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Abstract: Photocatalytic water splitting is a promising approach to generating sustainable hydrogen. However, the
transport of photoelectrons to the catalyst sites, usually within ps-to-ns timescales, is much faster than proton delivery (~
μs), which limits the activity. Therefore, the acceleration of abstraction of protons from water molecules towards the
catalytic sites to keep up with the electron transfer rate can significantly promote hydrogen production. The photobasic
effect that is the increase in proton affinity upon excitation offers means to achieve this objective. Herein, we design
photobasic carbon dots and identify that internal pyridinic N sites are intrinsically photobasic. This is supported by
steady-state and ultrafast spectroscopic measurements that demonstrate proton abstraction within a few picoseconds of
excitation. Furthermore, we show that in water, they form a unique four-level lasing scheme with optical gain and
stimulated emission. The latter competes with photocatalysis, revealing a rather unique mechanism for efficiency loss,
such that the stimulated emission can act as a toggle for photocatalytic activity. This provides additional means of
controlling the photocatalytic process and helps the rational design of photocatalytic materials.

Introduction

Efficient photocatalytic hydrogen production requires the
concurrent transfer of protons and photoinduced electrons
to the active sites on the surface of the catalysts.[1] However,
there exists a substantial mismatch between the delivery
time of protons and charge carriers. In general, the timescale
of charge carrier generation, separation, and transfer range
from subpicosecond to several nanoseconds.[2] Meanwhile,
the timescale around 10–900 microseconds has been re-
ported for hydrogen evolution,[3] wherein the proton transfer
is the putative rate-determining step.[1] Therefore, a formida-
ble challenge in photocatalysis is to ensure just-in-time
delivery of both participants at the reaction sites. This can
be achieved by increasing the electron lifetime or providing
the protons sufficiently quickly. Several approaches have

been explored to extend the lifetime of electrons, for
instance the charge separation across a formation of
heterojunction and the use of hole scavengers.[4] While
earlier reports investigate the mechanism of charge carrier
transfer/separation between carefully-tailored carbon dots
(CDs) and graphitic carbon nitride (g-C3N4) for photo-
catalytic performance[5–7] we aim to directly tackle the issues
of timescale mismatch in photocatalysis by accelerating the
proton transfer via the fundamental understanding of photo-
base effect mechanism. Generally, hole scavengers are
added to perform surrogate reactions involving sacrificial
agents on the slow oxidation half-reaction to reduce the
detrimental charge recombination, however, proton delivery
is part of the reduction half-reaction. Recently, the accel-
eration of the proton transfer rate has been investigated
utilizing the photobasic effect. In general, it depends on the
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difference in the pKa at the ground state and excited state.
The larger pKa confers the structure with a higher affinity to
protons. This effect is typically associated with pyridinic
heterocyclic moieties in the organic structures.[8] To this end,
we have reported that a model photobasic molecule,
acridine, can abstract a proton from water within 30 ps and
can contribute to the photocatalytic H2 generation of carbon
nanomaterials.[1] Such a phenomenon draws attention to the
role of photobasic moieties, specifically to nitrogen species
in carbon nitrides and other nitrogen-containing polymeric
photocatalysts in the mechanism of hydrogen production.[9]

Carbon-dots (CDs), composed of polyaromatic hydro-
carbons with various functional groups, are promising
candidates in applications such as (photo)catalysis, blue
OLEDs, and sensing due to their unique electronic struc-
tures, ease of fabrication, photostability, and facile
tunability.[10] In photocatalysis, CDs have been shown
capable of performing several functions, e.g. as a sensitizer,
a co-catalyst in peroxide decomposition and charge carrier
acceptor or even a full photocatalyst for water splitting and
CO2 conversion.

[11,12] Nitrogen doping has been reported as
an effective approach to tune the properties of CDs. For
example, the photoluminescence quantum yield (PLQY) of
CDs can be considerably enhanced by introducing primary
amines in the precursor.[13] Moreover, we have previously
shown that the N-doped CDs behave in a trade-off manner
regarding luminescent and photocatalytic properties.[14] The
similarity of pyridynic nitrogen position in the CDs and in
many photobasic molecules (e.g. acridine), suggests that
CDs are themselves photobasic. This intrinsic photobasicity
could contribute to their photocatalytic activity by enabling
faster proton transfer to the reaction sites. However, direct
evidence of such a hypothesis has not yet been reported. In
effect, the limitations in photophysical understandings of the
catalytic processes and how these different nitrogen moieties
affect these processes hinder the rational design for
improved photocatalytic performance.

Herein, we design and synthesize photobasic CDs (see
Figure 1). We use steady-state and ultrafast transient
absorption spectroscopy and find that CDs with pyridinic
nitrogen display intrinsic photobasic functionality. Notably,
we show that photobasic CDs can abstract protons from
water within a few picoseconds after being excited. The

ultrafast proton transfer in pyridinic N-containing CDs then
promotes the photocatalytic hydrogen production process.
Interestingly, the protonated CDs in the form of an exciplex
with a unique four-level energy diagram show a net optical
gain, leading to stimulated emission, and could be poten-
tially developed for amplified stimulated emission purposes
that can potentially control and switch on/off the photo-
catalytic reaction.

Results and Discussion

Synthesis and Characterization

We prepared CDs with a well-documented hydrothermal
method using citric acid and urea as precursors.[10e] Post-
reaction, the residual reactants and existing small-molecular
fluorophores were removed by a 24 h of dialysis, as
illustrated in Figure 2a. The detailed preparation and treat-
ment procedures are described in detail in the Supporting
Information. The nitrogen amount in the final products was
controlled by varying the ratio between citric acid and urea
precursors. The samples were denoted as CD-1, CD-2, and
CD-3 with an increasing molar ratio of urea to citric acid of
2 :5, 5 :2 and 11 :1, respectively (see Supporting Information
for details). The CD samples were initially characterized by
high-resolution transmission electron microscopy (HRTEM)
and X-ray diffraction (XRD) measurements. Monodisperse
CDs were formed with average size ~23 nm for CD-3
sample, as can be seen from the TEM images in Figure 2b.
Figure 2c shows HRTEM image of one single CD-3 particle,
indicating an amorphous structure of the synthesized CDs.
The XRD spectra of obtained CDs are shown in Figure S1.
In all cases, the observed broad bands around 2θ=23.8°
(3.74 Å) and 43° (2.11 Å) are far from a graphite-like
pattern (usually at 26.5, 3.36 Å) and may be assigned to the
(002) and (100) diffraction modes of an amorphous carbona-
ceous structure of CDs, respectively.[15]

We then performed X-ray photoelectron spectroscopy
(XPS) to elucidate both, the chemical composition of
obtained materials, and the effect of varying precursor
concentration upon the chemical states of the elements in
CDs (Figure 2d,e and Figure S2,S3). Firstly, survey spectra
indicate that with an increasing ratio of urea to citric acid
used for the synthesis, the sum of nitrogen and carbon
species in CDs builds up at the expense of oxygen chemical
states (see Figure S2). The high-resolution XPS analyses of
C1s spectra for all samples exhibit three prominent peaks
around 288.0 eV, 286 eV, and 284.8 eV, which corresponds
to C=O, C� N/C� O, and C� H/C� C/C=C, respectively.[9a] In
addition, there is an additional peak around 289.7 eV for
CD-1, which can be attributed to carbon atoms in carboxylic,
amide and/or anhydride groups. This peak was not present
in CD-2 and CD-3 and is attributed to the residual citric
acid that could not be reacted due to the lack of urea. In
fact, O1s and N1s XPS spectra of CD-2 and CD-3 also lack
the corresponding groups, supporting the assignment. Ac-
cordingly, the high-resolution O1s spectra of all samples
indicate the presence of oxygen species typical for CDs

Figure 1. Schematic illustration of the photobasic effect of N-containing
CDs.
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(C� O and C=O), while additional carboxylic anhydride
components were found only in CD-1 samples (common for
CDs in which citric acid is the main precursor) (Fig-
ure S3).[16] The high-resolution N1s spectra centered around
399, 400 and 401 eV are assigned to pyridinic, amide and
pyrrolic nitrogen structures, respectively.[14,17] From CD-1 to
CD-3, the content of pyridinic N rises while that of pyrrolic
N goes down (Figure 2f), indicating that a higher ratio of
urea would result in more pyridinic N sites. The composi-
tions of other functional moieties are summarized in Fig-
ure 2g and Table S1. As reported previously, the photobasic
effect of acridine is related to the pyridinic N atom in the

conjugated heterocyclic molecule, where the photoinduced
protonation occurs.[18] The above result suggests the photo-
basic sites could be also formed in the prepared CD samples,
offering the possibility of obtaining photobasic CDs.

We further performed Fourier transform infrared spec-
troscopy (FT-IR) of CD-3 samples (Figure S4). Firstly, as no
clear bands associated with stretching modes of C=O of
carboxylic acid show up around 1700–1760 cm� 1 region, the
presence of free carboxyl groups from citric acid have been
ruled out, indicating complete conversion of this precursor
during synthesis. The C=O units within CD structure exists
most likely in the form of pyridones and/or amides (C=O

Figure 2. a) Schematic illustration of the synthesis procedure of photobasic CDs. b) TEM and c) HRTEM images of CD-3 sample. Inset in b) shows
the size distribution pattern, while in c) selected area diffraction (SEAD) pattern of the CD-3 sample is shown. De-convoluted high-resolution XPS
spectra of d) carbon (C 1s) and e) nitrogen (N 1s) for three different CDs of varying urea amount. f, g) Percentage composition of pyridinic and
pyrrolic nitrogen, and C� N/C� O, C=O, for three different CDs under investigation.
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stretching bands around 1660 cm� 1). The broad band in
3400–2500 cm� 1 regime was ascribed to overlapped stretch-
ing vibrations of C=C� H, C� C� H, O� H and N� H, while the
band in 1500–1250 cm� 1 region were attributed to C� O
stretching and C� H bending vibrations.[19] In the low wave-
number region of the spectrum (<1000 cm� 1), two out-of-
plane bending modes were observed: narrow band at
767 cm� 1 (C� H in aromatics/heteroaromatics) and a broad
N� H band of amines or amides (900–500 cm� 1). All the
above results suggest the existence of a variety of functional
groups within the sample which corresponds well to the
typical picture of the CD structure. These results indicate
that CD-3 with the highest concentration of pyridinic nitro-
gen atoms may possess the strongest photobasic properties.
Therefore, we further investigated the CD-3 sample by
optical spectroscopy to confirm the photobasic effect.

Optical Characterization

To identify whether CDs can abstract protons from water
upon photoexcitation, we removed the aqueous solution,
and re-dispersed CDs in an aprotic solvent, acetonitrile.
Afterwards, a varying amount of water was added. Accord-
ing to the definition of the photobase effect, the photo-
induced protonation occurs in the excited state. In effect,
the absorption process should be independent of water
content but the de-excitation (e.g. via luminescence)
depends. To this end, we acquired UV/Vis absorption, PL
and PL excitation (PLE) spectra to investigate the optical
properties of CD-3. The resulting absorption spectra of the
CDs dispersed in mixtures that had different ratios of water/
acetonitrile (H2O/CH3CN, volume ratio) are shown in Fig-
ure 3a (additional data in Supporting Information, Fig-
ure S5). As expected, the normalized absorption spectra
remain unchanged upon the addition of water. In contrast,
the PL spectra reveal a noteworthy red shift with increasing
water content in the CDs (Figure 3b, also Figure S6). The
PL spectrum in pure acetonitrile exhibits a broad PL
emission in the region between 350–550 nm with a maximum
at ~400 nm upon excitation at 330 nm. Upon the addition of
an increasing amount of water as a proton source, starting
with 0.5%, the peak position is red-shifted. It reaches

460 nm at 5% water content. At the same time, the PLE
spectra remain unaltered (Figure S7) implying a presence of
protonated CDs in the excited state, consistent with the
photobasic character. This suggests that the majority of PL
at ~460 nm stems from the protonated CDs.

Additional evidence regarding the photobasic nature of
the CD comes from absorption and PL experiments
performed in the presence of 5% HCl in acetonitrile
solution. In this case, the CDs become protonated even in
the ground state, as shown in the corresponding absorption
spectrum (Figure 3a and Figure S5b). The protonated CDs
emit at ~460 nm, as shown in Figure 3b. The PL spectrum of
the 5% water/acetonitrile mixture appears remarkably
similar to that of 5% HCl/acetonitrile solution in the red
region of the spectra (Figure 3b), indicating a substantial
part of the CDs is indeed protonated in the excited state in
5% water/acetonitrile mixture. In conclusion, the appear-
ance of nearly identical absorption spectra together with a
red-shift of the PL spectra with an increasing amount of
water indicate the photobasic character of the CDs.

Protonation Dynamics

After establishing the photobasic character of the CDs, we
turn our attention to estimating the rate of proton transfer
in the excited state of such CDs. To this end, we performed
femtosecond transient absorption (TA) spectroscopic meas-
urements of the CDs dispersed in pure acetonitrile, pure
water, and acetonitrile/water mixtures. We excited the CDs
at 330 nm with a ~100 fs pump pulse and acquired the
differential absorption spectra with a time-delayed white
light probe pulse. The TA spectrum of the CDs in the pure
acetonitrile solution consists of a broad and structureless
excited state absorption (ESA) in the entire probe region,
between 350–700 nm (Figure 4a,b). Previously, the broad
ESA has been attributed to the transient absorption to
higher excited states caused by the photoexcited carriers
(see further details in the SI).[20,21] Upon the addition of 10%
of water (see Figures 4c,d) to the acetonitrile solution, the
TA spectrum of the CDs changes significantly for longer
delay times. At very early times (<200 fs), the TA spectrum
still looks similar to the pure acetonitrile solution, consisting
of the broad ESA. However, at later times, a strong negative
ΔA signal emerges between 400 to 550 nm on top of the
ESA signal.

The absorption spectrum of the CDs has a maximum at
340 nm, with a very low absorption cross-section above
400 nm, irrespective of the amount of water in acetonitrile
(Figure 3a). Therefore, the negative ΔA signal in this trans-
parent region cannot be attributed to the ground state
bleach. Instead, it is attributed to the stimulated emission
(SE) from the photoexcited CDs. To verify this argument,
the TA spectra is compared with the PL spectrum of the
CDs in the same solvent mixture with the reversed sign. The
clear overlap in the range between 400 to 550 nm of the PL
with the negative ΔA signal corroborates the assignment to
SE (Figure 4d). In particular, the early time (<1 ps)
negative ΔA signal has significant overlap with the high-

Figure 3. a) UV/Vis absorption spectra and b) photoluminescence (PL,
λex=330 nm) spectra of the CD-3 in different water/acetonitrile (H2O/
CH3CN, v/v) mixture of varying water amount between 0% and 5%.
The absorption and PL spectra in the presence of 5% HCl in the
acetonitrile solution is also illustrated (red dot-dashed line) for
comparison.
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energy side of the PL while it has more overlap with the
lower energy side of the PL at a later time (~10 ps). Further
evidence of the SE comes when the early time (~0.5 ps) TA
spectrum of the CDs in pure acetonitrile is subtracted from
the TA spectrum acquired for 10% water content. This
‘difference spectrum’ is then compared with the correspond-
ing PL spectrum, with the two spectra almost sitting on top
of each other (Figure 5a and Figure S8). We also performed
analogous experiments in pure water where CDs have easier
access to protons and observe a similar but stronger SE
signal on top of the ESA signal, as shown in Figure S9. The
‘difference spectrum’ obtained by subtraction of the TA
spectrum of the CDs in pure water and pure acetonitrile
solution overlaps nicely with the PL spectrum in pure water
(Figure S10), albeit at an earlier time (~0.3 ps) than in the
10% water/acetonitrile mixture.

The origin of SE is schematically depicted in Figure 5b.
In the presence of water, the CDs attract a proton from the
water molecule in the excited state due to its photobasic
property and form the corresponding exciplex species (i.e.
the protonated CD, B*� H+). By emitting a low-energy
photon, the exciplex then relaxes to produce the complex in
the ground state. As the protonated ground state (B� H+) is
energetically higher than the non-protonated ground state
(B), a rapid relaxation from B� H+ to B takes place
corresponding to the de-protonation process. Therefore, a

population inversion can be achieved in the exciplex state
(B*� H+) with respect to the protonated ground state
(B� H+) and appears as the SE in the TA spectra. The
observation of the SE feature from an exciplex state in
nitrogen-derived CDs is unique and can be understood in
terms of a four-level system of the exciplex, as shown in
Figure 5b.

We further estimated the proton transfer time by
inspecting the time it takes the SE signal to appear. As there
is a strong overlap between the SE and the ESA signals, to
shift away from the ESA feature, we plot the TA transients
at 490 nm (Figure 5c) where the contribution due to the
ESA is minimal, in both 10% water/acetonitrile mixture and
pure water. The transient in a pure acetonitrile solution at
490 nm consists of ultrafast (~200 fs) and 4 ps decay
components. For both the 10% water/acetonitrile and pure
water sample, initially, an ESA feature is observed, which
decays with ~250 fs, similar to the fast component in pure
acetonitrile solution. The onset growth time of the SE signal
can be characterized by 2.1 ps and 1.7 ps for 10% water/
acetonitrile and pure water, respectively. Here the growth in
the SE signal must correspond to the proton transfer time in
the excited state. The faster protonation time in the
presence of pure water (1.7 ps) compared to a 10% water/
acetonitrile mixture (2.1 ps) is also consistent with the
increased availability of protons. It is important to note that

Figure 4. Transient absorption spectra of CD-3 after excitation at 330 nm a, b) in pure acetonitrile (CH3CN) and c, d) in the presence of 10% water
in acetonitrile solution in a contour diagram and at the selected time delays between 0.1 to 10 ps, respectively. The PL spectrum (inverted) is also
plotted in a red dot-dashed line in panel d). Note the break in the x-axis between 650 and 660 nm in panels b) and d) to remove the contribution
from the second harmonic of the 330 nm pump pulse. For clear presentation, the spectra in b) and d) are smoothened.
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the excited state protonation time in the present work is an
order of magnitude faster as compared to our previous
report (~30 ps), where we used an extrinsic photobasic
molecule to sensitize the CDs. We speculate the presence of
multiple photobasic sites in the CDs (as can be inferred
from Figure 2e), along with electron donors (e.g. � NH2,
� OH, etc.) that accelerate the excited protonation process
more than the reported acridine molecule, containing a
single photobasic site.[18] Hydrogen generation could involve
two such photobasic sites in the vicinity which then proceed
via Tafel step to produce an H2 molecule. Alternatively, the
process may involve another water molecule (or proton) at
the same site, in the Heyrovsky step to generate an H2

molecule. Such very fast, only several picoseconds, timescale
of the process suggests that the proton abstraction does not
involve proton diffusion, but rather occurs from a nearby,
complexed water molecule. As proton delivery is thought to
be one of the main (if not the main) limiting steps in
photocatalysis reaction, this method can significantly en-
hance the reduction rate of protons and hydrogen gener-
ation, as discussed in the next section.

Photocatalysis

To understand how the N-species in photobasic CDs
influence the proton reduction activity, we evaluated the
hydrogen evolution rate (HER) on three different CDs with
varying amounts of nitrogen doping under the irradiation of
a solar simulator coupled with an IR filter. To focus on the
nitrogen-containing moieties, no platinum co-catalysts were
added. Negligible hydrogen was produced on CD-1 at
neutral pH. Without enough photobasic nitrogen sites to
extract protons, CD-1 shows no activity. However, when the
pyridinic N content increases, the HER of CD-2 reached
6.5 μmolg� 1h� 1 and further to 12.12 μmolg� 1h� 1 on CD-3
(Figure 6a and Figure S12). As the number of pyridinic N
sites increase in CDs, an enhancement of proton becomes
relevant. This dramatic improvement in the HER with
different amounts of nitrogen doping agrees with our
prediction based on optical measurements. Figure 6a reveals
that the photocatalytic hydrogen production in the first hour
is slower compared to a later time. This is possibly due to
delayed activation of the CDs by the initial photoinduced
reactions on the CD surface and can be attributed to
removal of the passivating layer, oxidation of pendant
groups or scraping of amorphous phase. In addition, initially
hydrogen may form as hydrogen atoms adsorbed on the CD

Figure 5. a) The early time (~0.5 ps) TA spectra of CD-3 in pure acetonitrile and 10% water/acetonitrile mixture solution, along with the difference
between the two (in black line), are shown. The PL spectrum (inverted) is also plotted in a red dot-dashed line for comparison. b) Schematic
illustration of the exciplex formation in the CDs, driven by the photobasic CDs. In the first step, photoexcitation of the CDs (shown as B) leads to
the formation of the excited CDs (B*), which then abstract a proton from the neighboring water molecule in the second step owing to the
increased proton affinity. The protonated CDs (B*� H+) relax via lower energy photon emission to produce the ground state protonated species
(B� H+) in the third step. Finally, the dissociation of the proton regenerates the CDs in the ground state in the fourth step. c) Comparison of the
transient traces of the CDs at 490 nm in pure acetonitrile, 10% water in acetonitrile and pure water solution.
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surface (i.e. Volmer step) and only in the second step H2

molecules are formed.
In order to further investigate how the photobase effect

influences the kinetics under neutral to acidic or basic
concentrations of protons, we measured the HER for a
range of pH values between 2 to 15 on CD-3. Under neutral
pH, the CD sample exhibits a hydrogen evolution rate of
12.12 μmolg� 1h� 1 which reduces with increasing pH (Fig-
ure 6b,c). For example, negligible hydrogen is detected
under highly basic conditions (pH=15), where the photo-
basic protonation process is suppressed. Easier access to
proton at pH 7 than at pH 9 or pH 15 results in a higher
HER activity at pH 7. In contrast, at acidic pH the hydrogen
evolution increases drastically with a rate as high as
~39 μmolg� 1h� 1, with enhancement in the apparent quan-
tum yield (see SI). Moreover, we performed repeated long-
term photocatalytic H2 production experiments which
showed relatively high formation rate for three different
cycles, indicating promising durability of the CD-3 catalyst
(Figure 6d). It should be noted that such phenomenon
differs from those on some N-free inorganic systems in the
literature, including our previous Ni-decorated CdS, where
strong alkaline conditions were reported to prolong the
lifetime of photogenerated electrons by quickly eliminating
the holes with OH� to form hydroxyl radicals.[22] However,
such systems usually need efficient co-catalysts such as Pt
and Ni to accept electrons from photocatalysts and extract
protons from water even at a low concentration. In the

present study, we show that intrinsically photobasic CDs
could attract protons without the need for additional co-
catalysts, although such a photobase effect only works at a
certain range of pH.

It should be noted that the simulated emission in the
four-level electronic diagram is competing with photocatal-
ysis (Figure 7), considering the fate of the exciplex species.
In other words, a higher intensity of photon flux can
accelerate charge recombination via stimulated emission
and decrease the quantum efficiency of photocatalytic
hydrogen production. Such a model derived from this study
could explain the observation of the negligible effect of
photocatalytic activity upon increasing light intensity from
75 mW/cm2 to 150 mW/cm2 by Yang et al.[23] Since there are
pyridinic N species in the carbon nitride (heptazine) frame-
work, the simulated emission discussed in this study could
also be a reason for such a decline in its performance.

Photocatalysis at the surface of CDs is a complex process
which may also involve unwanted side reactions, decreasing
the selectivity of the desired reaction. The observations
reported here of a four-level system open an exciting
opportunity to block unwanted photocatalytic pathways by
stimulating the emission from the excited protonated
species. In this way, a competing SE process is promoted at
the expense of the reaction that leads to an undesired
product.

Figure 6. a) Photocatalytic H2 production formation rate of three different CDs. The photocatalytic performance of CD-3 sample at different pH (2,
5, 7, 9, 15) for b) hydrogen production and c) the average rate of hydrogen production. d) Long-term photocatalytic H2 production formation rate
of CD-3 sample for three different runs.
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Conclusion

In summary, using ultrafast spectroscopy, we have shown
that the N-containing pyridinic CDs are intrinsically photo-
basic, which can abstract a proton from water at the excited
state within a few picoseconds, much faster than our
previous report of a CDs decorated with a model photobase
molecule. Our results demonstrate such ultrafast proton
transfer significantly promotes the overall photocatalytic
hydrogen production process. This is consistent with obser-
vations that pyridinic N sites likely account for the high
photocatalytic H2 production in these organic photocatalysts
containing electron-withdrawing groups, such as carbon
nitride materials,[24] and covalent triazine frameworks.[25]

Such an ultrafast protonation process in CDs that are
intrinsically photobasic can have potential applications not
only in photocatalysis but also in opto-protonics, e.g.
exciplex lasing. The unique electronic structure of such
photobasic CDs shows a four-level exciplex diagram, which
leads to optical gain in the excited state and could be further
developed for lasing purposes. We believe that the present
demonstration of carbon dots could stimulate the rational
design of organic photocatalysts and lead to further
enhancements in catalytic activity and light emission.
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