and oxygen elements were observed with no
additional elements on the CQDs. These results indicate that
the catalytic active sites are the oxygen functional groups on the
surface of CQDs. The size distribution (Figure S4b) was
calculated by measuring approximately 200 particles, revealing
that the CQDs have an average size of 5.00 ± 0.58 nm. The
typical CQD UV−vis absorption and PL spectra were shown in
Figure S4c. The peak at 240 nm represented the typical
absorption of an aromatic π system. Furthermore, the CQDs
revealed broad absorption of sunlight in the ultraviolet and
visible region. The PL spectrum shows that the maximum
emission wavelength of the hydroxyl-group-free CQDs aqueous
solution is 504 nm. FT-IR spectrum was recorded to provide
further structural insights about the hydroxyl-group-free CQDs
(Figure S4d). Compared with Figure 1b, which shows the
presence of many hydroxyl groups on the water-soluble CQD
surface, this spectrum indicated a narrow and weak peak
centered at 3443 cm−1, suggesting a small amount of hydroxyl
groups on the surface of hydroxyl-group-free CQDs. This can
explain why hydroxyl-group-free CQDs cannot catalyze the
reaction but water-soluble CQDs can. The peaks at about 1635
cm−1 and in the range of 1000−1400 cm−1 indicated the
presence of carbonyl (CO) and C−O groups, respectively.
To quantify the hydroxyls and carboxylic acid on the surface

of the water-soluble CQDs (about 5 nm), base titration was
performed to measure the total quantity of both hydroxyls and
carboxylic acid following a standard method.31a Subsequently,
the relative content of hydroxyls versus carboxylic acid of the
water-soluble CQDs (about 10:1) was determined by
conductometric titration (for experimental details, see SI and
Figure S5).31b The detailed quantification data were shown in
Table S1.
The photoenhanced catalytic activities of CQDs (about 5

nm) were confirmed in the Aldol reaction, which is an
important strategy for C−C bond formation in organic
synthesis.31c Song and co-workers showed that the Aldol
reaction between aromatic aldehydes and ketone in solvent
(acetone, ethanol, THF, CHCl3) can proceed and the aldol
condensation products can be gained directly.25 Herein we
report aldol condensation with a high yield of the aldol
condensation product under CQDs as catalyst. In our
experiments, acetone was the solvent and reactant in the first
set of trials and reacted with a series of aromatic aldehydes at
room temperature. Detailed yields of the aromatic compounds

Figure 1. (a) TEM image of CQDs (inset is HRTEM image), (b)
particle-size histogram, (c) UV−vis absorption spectrum, (d) Raman
(red line) and FT-IR (black line) spectra of 5 nm CQDs.
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are displayed in Table 1. As shown in entry 8, the aldol
condensation exhibited a very low yield in the absence of

CQDs as catalysts whether under light irradiation or not,
confirming the CQDs as catalyst is necessary for the reaction.
In general, these reactions yielded higher yields with visible
light irradiation than those produced in the dark. These data
confirm that visible light is necessary for good conversion.
When benzaldehyde (entry 1) is used, the lowest yield in visible
light (19%) with CQDs as catalyst (Table 1) was obtained.
Other aromatic aldehydes (Table 1, entries 2−7) showed
higher conversion. Among them, when 4-cyanobenzaldehyde is
used, the aldol condensation showed the highest yield (89%,
entry 5) with CQDs as catalyst. These catalytic results were
similar to the results reported by Song et al.25 It would be
attributed to the weak interaction between the para-position of
aldehyde group and the groups on the CQDs surface, which
make the reactant molecules closer to the catalytic active center.
In contrast, without visible light irradiation, yields were reduced
to 18% for 4-cyanobenzaldehyde (entry 5). When the reaction
temperature was elevated to 50 °C, a total conversion of 4-
cyanobenzaldehyde in aldol condensation was achieved in 4 h
(Table 1, entry 9). When 4-chlorobenzaldehyde (entry 2) and
4-bromobenzaldehyde (entry 3) were used, the yields reached
68% and 63%, respectively, with visible light irradiation,
whereas the yields fell to 15% and 13% in the dark. In the
present system, the reaction products were dehydrated
products, and the typical one (Table 1, entry 1) was (E)-4-
phenylbut-3-en-2-one (analyzed by gas chromatography (GC)
and H nuclear magnetic resonance spectroscopy (HNMR),
shown in Figures S8 and S9).
In the following experiments, different solvents (toluene,

ethanol, THF, and CHCl3) and ketones (cyclopentanone,
cyclohexanone, and acetone) were selected to evaluate the
catalytic abilities of CQDs (about 5 nm) for aldol
condensations with 4-cyanobenzaldehyde. The corresponding
aldol condensations shown in Table 2 were performed with and
without visible light at room temperature. On the whole, in the

absence of light, nearly no conversion was observed. In
contrast, high yields were simultaneously achieved with visible
light irradiation (Table 2, entries 1−5). A series of catalytic
experiments with the same reactant and different solvents
(Table 2, entries 1−3) indicated that solvents greatly influenced
the CQD-catalyzed aldol condensation. As shown in Table 2,
when ethanol (entry 1), THF (entry 2), and CHCl3 (entry 3)
were used as solvents, the highest yield when 4-cyanobenzalde-
hyde was used (32%) was obtained with THF as solvent. The
lowest yield (12%) was for CHCl3. Different ketones were also
tested with toluene as the solvent (Table 2, entries 4−5). When
cyclopentanone (entry 4) and cyclohexanone (entry 5) were
used, aldol condensations showed yields of 67% and 54%,
respectively. These data suggest that different ketones influence
the aldol condensation. In contrast, a higher yield of 89% was
obtained when acetone was the solvent and reactant (Table 1,
entry 5). Thus, in the present catalytic system, toluene was the
most suitable solvent for the aldol condensation with CQDs as
catalysts.
All of the above experimental results demonstrate that CQDs

are excellent photocatalysts for the aldol condensation.
Considering that these reactions were performed at room
temperature, it is unlikely that cationic or anionic intermediates
formed in these CQD-catalyzed reactions. However, the
hydroxyl groups on the surface of CQDs are very weak acids,
which can form H-bonds with oxygenates.32,33 Therefore, we
propose that H-bonds catalyzed the aldol condensations in the
present system.
Both reactants (aldehydes and ketones) are able to form H-

bonds in the aldol condensation with CQDs as catalysts. We
demonstrated that the hydroxyl groups on the surface of CQDs
prefer to contact aldehyde groups. In a control experiment, 0.01
mmol 4-cyanobenzaldehyde, 0.01 mmol acetone, (aldehyde/
ketone, molar ratio = 1:1), and 60 mg 5 nm CQDs were mixed
with 1 mL p-xylene and stirred for 10 min followed by
centrifugation to obtain a clear solution. The solution was
analyzed by GC to determine the relative content of 4-
cyanobenzaldehyde versus acetone in the solution. GC analysis
showed that the molar ratio of aldehyde/ketone decreased to
1:2 after mixing with 5 nm CQDs. As shown in Table S4, there
was no change in molar ratio when no catalyst was used, but the
molar ratios of aldehyde/ketone decreased to 1:1.7, 1:2.0, and
1:1.6 when <4 nm, 5 nm, and >10 nm CQDs were used,

Table 1. Room-Temperature Aldol Condensation between
Acetone and Aromatic Aldehydes in the Presence of CQDs
with or without Visible Light

lightb darkb

entrya Ar- yields (%)c yields (%)

1 C6H5 19 3
2 4−Cl-C6H4 68 15
3 4−Br-C6H4 63 13
4 4-NO2−C6H4 65 8
5 4-CN-C6H4 89 18
6 4-CH3−C6H4 67 9
7 4-CH3O−C6H4 65 8
8d 4-CN-C6H4 trace trace
9e 4-CN-C6H4 99 32

aReaction conditions: 0.2 mmol aromatic aldehydes, 2 mL acetone, 60
mg CQDs, room temperature, 24 h. bReference experiments with and
without visible light irradiation, respectively (Xenon lamp, 300 W, λ ≥
420 nm). cThe reaction products were isolated through silica column
chromatography and analyzed by GC. dReference experiment without
catalyst. eHeated to 50 °C, 4h.

Table 2. Aldol Condensation between 4-Cyanobenzaldehyde
and Ketones in Various Solvents Catalyzed by CQDs with or
without Visible Light Irradiation

lightb dark

entrya ketone/solvent yields (%)c yields (%)

1 acetone/ethanol 23 trace
2 acetone/THF 32 trace
3 acetone/CHCl3 12 trace
4 cyclopentanone/toluene 67 trace
5 cyclohexanone/toluene 54 trace

aReaction conditions: 0.2 mmol 4-cyanobenzaldehyde, 1 mmol
ketones, 2 mL solvent, 60 mg CQDs, room temperature, 24 h.
bVisible light irradiation (Xenon lamp, 300 W, λ ≥ 420 nm).
cAnalyzed by GC analysis.
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respectively. These data support stronger H-bonding between
4-cyanobenzaldehyde and the catalyst versus the ketone and
catalyst.
We further studied the reactions catalyzed by CQDs−OD

(surface bound with −OD but not −OH) to prove that CQDs
could improve the reactions’ conversion via surface H-bond
catalysis rather than acid catalysis. CQDs−OD were prepared
by the electrochemical etching method in heavy water (D2O).
The aldol condensation between 4-cyanobenzaldehyde and
acetone was catalyzed by CQDs−OD to produce products 1
and 2 (Table 3). If CQDs work as acid catalysts, the O−D

bonds on their surfaces will be destroyed during H/D exchange
and will form the deuterium-labeled products, D2O or HDO.
Deuterium signals were not detected in products 1 or 2 by GC-
mass spectrometry (GC-MS) analyses (see Table 3), further
proving that the reaction products were dehydrated products.
In other words, CQDs act as H-bond catalysts in the aldol
condensation. The O−D bonds form single or multiple H-
bonds (D−H···O) with aldehyde to promote the aldol
condensation, and then H-bonds open, demonstrating that
the O−D bonds on CQDs−OD surfaces have not been
destroyed. At last, CQDs−OD was separated via centrifugation
from the reaction mixture.
CQDs without surface hydroxyl groups were synthesized for

comparison. The same amounts of hydroxyl-group-free CQDs
were then used as catalysts for the same reaction in the same
conditions. Interestingly, hydroxyl-group-free CQDs were
unreactive, and no product was detected with or without
visible light irradiation. This dependence on a hydroxyl group
suggests that the ability of CQDs to mediate reactions is via
interfacial H-bond catalysis. As shown in Table S3, a series of
controlled trials proved that phenol and oxalic acid have very
low catalytic effect, indicating that weak acids almost cannot
catalyze the aldol condensation between acetone and aromatic
aldehydes.12b,32

The Table 1 results (entry 5) revealed that the conversion of
4-cyanobenzaldehyde was about 4 times higher when the
mixture was stirred under visible light versus when the reaction
was performed in the dark. We compared the FT-IR spectra of
benzaldehyde mixed with 5 nm CQDs before and after visible
light irradiation to further investigate the catalytic mechanism.
Figure 2 shows the FT-IR spectra in the O−H stretching
region. As shown in the enlarged graph (inset in Figure 2), the
peak around 3400 cm−1 corresponded to the vibrations of O−
H···O. A characteristic peak was observed at 3371 cm−1 (black
line) before visible light irradiation due to the presence of many
hydroxyl groups on the CQD surface. Then the mixture was
exposed to visible light for 10 min and was detected after

irradiation. As shown in the red line, the peak shifted to 3383
cm−1. This is a blue-shift (Δσ = 12 cm−1, from 3371 cm−1 to
3383 cm−1), and the increase of frequency means the stretching
vibration of O−H···O was enhanced,34 suggesting that light
enhanced the interaction between the functional group and
aldehyde. So the H-bond catalytic activities of CQDs can be
significantly enhanced with visible light irradiation, which is
consistent with our experimental results shown in Tables 1 and
2. On the basis of these experimental results, we propose the
following mechanism for the enhanced photocatalytic activity
of CQD photocatalysts. CQDs can bind with aldehydes by H-
bonding to form CQD−aldehyde complexes. CQDs act as
highly efficient electron acceptors in visible light. Electrons
transfer from the O−H···O region to part of the electron
acceptor and lead to the blue-shift, suggesting that CQDs have
highly enhanced photocatalytic activity for target reactions.35,41

FT-IR spectra of 4-cyanobenzaldehyde mixed with three
different sizes CQDs and hydroxyl-group-free CQDs (5 nm)
before and after visible-light irradiation in the −OH stretching
region were shown in Figure S11. As shown in Figure S11a, the
black line is the FT-IR spectrum of 5 nm CQDs in the −OH
stretching region. Blue and red line are for the mixture of 4-
cyanobenzaldehyde and 5 nm CQDs before and after visible-
light irradiation, respectively. The red shift (black line to blue
line, Δσ = 12 cm−1) indicates the formation of hydrogen bond
after adding 4-cyanobenzaldehyde.36 Further exposing the
mixture of 4-cyanobenzaldehyde and CQDs under visible
light for 10 min and then the FT-IR spectrum (red line) was
detected. The blue shift (blue line to red line, Δσ = 21 cm−1)
proves that the H-bond catalytic activities of CQDs can be
significantly enhanced with visible light irradiation.35,41 The
similar results were obtained when >10 nm CQDs and <4 nm
CQDs were tested. Figure S11b,c shows the FT-IR spectra of 4-
cyanobenzaldehyde mixed with >10 nm CQDs and <4 nm
CQDs before and after visible-light irradiation in the −OH
stretching region, respectively. The red shifts for >10 nm CQDs
and <4 nm CQDs were 8 and 3 cm−1, respectively, when a
hydrogen bond formed. Then, the blue shift (11 cm−1 for >10
nm CQDs and 7 cm−1 for <4 nm CQDs) were detected after
visible light irradiation for 10 min. These blue shifts were
smaller than that for 5 nm CQDs (21 cm−1) due to the highly
efficient electron accept ability of 5 nm CQDs. This was
elucidated in the next experiments. The FT-IR spectra of 4-

Table 3. H/D Exchange Results for the Aldol Condensation

yields (%)

entrya catalyst light dark X (%)b

1 CQDs−OD 75 17 0c

aReaction conditions: 0.2 mmol 4-cyanobenzaldehyde, 2 mL acetone,
60 mg CQDs−OD, room temperature, 24 h. bX = Deuterium content
in products (atom %). cBased on the identical ion mass pattern of
water.

Figure 2. FT-IR spectra of benzaldehyde mixed with CQDs in the
−OH stretching region (inset, enlarged graph corresponding to the
black rectangle). The red and black curves denote the solutions tested
after and before visible light irradiation, respectively. The peak
positions of the curves are marked by vertical lines.
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cyanobenzaldehyde mixed with hydroxyl-group-free CQDs
were shown in Figure S11d, which shows no shift whether
the mixture was exposed under visible light or not, indicating
that there is no hydrogen bond formation.
To elucidate the photoenhanced catalytic abilities of CQDs,

the time-correlated single-photon counting (TCSPC) experi-
ments were performed to verify the photoinduced electron-
accepting properties of CQDs. The charge transfer of CQDs
was tested in the presence or absence of electron donor N, N-
diethylaniline (DEA, 0.88 V vs NHE)37 and electron acceptor
2,4-dinitrotoluene (−0.9 V vs NHE).38,39 CQDs with three
different average particle sizes (5 nm, >10 nm, and <4 nm)
were tested. As shown in Figures 3a and S12a, the

luminescence of CQDs was quenched by DEA and 2,4-
dinitrotoluene. These results show that photoexcited CQDs are
excellent electron donors and electron acceptors. The Stern−
Volmer plots for the quenching of luminescence by DEA are
shown for the different-sized CQDs in Figure 3b. The
quenching constants (KSV = τF kq) from linear regression
were calculated to be 18.6 (5 nm CQDs), 14.4 (>10 nm
CQDs), and 10.8 M−1 (<4 nm CQDs), respectively. The
quenching constant for 2,4-dinitrotoluene was 14.5 M−1 (5 nm
CQDs, Figure S12b). Obviously, the constant for DEA (18.6
M−1) is larger than that of 2, 4-dinitrotoluene (14.5 M−1),
indicating that the as-synthesized CQDs (5 nm) are highly
efficient electron acceptors. The Stern−Volmer plots for the
quenching of luminescence quantum yields of the hydroxyl free
CQDs by DEA and 2, 4-dinitrotoluene were shown in Figure
S13.
Next, we performed the control experiments to study the

influence of size on the photocatalytic activity of CQDs. The
CQDs with three different average diameters (5 nm, >10 nm,
and <4 nm) were used to catalyze the reaction between 4-
cyanobenzaldehyde and ketones. The reaction yields were
shown in Table 4. The highest yield of 89% was achieved for 5
nm CQDs when 4-cyanobenzaldehyde is used, whereas yields
of 40% and 25% were obtained for CQDs >10 nm and <4 nm,
respectively. Here, 5 nm CQDs had the most satisfying
photocatalytic performance for this H-bond catalysis reaction,
which should attribute to the highest electron-accepting ability
when compared with other CQDs (with size >10 nm and <4
nm).
The rehybridization and hyperconjugation act in opposite

directions, the effect of the bond lengths of H-bonding is a
result of a balance of these two intrinsic effects. The O−H bond
lengthens when hyperconjugation is dominant, and the O−H
bond shortens when hyperconjugation is weak and the
structure of the H-bond donor allows for a significant change

in O−H bond hybridization.42 The first O−H bond shortening
effect is due to the increase in C−H bond polarization upon H-
bond formation. The second group of changes involves O−H
bond shortening effects. As shown in Scheme 1, the surface

hydroxyl groups on the surface of CQDs form single or
multiple H-bonds with 4-cyanobenzaldehyde. The CQD−
aldehyde complex can be considered to be a reaction substrate
for other molecules. H-bonds decreased the energy barrier for
the reaction in the dark, and a lower 4-cyanobenzaldehyde yield
of 18.2% was obtained. Our TCSPC experiments (Figure 3)
proved that CQDs act as highly efficient electron acceptors
with visible light irradiation, as these electron acceptors attract
electrons from the O−H···O region. This effect results in the
increase of positive charge on hydrogen and the increase of
negative charge on oxygen. The group of changes is reflective of
a decrease in effective electronegativity of the hydrogen atom
which, in excellent agreement with Bent’s rule, leads to an
increase in the s-character in the oxygen hybrid orbital forming
the O−H bond effect, thereby leading to O−H bond
shortening.42,43 In other words, this process in turn leads to a
strengthening of the O−H bond and effectively activates the
CO bond of 4-cyanobenzaldehyde and accelerates the aldol
condensation. At the same time, the enhanced O−H bonds
may further stabilize the reaction-intermediate species or
transition-state species, which promote higher yields (highest
yield of 89.4%).18,40

Repeated catalytic experiments were performed by recycling
the CQDs catalysts five times. It was found that the yields were
almost the same in all five runs (Figure 4). When 5 nm CQDs

Figure 3. (a) Luminescence decays (485 nm excitation, monitored
with 550 nm narrow bandpass filter) of the CQDs with DEA, (b)
Stern−Volmer plots for the quenching of luminescence quantum
yields (485 nm excitation) of the different-sized CQDs by DEA.

Table 4. Aldol Condensation between 4-Cyanobenzaldehyde
and Ketones in Acetone Catalyzed by CQDs of Different
Sizesa

catalyst size (nm) t (h) yields (%)b

CQDs 5 24 89
>10 24 40
<4 24 25

aReaction conditions: 2 mL acetone, 0.2 mmol 4-cyanobenzaldehyde,
1 mmol ketones, 60 mg CQDs, room temperature, 24 h. bVisible light
irradiation (Xenon lamp, 300 W, λ ≥ 420 nm).

Scheme 1. Schematic of the Photoenhanced Catalytic
Mechanism of H-Bond Catalysis by CQDs in Visible Light
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were used as catalysts, the yields for the first and fifth cycle were
89.4% and 82.6%, respectively.

In order to further clarify the effect of light, the following
experiments were carried out. We irradiated the mixture
(solvent, 5 nm CQDs, and aldehyde) for 6 h and then removed
the light source, and we monitored the conversion as a function
of time. As shown in Figure 5, the black line shows the

conversion of the reaction, which was irradiated in the first 6 h
and then kept in the dark. Compared with the red line (exposed
in light all the time), the conversion (see black line) does not
improve obviously after removing the light source, suggesting
that the light is actually needed for photocatalytic enhancement
activity.
The kinetic plots tracking yield over time for the first,

second, and fifth cycle experiments are shown in Figure 6.
These plots unambiguously demonstrate an induction period,
which suggested that the most active catalytic species are not
initially present. The reason is the CQD catalysts were initially
not dispersed when we added to the reaction mixture. As
shown in Figure 6a, when 5 nm CQDs were used as catalyst,
the final yields in aldol condensation were achieved in about 18
h for the first (red line) and second (blue line) cycle
experiments and 22 h for the fifth (black line) cycle experiment.
Moreover, the yield rate was slightly decreased along with the
increase in cycles. For the other two kinds of catalysts (Figure
6b, >10 nm; Figure 6c, <4 nm), the similar catalytic effects were
also observed in the recycle experiments. The above stability

test results suggest that the CQD catalyst can be easily recycled
as a heterogeneous catalyst with a long catalyst life.
In summary, we have demonstrated that CQDs (about 5

nm) were efficient photocatalysts for H-bond catalysis in the
aldol condensation. CQDs showed excellent photoenhanced
catalytic abilities (89% yield when 4-cyanobenzaldehyde is
used) for H-bond catalysis with a series of aromatic aldehydes.
Control catalytic experiments confirmed that the efficient
electron-accepting properties of CQDs strengthened the O−H
bond and activated the CO bond of the 4-cyanobenzalde-
hyde, accelerating the aldol condensation. Our findings offer a
novel approach for designing and fabricating the next
generation of high-performance H-bond catalysts.
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