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Carbon dots and nitrogen doped carbon dots were effectively synthesized and characterized. Their use as
light harvesters was examined in the presence of three different cobalt-based catalysts and
tris(carboxyethyl)phosphine/ascorbic acid (TCEP/Asc), as the sacrificial electron donor (SED). The
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Introduction

Even though hydrogen is the most abundant element on Earth,
it is present in chemical compounds and needs to be extracted
with the consumption of energy, in order to use it as a fuel.
Therefore, it is of great importance to produce and store H,
using alternative and economically feasible methods in order to
replace fossil fuels." Hydrogen is believed to have high density,
and to be a clean and environmentally friendly energy source,
since upon its combustion it produces no pollutants. Therefore,
H, is an attractive solution to resolve the global energy and
environmental problems.>® Many studies are based on efficient
H, production from which one of the most promising is the
photocatalytic splitting of water.** In order to produce an effi-
cient photocatalytic system, three main components must be
combined and operated together: a molecule or a material able
to absorb the energy of light (light harvester), a catalyst, and
a sacrificial electron donor.® The photosensitizer absorbs light
and produce electrons and hole pairs, then it promotes charge
transfer to the catalyst that stimulates the reduction of protons.
Finally, the sacrificial electron donor fuels the photosensitizer
with electrons in order to start the second catalytic cycle. For an
efficient photocatalytic system, it is crucial to use a light
absorber that is stable, absorbs light in a broad light region,
exhibits long lifetimes for effective charge separation, is easily
prepared with low-cost and contains noble-metal free elements.
Moreover, the redox potentials of the photosensitizer and the
catalyst must be well complemented so that the charge transfer
process will be thermodynamically and kinetically favored. For
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that purpose, much research has been done towards the
synthesis of numerous light harvesting organic or inorganic
molecules and nanomaterials.”** The molecular dyes appear to
have some disadvantages such as they suffer from photo-
stability in water and their preparation often requires
demanding synthetic procedures. On the other hand, among
the plethora of nanomaterials, carbon dots exhibit several
advantages compared to semiconductor materials that appear
to often have toxic metals in their structure.®"*** Carbon dots
are small carbon nanoparticles with usual size less than 10 nm.
The surface of these materials can be passivated with several
elements such as nitrogen in order to modify their fluorescence
properties and to facilitate charge separation due to the coex-
istence of p- and n-domains. Moreover, carbon dots appear to
have distinctive donor/acceptor properties, exceptional electron
transfer characteristics, photostability and low-cost preparation
with various techniques. All the aforementioned properties of
carbon dots make them promising candidates to be used as
light absorbance materials.® However, the use of carbon dots or
nitrogen doped materials solely as light harvesters with

TCEP/Asc

Fig. 1 Schematic representation of photo driven H, production with
carbon dots as the photosensitizer in the presence of a cobalt catalyst.
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molecular catalysts is limited.*>' In contrast there are reports of
their use as photosensitizers through co-sensitization with TiO,
and in the presence of noble metal catalysts."”® Therefore,
there is a need to develop an efficient system comprised of
carbon dot materials with noble metal free molecular catalysts.

In this report carbon dots (CDot) and N-doped carbon dots
(NCDot) have been synthesized as light harvesters to direct
photocatalysis of protons to H, with the use of molecular
cobalt catalysts (Fig. 1). The molecular H, evolving catalysts
that were selected herein are cobalt based, the macrocyclic
CatCo(u)1, the cobaloxime CatCo(m)2, and the porphyrin
based catalyst CatCo(u)3 (Fig. 6). This molecular approach
regarding the catalysts presents the advantage of facile
synthetic preparation and future modification of the
compounds, in order to investigate a series of molecules. The
carbon dot materials were efficiently synthesized and physi-
cally and structurally characterized. Additional studies were
performed concerning UV-vis, fluorescence properties and
electron transfer capability of all carbon dot materials. H,
photocatalytic experiments exhibited a high production rate
of 859 TON¢at with NCDot as the light harvesting material
and CatCo(m)1 as the molecular catalyst in the presence of
a SED. This value is the highest reported in the literature
concerning analogue Co based systems.?* The main drawback
of this photocatalytic scheme is the use of the SED that
inhibits it from being a real sustainable system for H,
evolution. Nevertheless, these materials present a remark-
able stability during photocatalysis that makes them able to
produce H, even after a period of 3 weeks under real solar
irradiation, the Cretan sunlight. Also, a H, evolution mech-
anism of our best working system is proposed.

Results and discussion
Synthesis of carbon dots

Various water-soluble carbon dots were synthesized as
photosensitizers for efficient hydrogen production using
molecular cobalt based catalysts. Bottom-up synthesis was
used for the preparation of the carbon dots starting from
inexpensive organic materials that were thermally decom-
posed to form the appropriate carbon core. In this work two
different types of materials were prepared CDot and NCDot.
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The first is designed with sodium carboxylate groups, while
the second is doped with nitrogen and contains carboxylic
acid and amino terminated groups. In both types of carbon
dots citric acid was used as a carbon source. In the case of
CDot citric acid was pyrolyzed to form carboxylic acid
terminated carbon dots followed by neutralization with
NaOH. More specifically, an already published synthetic
procedure was followed with slight modification.”® Powder
citric acid was heated in an oven under air at 180 °C for 72 h
to obtain a brown powder as shown in Scheme 1.

For the preparation of NCDots, citric acid was hydrother-
mally treated in the presence of ethylenediamine (Scheme
1).>»** Citric acid was dissolved in water in a poly(tetrafluoro-
ethylene)-lined autoclave reactor and heated at 180 °C for 8 h.
The dark brown products were added in a dialysis membrane
bag 1 kDa for 24 h in order to remove residual citric acid and
small sized products. The product was added in a round-
bottomed flask and freeze-dried in order to obtain NCDot as
a dark powder (Scheme 1). Also, NCDotMix was obtained
following the same procedure by skipping the step of purifica-
tion; therefore, the reaction mixture was collected from the
reactor and freeze-dried to obtain a brown solid. The yield of all
the above synthetic procedures was about 35-40%. The nature
and the properties of the synthesized material were studied with
several spectroscopic techniques.

Physical characterization of carbon dots

FT-IR spectroscopy was performed in order to obtain infor-
mation about the surface functionalities of carbon dots. The
CDot spectrum (Fig. 2) shows a broad peak in the range of
3335-2900 cm ' that corresponds to vibration of N-H, O-H,
and C-H bonds and peaks at 1560 and 1387 cm ' that
correspond to antisymmetric and symmetric stretches of the
carboxylate group, as already referred to in the literature.**
The spectrum of NCDot displays the following peaks:
3241 cm ™' that corresponds to N-H and O-H vibrations,
2920 cm ™' (C-H), 1684 cm ™' (C=C), 1646 cm ™' (C=0), and
1531 cm ™' (N-H). In the FT-IR spectrum of both materials the
C=0O0 vibration of citric acid at 1742 cm ' (C=0) is not
present, therefore the shift and the broadness of the peaks
imply full carbonization of both carbon dot materials of both
CDot and NCDot.

o OH o s
180 °C, air
_— > § "
H H d
0 L 5 days, NaOH
(o] OH
o OH o

HO OH

(o] OH

NH, 180°C, H,0
PN N ——

NCDots

8 h, autoclave

Scheme 1 Synthetic procedure for the preparation of carbon dots CDots and NCDots.
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Fig. 2 FT-IR spectra of citric acid, CDot and NCDot.
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Fig. 3 (a) XRD pattern and (b) TEM image of NCDots.

Structural information

The morphology of carbon dots was observed by trans-
mission electron microscopy TEM as shown in Fig. 3b and
S1b. The CDeot nanoparticles show a near spherical
morphology with a diameter of about 50 nm (Fig. S1b¥) where
in the case of NCDot the diameter of the material is less than
20 nm (Fig. 3b). In order to further elucidate the structure of
carbon dots X-ray powder diffraction (XRD) was performed.
NCDot displayed a broad peak at 26 = 23°, which is attributed
to highly defected or disordered carbon atoms as shown in
Fig. 3a. The broad peak is a characteristic peak of the long-
range disorder structure due to the small size of NCDot as
shown in TEM images (Fig. 3b).>* In the case of CDot an
amorphous peak at 20 = 30° was observed in the XRD
measurements (Fig. S1lat).

UV-vis and fluorescence

The aqueous solutions of carbon dots in all cases were yellow
under daylight. All materials emitted blue fluorescence under
360 nm UV lamp radiation. The UV-vis spectrum of CDot in H,O
(Fig. 4a) showed an absorption at ca. 200 nm, a typical
absorption peak which is assigned to the w — 7* transition of

This journal is © The Royal Society of Chemistry 2021
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the aromatic sp” areas.”* NCDot showed two peaks one at ca.
200 nm and an absorption peak at 340 nm (Fig. 4b). The first
peak can be ascribed to the © — w* transition of the unsatu-
rated conjugated nanocarbon structure and the latter is due to
the n — m* transition of the C=0 bond.*” The UV-vis spectrum
of NCDotMix is similar to NCDot and is illustrated in Fig. S2b.7}
The high energy transition of all carbon dots is due to charge
transfer from the inner to outer part of the sp>hybridized core.
In addition the lower energy transition is related to the transi-
tion from the edge or from the surface groups into the core.”®

In the fluorescence spectra, CDot displayed a maximum
emission at 360 nm, while NCDot and NCDotMix showed
a maximum emission at 340 nm as shown in Fig. 4 and S2.T The
emission of all carbon dots progressively red shift to a longer
wavelength as the excitation increases beyond 320 nm showing
an excitation-dependent behavior that is well known in similar
carbon dot materials.*

Quantum yield and lifetime

The quantum yield (QY) of carbon dots was calculated using
quinine hemisulfate in 0.1 M H,SO, as a reference. The QY of
NCDot was calculated to be 26%, whereas for CDot a much

Sustainable Energy Fuels, 2021, 5, 449-458 | 451
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Fig. 4 UV-vis absorption and fluorescence spectra of (a) CDot and (b)

lower QY of 2% was measured indicating that N doping is an
effective method to enhance the photoluminescence of these
materials.®® Moreover, the QY of NCDotMix, which is the
material obtained directly from the reaction with no further
purification, was calculated to be 43%. This indicates that the
carbon dots with a small molecular weight appear to have larger
QY. Lifetime decay fluorescence measurements of NCDot
showed 1; = 3.7 (38%) ns and 1, = 14.7 (62%) ns whereas the
CDot showed 1; = 2.1 (76%) ns and 1, = 14.4 (24%) ns. The
values were calculated by using a double-exponential function
for the satisfactory data fitting. These measurements are
according to the literature since it is known that carbon dot
materials show multiexponential decay of photoluminescence
emission.**

Electron transfer assays

The electron transfer ability of carbon dots was investigated by
observing the photoreduction of methyl viologen (MV>*) and its
capability to quench photoluminescence.> Therefore, a solution
of MV?" in aqueous ethylenediaminetetraacetic acid (EDTA), at
pH = 6 and in the presence of NCDot was bubbled for 15 min
under argon in order to remove oxygen. After 2 min of UV irra-
diation the typical peaks of reduced methyl viologen (MV") at 395
and 603 nm appeared as shown in Fig. 5a. During the time, the
color of the solution changed from yellow to blue that is indic-
ative of the formation of the reduced species. The same experi-
ments were performed with CDot displaying the same spectra
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Table 1 Valence band (VB) and conduction band (CB) potentials and
optical band gap (Eqo) of all carbon dots

Carbon dots Eyg® (V) Ecg” (V) Eoo (eV)
NCDot +1.01 —2.13 3.14
NCDotMix +1.01 —-2.13 3.14
CDot +1.18 —1.98 3.16

¢ Oxidation potentials were measured by cyclic voltammetry and were
referenced to NHE by addition of +0.193 V.** ” Values were calculated
as the difference of the oxidation potentials and the optical band gap
energy Eoo, calculated in eV. © Ey, values were calculated from the
intersection between the normalized absorption and emission spectra.

(Fig. 5b). Therefore, the carbon dots have electron transfer
properties which are essential for the photocatalysis.

Electrochemical measurements

Cyclic voltamograms of all materials (Fig. S3-S5t) were ob-
tained in 0.1 M aqueous solution of sodium sulfate. The
oxidation and reduction potentials are presented in the ESI
(Table S1).t The oxidation potentials of carbon dots were used
as the valence band (VB) values of the photosensitizers, since it
has been reported in the literature that for similar systems such
as CdTe quantum dots the E,, provides estimated values of the
position of the VB.*> Then, the VB values were subtracted from
the optical energy values (E) in order to obtain the potentials
of the conduction band (CB). The E,, values were obtained from

b) 1
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Fig. 5 UV-vis spectra of (a) NCDot (0.5 mg ml™%) with methyl viologen (1.2 mM) in EDTA 0.1 M at pH = 6 and (b) CDot (0.5 mg m(~%). UV-vis

spectra were recorded every 2 min after irradiation with a UV lamp.
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the intersection between the normalized absorption and emis-
sion spectra of carbon dots. In the case of NCDot E,, was esti-
mated at 395 nm that correspond to 3.14 eV. All calculated
values are listed in Table 1 and the normalized spectra of CDot
and NCDot are shown in Fig. S9 and S10,7 respectively.

Synthesis of catalysts

Cobalt based water-soluble molecular catalysts CatCo(m)1,
CatCo(m)2 and CatCo(m)3 were used for our H, evolution
experiments (Fig. 6). The first Co catalyst (CatCo(m)1) was
synthesized according to the synthetic procedure described by
Busch and later modified by Collomb and coworkers.**** The
last step of the aforementioned procedure was the treatment of
2,6-diacetylpyridine with CoCl,-6H,O salt, diaminodipropyl-
amine and LiClO, to afford the desired product in good yield.
Then the second cobaloxime based catalyst CatCo(m)2 was
prepared from dimethylglyoxime [Co(dmg),Cl,] with the addi-
tion of r-histidine under a N, atmosphere.***” A water-soluble
cationic Co-porphyrin catalyst CatCo(u)3 was synthesized as
described previously by metalation of tetrapyridylporphyrin
with (CH3CO0),Co-4H,0 in DMF under reflux. Finally, meth-
ylation was achieved by adding excess of iodomethane.*®

Photocatalytic hydrogen production

Photocatalytic experiments were performed using carbon dots
as photosensitizers and different cobalt molecules as catalysts
(Fig. 6) in aqueous solution with the use of diverse sacrificial
electron donors (SEDs) as shown in Fig. 1. In our first attempts
the catalytic system comprised of CDot and N-doped carbon
dots pure (NCDot) and impure (NCDotMix) as photosensitizers
with CatCo(m)1 in 0.1 M or 1 M ascorbic acid (Asc) as the SED at
pH = 5. The system was irradiated under UV or visible white
LED light and in any case no H, was detected. This may be
attributed to the well-known formation of dehydroascorbic acid
(DHA), which is produced during the catalysis and prevents the
ability of Asc to provide electrons to the photosensitizer.* To
overcome this difficulty we used SED as a mixture of TCEP/Asc
(1:1) 0.1 M each at pH = 5 and H, was produced in all cases in
the presence of CatCo(m)1 as a molecular catalyst. The same
SED mixture had been previously used by us and others leading
to a more efficient hydrogen evolution in all systems.****** TCEP
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regenerates the oxidized ascorbic acid and therefore overcomes
the limitation of instability of Asc and extends the lifetime of
the system. Upon optimization of the system the maximum
TON,r Of 859 was reached when N-doped carbon dots (NCDot)
were used as the photosensitizer after 52 h of irradiation (Fig. 7).
This is the highest TONcar reported in the literature when
carbon dots are used as a photocatalyst with a cobalt molecule
as a catalyst. The CatCo(m)1 catalyst was chosen since it shows
great stability and activity for H, evolution in aqueous
media.*>*> Moreover it has been used previously in a system of
CdTe water soluble quantum dots and reached 650 TONg,t in
1.5 h where it is less efficient compared to our system indicating
that for a better performance, CdTe components are not
essential. Also, our photosensitizers are easily synthesized from
low-cost starting materials.*

In the case of impure carbon dots (NCDotMix) the maximum
TONcar 334 was attained at 23 h, whereas the maximum
TONcar of CDot was 64 at 23 h. The lower performance of
NCDotMix compared to that of the pure ones is possibly due to
the presence of citric acid or due to carbonated products with
low molecular weight that prevent the absorption of light from
the photosensitizer. A characteristic feature of N-doped carbon
dots is that they start producing H, after about 10 h of irradi-
ation at a slower rate compared to CDot. More specifically, after
7 h of irradiation no H, was detected for NCDot and NCDotMix,
while at 7 h CDot attained 52 TON¢,r. Therefore, in our system
the NCDot chromophore proved to be more efficient compared
to CDot. The enhanced TON measured for N-doped carbon dots
is well known in the literature, since the presence of nitrogen
improves the charge transfer by introducing n-domains in the
material.***

In all cases the system is stable after UV irradiation for about
6 days. Reisner and co-workers have already reported H,
evolution of carbon dots using water-soluble cobalt catalysts
and carboxylate terminated carbon dots, under similar condi-
tions.”® They observed a low rate of H, production TONcar
ranging from 141 to 56 and a high stability of their system,
being active after 4 days of irradiation. In the case of N-doped
carbon dots the performance of our catalyst was much better
compared to all molecular cobalt catalysts reported in the
literature.” To the best of our knowledge our system shows the
highest rates of H, production when N-doped carbon dots are

©
HaCo
_CH
© N
CHj

COOH |

CatCo(ll)3

Fig. 6 Molecular structures of cobalt catalysts used in this work for H, production.
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Fig. 7 Photocatalytic hydrogen production plots of NCDot, NCDotMix and CDot. The photocatalytic experiments were conducted in aqueous
TCEP/Asc (1:1) 0.1 M each at pH = 5. The amount of carbon dots was 10 mg in each case and the catalyst CatCo(i)1 (20 nmol). All the results
presented in the H, production plots are the average values of three independent measurements (within 5-10% error).

photosensitized in the presence of a cobalt molecular catalyst in
water. Our system proved to be very stable since after about 6
days the carbon dots started to photo bleach and the system
stopped producing more H,. The photo bleaching of the photo-
sensitizer was monitored with UV-vis spectroscopy (Fig. S61). As
shown in the spectra the absorption of the material is decreasing
overtime indicating the decolorization of the material upon UV
irradiation. Therefore, after about 70 h of irradiation the system
was not able to absorb more light and the H, production stopped.
In order to investigate further the state of carbon dots during and
after the photocatalytic experiment TEM images were obtained in
order to investigate if there is a change in the morphology of
carbon dots (Fig. S7t). In Fig. S7(a)} the spheres of NCDot are
shown after UV irradiation for 50 h and in Fig. S7(b)7 are presented
in the NCDot after the completion of the photocatalytic experi-
ment. It is evident that the carbon dot materials keep their
spherical shape but their diameter gets smaller upon light irradi-
ation. Moreover, the number of the spheres is less upon irradia-
tion. Consequently, it seems that upon irradiation the morphology
of the photosensitizer alters. This is in accordance with XRD
measurements that were done in NCDot after the photocatalytic
experiment (Fig. S8+). The broad peak that was present at 26 = 23°
is the starting material, after 70 h of irradiation the same peak was
diminished indicating that the structure of the material has been
changed.

Moreover, control experiments were performed in the
absence of the catalyst CatCo(m)l, in the absence of the
photosensitizer NCDot, in the absence of the SED, TCEP/Asc
and in the dark. In any case a negligible amount of H, was
produced. This indicates that all components are essential for
H, production in our system. Also, when 20 nmol of CoCl, was
used as an alternative of the Co molecular catalyst, insignificant

454 | Sustainable Energy Fuels, 2021, 5, 449-458

H, was evolved. In addition, control H, evolution experiments
were done using NCDot, CatCo(m)1 and TCEP as the SED (0.1 M
at pH 5), where a lower photocatalytic H, production of 462
TONcar Was observed. This revealed that even though NCDot
can oxidize the TCEP, the Asc is the one that quenches the
photoinduced holes and the combination of TCEP/Asc is
essential for efficient H, production.* This finding is in accor-
dance with the emission experiments of NCDot where in the

900
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500 —

400

TON Vs Cat

300
200

100

10 20 50
Catalyst Amount (nmol)

100

Fig. 8 Photocatalytic hydrogen production plots NCDot in four
different quantities of the catalyst CatCo(i)1: 10, 20, 50 and 100 nmol.
The photocatalytic experiments were conducted in aqueous TCEP/
Asc (1:1) 0.1 M each at pH = 5 in the presence of catalyst CatCo(m)1.
All the results presented in the H, production plots are the average
values of three independent measurements (within 5-10% error).

This journal is © The Royal Society of Chemistry 2021
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presence of 0.1 M TCEP the carbon dots were slightly quenched
(Fig. S117).

Subsequently, the quantity of the catalyst was evaluated by
using four different amounts 10, 20, 50 and 100 nmol of Cat-
Co(m)1 in aqueous solution of TCEP/Asc 0.1 M each (Fig. 8). The
maximum TONgar was obtained when 20 nmol of CatCo(m)1
was used, therefore all the photocatalytic experiments that are
reported herein were done with 20 nmol of catalyst.

In our attempt to find out if our photosensitizer works well
with other water soluble catalysts we performed catalytic
experiments using NCDot as the photosensitizer and CatCo(m)2
and CatCo(u)3 as catalysts (Fig. 9). The thermodynamics of the
system using these two molecules makes them promising
catalysts for H, production."™* In our first attempt, when 20
nmol of the cobaloxime-type catalyst CatCo(ur)2 was used for H,
evolution experiments 1.01 pmol H, was obtained after 46 h of
UV irradiation. Moreover, when 20 nmol of water-soluble cobalt
porphyrin CatCo(u)3 was the catalyst, no H, was detected after
74 h of UV irradiation. The maximum amount of H, 17.1 umol
was obtained with the stable CatCo(m)1 after 52 h of light
irradiation making this Co catalyst superior compared to the
other two catalysts. The small H, production of CatCo(u)2 can
be due to its low stability in acidic aqueous media already re-
ported in the literature.*® In addition the undetectable H, in the
case of CatCo(u)3 is possibly once again due to the low stability
of the porphyrin molecule under UV irradiation.*®

In order to understand better the high performance of Cat-
Co(m)1 the AG (PS/Cat) were calculated for the three catalysts
and the photosensitizer NCDot. The redox potentials of the re-
ported compounds and the thermodynamic driving forces for
the electron transfer process are listed in Table 2. The ther-
modynamic driving forces were calculated according to the
literature.”” From these results it is obvious that the driving
force of CatCo(m)1 is larger compared to the other two catalysts

-~ 101 —=— CatCo(lll)1
S 4 —e— CatCo(lll)2
E 7] —A— CatCo(Il)3
6 -
4 -
2
ol u A . a .
T T T T T T T T T T T T 1
0 10 20 30 40 50 60 70 80
Time (h)

Fig. 9 Photocatalytic hydrogen production plots of 10 mg NCDot
with catalysts: CatCo(in)1 (20 nmol), CatCo(in)2 (20 nmol) and CatCo(n)
3 (20 nmol). The photocatalytic experiments were conducted in
aqueous TCEP/Asc (1 : 1) 0.1 M each at pH = 5. All the results presented
in the H, production plots are the average values of three independent
measurements (within 5-10% error).
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Table 2 Redox potentials (V vs. NHE) of the photosensitizer and
catalysts with the thermodynamic driving forces of electron transfer
processes AG; (PS/Cat) and AG, (PS/Cat) (eV)

Compounds Eqjp OX Ei;» Red
NCDot +1.01 —0.87
Ey, CO™™ By, Co™' AG, (PS/Cat) AG, (PS/Cat)
CatCo(m)1 (ref. 43) +0.35 —0.61 —1.22 —0.26
CatCo(m)2 (ref. 37) —0.48 —-0.87 —-0.39 0
CatCo(u)3 (ref. 48) —0.26 —0.46 —-0.61 —0.41

which is in accordance with the grater H, production of this
catalyst.

In all the catalytic systems H, evolution reaches a plateau
after several hours of irradiation and the H, production stops.
After the addition of either the catalyst or the SED no hydrogen
production was observed. However, when the photosensitizer,
NCDot was added, the catalytic system was effectively regen-
erated, suggesting that the carbon dots are decomposed after
about 6 days of UV light irradiation.

Different irradiation sources were applied to broaden the use
of our best performing system as shown in Fig. 10. Visible led
light was used to obtain 11.6 umol in 46 h, slightly less compared
to the H, evolution with UV irradiation (17.1 pmol) possibly due
to the higher absorbance of the photosensitizer NCDot at the UV
region as shown in the UV-vis spectrum Fig. 4b. Finally, we per-
formed the same experiment under the Cretan sun. During 21
days of irradiation the NCDot remained stable with no observed
photo bleaching, making the system very promising for future use
obtaining 5.3 umol of H, (TONgar = 264).

—a— SUN
—e— UV LED
—A—Vis LED

18

16 -]
14
12

10 4

umol H,
[o°}
1

Time / days

Fig. 10 Photocatalytic hydrogen production plots of 10 mg NCDot
with CatCo(m)1 (20 nmol) in various solar sources: UV Vis led and
Cretan sun. The photocatalytic experiments were conducted in
aqueous TCEP/Asc (1 : 1) 0.1 M each at pH = 5. All the results presented
in the H, production plots are the average values of three independent
measurements (within 5-10% error).
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H, evolution mechanism

In order to clarify the mechanism of our photocatalytic system
we performed emission spectroscopy experiments of NCDot in
the presence of different concentrations of the cobalt catalyst,
CatCo(m)1. This experiment will help us understand the favor-
able pathway that occurs in our system: (a) an oxidative
quenching from the chromophore to the catalyst or (b)
a reductive quenching from the SED to the chromophore.®*
The NCDot was excited at 340 nm and upon addition of the
catalyst the emission intensity was decreased by about 50%
indicating efficient transfer from the CB of the material to the
cobalt catalyst (Fig. S127). The concentration of NCDot was kept
constant during the addition of the catalyst. An analogous
procedure was followed using an aqueous solution of NCDot at
the same concentration as in the previous experiment and we
monitored the emission upon excitation at 340 nm when
different concentrations of ascorbic acid at pH = 5 were added
(Fig. S137). Once again, the emission intensity was significantly
decreased by about 80%. The mixture of TCEP/Asc was not
examined since when 0.1 M concentration of TCEP was used, we
observed a slight quenching (Fig. S11f). Therefore, the
quenching was due to the presence of the ascorbic acid in the
solution. Subsequently, the Stern-Volmer constant Ky, was
calculated to understand better the mechanism of the photo-
catalytic reaction. The calculation was done from the fitting of
the experimental data according to equation I,/I = 1 + Ks[Q],
where I, and I are the fluorescence intensities observed in the
absence and in the presence of each quencher, respectively, and
[Q] is defined as the quencher concentration (Fig. S14t).*° The
Ksy in the case of the catalyst was bigger (Ksy(car) = 4612.8 M
compared to the sacrificial electron donor ascorbic acid (Ksy(asc)
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= 13.8 M "). Moreover, the quenching constant K, was calcu-
lated using Kgy = Kqt, where t stands for the excited state life-
time in the absence of the quencher. In the case of the catalyst
CatCo(m)1 the Kq(car) = 4.38 x 10" M "' s™" and in the case of
the sacrificial agent ascorbic acid Kqase) = 1.32 x 10°M ' s~ 1,
Under similar conditions to the photocatalytic H, experiments 6
uM of catalyst and 0.1 M of the SED, the quenching is more
prominent in the case of ascorbic acid. This finding suggests
that a photoinduced electron transfer takes place from the
sacrificial electron donor to the VB of carbon dots. Moreover,
even though the quenching constant of the catalyst is greater
compared to the ascorbic acid the main electron transfer
follows the pathway from the ascorbic acid to the CB of carbon
dots due to the greater concentration of the SED (0.1 M)
compared to the catalyst (0.6 x 107> M).”* Therefore, the
hydrogen production in our system is done through a reductive
quenching by using the SED, leading over the oxidative
quenching by the CatCo(m)1.

The photocatalytic H, production seems to be thermody-
namically feasible and the energy diagram of the whole process
is shown in Fig. 11. The VB and CB potentials of NCDot were
calculated and are shown in Table 1, whereas the potentials of
the SED ascorbic acid and the catalyst CatCo(m)1 were taken
from the literature.***> The photo driven mechanism of H,
evolution that is proposed herein is in accordance with the
mechanism already mentioned by Llobet and Palomares in
a similar system using the same cobalt catalyst.** In the
beginning of the photocatalytic experiment CatCo(m)1 is in the
reduced form Co(u), as observed by the UV-vis spectra, where
the addition of the SED reduces the catalyst (Fig. S157).
However, the oxidized form of the catalyst Co(m) can be

H-

Fig. 11 Mechanism of two electron transfer photocatalytic H, production using N-doped carbon dots, CatCo(in)1 as the catalyst and TCEP/Asc

(1:1) 0.1 M each as the SED.
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produced during H, production. In order to produce H, two
electrons are needed to be transferred to the protons. In our
system solar irradiation excites the carbon dots and electron
transfer occurs from the VB to the CB, then the hole that is
formed at the VB of the photosensitizer is filled with an electron
transferred from the sacrificial electron donor. This pathway is
in accordance with the reductive quenching of our system as
discussed previously.

Following this, one electron reduces the cobalt metal of the
catalyst from Co(u) to Co(u). The whole process takes place one
more time where a second electron reduces the catalyst.
According to theoretical calculations from Zhong, Lu, Sakai and
co-workers this second reduction is ligand based and not metal-
centered.*® Therefore, ligand-reduced species formulated as
[Co™(L™")]" are formed, where after their protonation solar H,
evolution is achieved.

Conclusions

In this work we have examined the H, evolution ability of
carbon dots and nitrogen doped materials, in the presence of
cobalt catalysts in aqueous media. The key substance for effi-
cient H, production was TCEP/Asc which acts as the sacrificial
electron donor material. TCEP is well known to prevent the
formation of dehydroascorbic acid that prevents the ability of
ascorbic acid to give electrons to the photosensitizer. The study
demonstrated that cobaloxime and porphyrin based cobalt
catalysts are not able to promote the photocatalysis. However
the quite stable cyclic catalyst CatCo(m)l was capable of
producing a record high H, production of 17.1 pmol (TONgar =
859) under UV radiation. The photocatalytic H, production of
our system is performed via a reductive quenching by the SED
whereas two electrons are needed to be transferred to the
protons for H, production. This system offers great potential for
future work, to explore more water-soluble catalysts and even
extend the doping onto the carbon dots with noble-metal free
elements in order to improve the light absorption ability. The
only drawback of this system is the use of a SED. The improved
photocatalytic system can be even applied in the real world
since the sun is able to produce H, and by just adding low-cost
carbon dots onto the system it can operate for several weeks.
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