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ABSTRACT: Artificial photosynthesis is seen as a path to convert
and store solar energy into chemical energy for our society. In this
work, highly fluorescent aspartic acid-based carbon dots (CDs) are
synthesized and employed as a photosensitizer to drive photo-
catalytic hydrogen evolution with an [FeFe] hydrogenase
(CrHydA1). The direct interaction in CDs from L-aspartic acid
(AspCDs)/CrHydA1 self-assembly systems, which is visualized
from native gel electrophoresis, has been systematically inves-
tigated to understand the electron-transfer dynamics and its impact
on photocatalytic efficiency. The study discloses the significant
influence of the electrostatic surrounding generated by sacrificial
electron donors on the intimate interplay within the oppositely
charged subunits of the biohybrid assembly as well as the overall
photocatalytic performance. The system reaches an external quantum efficiency of 1.7% at 420 nm and an initial activity of 1.73
μmol(H2) mg−1(hydrogenase) min−1 under favorable electrostatic conditions. Owing to the ability of the synthesized AspCDs to
operate efficiently under visible light, in contrast to other materials that require UV illumination, the stability of the biohybrid
assembly in the presence of a redox mediator extends beyond 1 week.
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■ INTRODUCTION

Artificial photosynthesis is a promising strategy for converting
and storing solar energy into clean and sustainable fuels,
including hydrogen, methanol, or low-molecular-weight hydro-
carbons.1 Therefore, a great deal of scientific effort has been
made in developing scalable eco-friendly systems displaying
good conversion efficiencies.2,3 Photofuel production requires
efficient coupling of the single-electron chemistry of the
photosensitizer to the multielectron process of catalysis.4

Optimization of this process therefore requires suitable
photosensitizers and efficient catalysts as well as a detailed
understanding of their interaction(s).
Metal-free light harvesters in contrast to traditional metal

oxide semiconductors,5−7 quantum dots,8−10 and plasmonic
photosensitizers11 offer low toxicity/low cost. Among poten-
tially interesting photosensitizers are organic molecules/
polymers12−16 and carbon-based materials,17 for example,
carbon nitrides18,19 and carbon dots (CDs)/graphene
quantum dots.20 Great water dispersibility,21−23 high photo-
stability, and tunability of absorption above 600 nm24 make
CDs stand out among biofriendly photosensitizers for solar
fuel production.25−31

Nature has provided us with remarkable hydrogen evolution
catalysts, the hydrogenase enzymes that catalyze the H+/H2

interconversion at low overpotentials with rates exceeding
1000 s−1, motivating studies of their biotechnological
application.32−34 Combining CDs and hydrogenases in order
to build biohybrid systems is arguably a promising strategy.20

Hydrogenases are large proteins featuring a complex active site
buried within the protein matrix and thus require gas channels
and pathways for electron and proton shuttling.35−38 The
engineering of biohybrid assemblies with hydrogenases should
consider the following: (i) size compatibility, (ii) availability of
preferential binding sites, and (iii) the chemical environment,
for example, ionic strength, pH, or charges that influence the
interaction between the subunits. To fulfill one of the goals of
artificial photosynthesis, namely, charge accumulation, where
single-photon/single-electron events are coupled with multi-
electron reduction reactions,4 it is beneficial to have small
light-harvesting centers that may consecutively transfer
electrons directly to the active site of the hydrogenase,10
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emphasizing the role of size/geometry matching between light-
harvesting units with the dimensions of the active site (the
pocket) of the hydrogenase.39 To even further enhance the
interaction between CDs and the active site of the hydrogenase
that possesses opposite charges, the electrostatic environment
affected by the sacrificial electron donor can play a crucial role.
Current approaches for directed binding of redox enzymes
include electrostatic/hydrophobic/hydrophilic interactions or
specific protein−amino acid bindings.40 It has been shown that
the electrostatic interaction between the negatively charged
ligands of CdS nanorods and the positively charged binding
site of the [FeFe] hydrogenase enzyme played a crucial role on
the preferential site-specific adsorption.41 Additionally, Reisner
et al. showed that the positive surface charge of CDs affected
the electron-transfer efficiency toward the [NiFe(Se)] hydro-
genase enzyme, leading to 48 h of hydrogen evolution without
the presence of a redox mediator.42

In the current work, we have studied CDs prepared from L-
aspartic acid (AspCDs) as a photosensitizer to drive efficient
enzymatic catalysis with the artificially maturated [FeFe]
hydrogenase from Chlamydomonas reinhardtii (CrHydA1)
(Scheme 1). The choice of the biocatalyst is motivated by

the generally higher activities of the [FeFe] hydrogenase for H2
gas production, as compared to [NiFe] hydrogenases. The
possibility of producing the former enzyme using standard
heterologous expression techniques also significantly simplifies
the catalyst production.33,34,43 We discuss the effect of the
sacrificial electron donor on the interaction between the
synthesized AspCDs and the [FeFe] hydrogenase enzyme and
its effect on the electron dynamics and photocatalytic
performance in the biohybrid assembly.

■ RESULTS
Preparation and Characterization of AspCDs. CDs

were prepared by solvothermal decomposition of L-aspartic
acid at 210 °C (Figure 1a, more details are provided in the
Supporting Information and Figures S1−S4), which renders a
water-dispersible product denoted as AspCDs. In contrast to
pyrolysis of aspartic acid that operates at temperatures above
300 °C and requires NaOH to solubilize the product, the
solvothermal method applied here enables solubilization of the
reactants at much lower temperatures without the necessity to
introduce unnecessary ions, for example, Na+. The AspCDs
exhibited fluorescence (Figure 1b) with emission peaks
centered at 450 nm (355 nm excitation) and 525 nm [420
nm excitation and a quantum yield (QY) of 21.2%]. The
average size of the AspCDs was determined to be 2.5 ± 1.1 nm
by transmission electron microscopy (TEM, Figure 1c).
Moreover, as seen from high-resolution TEM (HR-TEM)
images, CDs showed a good degree of graphitization (Figure
S5). High-resolution C 1s X-ray photoelectron spectroscopy
(XPS, Figure 1d inset, Table S1) revealed that C−C/CC
and N/O−CO bonds were the most dominant peaks (the
total composition of the material was carbon 68%, nitrogen
10%, and oxygen 22%), reflecting a high amount of carboxylic
and amidic functional groups on the surface (Figure 1d).
Among the desired features of photosensitizers, in parallel to

the broad visible light absorption, is the ability to efficiently
transfer photogenerated charges to the catalyst or a redox
mediator. The electron-transfer capabilities of AspCDs were
evaluated in the presence of the soluble redox mediator methyl
viologen, MV2+ [E0′ = −0.43 vs standard hydrogen electrode

Scheme 1. Schematic Representation of the AspCD/
CrHydA1 Biohybrid System for Light-Driven Hydrogen
Evolutiona

aRole of the sacrificial electron donor and methyl viologen
(highlighted in red) is discussed in detail as well as the rates of the
given electron-transfer steps.

Figure 1. (a) Reaction scheme of AspCD preparation; (b) fluorescent excitation−emission map for prepared AspCDs in water; (c) TEM image of
AspCDs with size distribution in the inset, and the scale bar is 40 nm; and (d) survey spectrum (inset) and the high-resolution C 1s XPS spectrum
of AspCDs.
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(SHE) at pH 7],44 that provided a favorable reduction
potential for hydrogen evolution (E0′ = −0.42 vs SHE at pH
7). The rise of the characteristic absorption peak of MV•+

(Figure S6) after light illumination in the presence of AspCDs
(0.2 mg mL−1) was monitored as a function of time with
different sacrificial electron donors under pH 4−11. The
photoactivity of AspCDs was negligible at pH 4 (Figure 2) in

the presence of both ascorbic acid (0.2 M) and ethyl-
enediaminetetraacetic acid (EDTA, 0.1 M). Increasing the pH
from 5 to 11 dramatically improved the reduction rate of MV2+

using EDTA and triethanolamine (TEOA, 10%, 0.67 M) as
sacrificial electron donors. The fastest rate of MV•+ generation
was observed at pH 11. However, as the optimum working
condition for CrHydA1 is at pH 7,45 it was decided to perform
further investigations in the presence of EDTA and TEOA
under pH 7.
The photochemistry of the AspCDs was further analyzed by

electron paramagnetic resonance (EPR) spectroscopy. Con-
tinuous in situ illumination of the solution of 0.5 mg mL−1

AspCDs containing TEOA (pH 7) under ambient conditions
generated an EPR signal centered at g = 2.004 with a line width
of ∼5 G (Figure 3a), attributable to an organic radical. No
EPR active species was observed in the absence of TEOA
(Figure S7a). Switching off the light resulted in an immediate
decrease in the intensity of the radical EPR signal, although it
took several minutes (ca. 5−10 min) in the dark until complete
disappearance of the signal was observed. Similar behavior of
the signal was observed in repeated cycles of light on/off.

Thus, the radical signal displayed definite lag behavior in its
response upon the transfer from light to dark conditions. Such
a shielding effect suggests that the radicals are situated on
aggregated particles rather than on single molecules.46

Consequently, this g = 2.004 radical signal is attributed to
reduced AspCDs.
The negative surface charge of the prepared AspCD particles

(Figure S1) provides a suitable interface for the self-assembly
with the [FeFe] hydrogenase.8,39 More specifically, CrHydA1
features as a positively charged pocket on the surface near the
active site of this enzyme (Figure 4), providing an ideal

docking site for the AspCD particles.8,39,47−49 It should be
noted that CDs are smaller than the hydrogenase; thus, we
cannot exclude that several CDs may associate with one
molecule of the hydrogenase, providing a larger number of
light-harvesting centers around the catalyst. However,
considering the size of the CDs and the positively charged
area surrounding the active site of the hydrogenase (see Figure
4c), probably one or at most two CDs are close enough to the
active site and dominate the electron-transfer process to the
enzyme.
The stability of the enzyme in the AspCDs/CrHydA1

assembly was analyzed by EPR spectroscopy, for which
samples were prepared at room temperature before they
were flash-frozen. The addition of CrHydA1 (10 μM) to an
aqueous solution with 0.5 mg mL−1 AspCDs and TEOA (pH
7) resulted in the appearance of two EPR active species. As

Figure 2. Generation of photoreduced methyl viologen (MV•+) after
illumination (white LED, 50 mW cm−2, 420−700 nm) over time
monitored by absorption at 605 nm: the plots are presented for
various sacrificial electron donors at different pH values (concen-
tration of AspCDs: 0.2 mg mL−1, methyl viologen dichloride: 0.1 mM,
EDTA: 0.1 M, TEOA: 10%, and ascorbic acid: 0.2 M).

Figure 3. (a) X-band EPR spectrum of the AspCD radical (g = 2.004) recorded under in situ continuous light illumination and an ambient
atmosphere; (b) EPR spectra recorded at 21 K of a solution composed of 0.5 mg mL−1 AspCDs, TEOA (pH = 7), and 10 μM CrHydA1 before
(black) and after (red) light exposure. The EPR features of the as-prepared sample (b, black) are attributed to the Hox state [g = 2.10, 2.04, and
2.00 (↓)] and the Hox−CO state [g = 2.06 and 2.01 (▼)].

Figure 4. (a) Model of CrHydA1 generated from its crystal structure
(PDB ID: 3LX4); the calculated channels are labeled in green and
violet, and the average size of AspCDs (2.5 nm) is illustrated with a
yellow bar; (b) electrostatic map of CrHydA1; positively charged
areas are indicated in blue, negatively charged areas are indicated in
red, and the tunnels present are also labeled; and (c) illustration of
the weakened interaction of AspCDs with CrHydA1 once employing
negatively charged EDTA.
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seen in Figure 3b, the spectrum featured a rhombic signal that
can be assigned to the Hox state (g = 2.10, 2.06, and 2.00,
indicated by ↓), in combination with a weaker axial signal
attributable to the Hox−CO state (g = 2.06, 2.01, indicated by
▼) of the enzyme. This observation verifies the integrity of
the enzyme in the presence of AspCDs and indicates that the
enzyme was poised in its oxidized state, albeit a small
population of the EPR silent Hred cannot be fully excluded.
Notably, in samples frozen after exposure to light, the EPR
signals from both Hox and Hox−CO were lost (Figure 3b, red
line), indicating accumulation of the Hred state in the
photocatalytic system.
Visualization of the Interaction within the Biohybrid

Assembly. The close interaction of AspCDs and CrHydA1
was demonstrated by native acrylamide gel electrophoresis,
and the corresponding gel image is shown in Figure 5. In

isolation, the AspCDs migrated with the front of the gel and
were not discernible. However, when the particles were
incubated with CrHydA1, small fractions of the particles
were located on the position of the CrHydA1 bands, as is
visible from the gel under UV illumination. The fluorescent
bands were clearly visible for the interaction of AspCDs and
CrHydA1 in the absence of the electron donor and in the
TEOA solution. Conversely, incubation in the presence of
EDTA resulted in weakening of the fluorescence. It should also
be noted that sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) exhibited only a single protein
band (Figure S8), while additional bands of CrHydA1 were
clearly observable following the native polyacrylamide gel
electrophoresis (PAGE) separation. Therefore, while the
enzyme is pure, there appears to be a certain degree of
inhomogeneity of the enzyme population under these

conditions. The localization of AspCDs in the bands of
CrHydA1 clearly visualizes the close interaction and influence
of the sacrificial electron donor on the formation of the
photoactive AspCDs/CrHydA1 complex. Notably, from
electrophoresis, it can be observed that there is still a strong
attraction between CDs and CrHydA1 in the absence of any
sacrificial donor. The result is particularly encouraging as this
half-reaction system can be considered for a full water-splitting
system that only uses water as a proton and electron source.

Photocatalytic Hydrogen Evolution. Having spectro-
scopically verified the photodriven reduction of the enzyme,
we studied the photocatalytic performance of the AspCDs/
CrHydA1 assembly systems employing EDTA or TEOA as the
electron donor at pH 7 (Figure 6). The impact of the redox
mediator (methyl viologen) on the photocatalytic performance
and stability was investigated.50 In order to prevent the
inhibition of the [FeFe] hydrogenase by UV light,51 the
photoactivity measurements were performed under white light-
emitting diode (LED) illumination (50 mW cm−2, 420−700
nm).44

Both in the presence and absence of the redox mediator
(MV2+), H2 production was observed for the biohybrid
AspCDs/CrHydA1 assemblies employing various sacrificial
electron donors. In the system with EDTA, the amount of
evolved hydrogen during the first hour of light irradiation was
0.14 ± 0.05 μmol H2 and increased by a factor of 6 in the
presence of MV2+ (0.77 ± 0.08 μmol H2). This observation
indicates that the electrostatic interaction between AspCDs
and CrHydA1 in EDTA is not efficient for direct electron
transfer to the enzyme. On the other hand, the measurement in
TEOA showed higher H2 evolution without MV2+ (0.62 ±
0.11 μmol) than the system with MV2+ (0.33 ± 0.09 μmol)
during the first hour of illumination (Figure 6a). To the best of
our knowledge, this is the first example of a carbon-based
nanomaterial where hydrogen evolution in the absence of a
redox mediator matches the efficiency of mediated systems.
These findings reveal that the negatively charged AspCD
particles interact stronger with the positively charged active site
of CrHydA1 in solutions containing TEOA, as compared to
the EDTA system. As the pH is identical in the two biohybrid
systems, the difference in photocatalytic behavior is attributed
to the nature of the sacrificial electron donors. On one hand,
the negatively charged EDTA (mostly present in the HY3

−

form at pH 7, pK5 = 6.13)52 can interact with the positive
surface pocket of CrHydA1 (Figure 4a,b) and thus prevent the
electrostatic attraction between the CD particles and the
enzyme (Figure 4c). On the other hand, TEOA should not be
deprotonated at pH 7 (pKa = 7.7)53 and therefore should not

Figure 5. (a) Native 12% PAGE of CrHydA1 with AspCDs
preincubated in different environments (water, 10% TEOA, and 0.1
M EDTA) stained with brilliant blue and (b) under 360 nm UV light.
The free AspCDs migrate with the front of the gel with bromophenol
blue.

Figure 6. (a) Evolved hydrogen initiated by light irradiation of AspCDs (0.5 mg mL−1, 2 mL in total) with 250 pmol of CrHydA1 at pH 7 with and
without methyl viologen (10 μmol) in the presence of TEOA and (b) hydrogen evolution in the presence of EDTA with and without MV; the
systems missing one key component (AspCDs, CrHydA1, or the sacrificial electron donor) or kept in darkness did not evolve any hydrogen.
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disrupt the electrostatic interaction between AspCDs and
CrHydA1.
External quantum efficiency (EQE) was evaluated for the

system without the redox mediator in TEOA. The EQE
measured at 420 nm during the first hour was 1.7%, which is 4
times higher than the EQE of CDs with the [NiFe(Se)]
hydrogenase illuminated at 360 nm.42 In the presence of 100
pmol of CrHydA1, 1.73 μmol(H2) mg−1(hydrogenase) min−1

was produced (Figure S9). A table comparing the performance
of the AspCDs/CrHydA1 assembly with that of the related
state-of-the-art systems is presented in the Supporting
Information (Table S2).6−9,18,25−31,41,54

Extended catalytic assays revealed that all combinations of
electron donors (TEOA or EDTA) and the redox mediator
(with or without MV2+) produced H2 continuously during the
first 8 h, at which time the hydrogen accumulation plateaued
for systems without MV2+ (Figure 6). Addition of either extra
AspCDs or CrHydA1 did not restart hydrogen evolution
(Figure S10), showing that both AspCDs and CrHydA1 were
deactivated upon extended operation. In contrast, employing a
redox mediator (MV2+) prolonged the stability of the
photocatalytic system, enabling almost linear hydrogen gas
production during 48 h in TEOA (Figure 6a). In this case, the
decrease in the H2 production was not due to the instability of
the AspCDs but rather reflected the stability of the enzyme.
The addition of fresh AspCDs to the system with MV2+ when
hydrogen production had ceased had a negligible effect on the
system (Figure 7a). Conversely, hydrogen production could be
restarted by the addition of a new aliquot of CrHydA1 (Figure
7b). In contrast to the performance of the biohybrid assembly
in TEOA, in the presence of EDTA, the overall activity started
to decrease after 24 h of light irradiation (both with and
without MV2+, Figure 6b), attributed to enzyme inhibition
through iron chelation.55

To understand if the performance of the system was limited
by the photon flux, we performed additional experiments,
where two neutral density filters (60% transmittance and 30%
transmittance) were applied in front of the LED lamp. Similar
initial hydrogen evolution reactions (HERs) were observed for
the systems AspCDs/CrHydA1/TEOA and AspCDs/CrHy-
dA1/MV/TEOA without and with the 60% transmittance
filter. These findings indicate that the performance of the
AspCDs/CrHydA1 assembly was not limited by the light
intensity (Figure S11 and Table S3). More specifically, during
the first 48 h of illumination under 60 T% irradiation, minor
deviations (within the error) were observed for both systems
with and without methyl viologen (Figure S11). After 48 h, the
AspCDs/CrHydA1/MV/TEOA system illuminated without
the neutral density filter reached its plateau (Figure S11b),

while under 60 T% illumination, hydrogen continued to evolve
for an additional 120 h, generating extra 5 ± 1 μmol of H2.
Thus, in the latter case, the stability of the biohybrid assembly
extended beyond 1 week. We attribute the increase in
hydrogen evolution to the enhanced stability of the hydro-
genase under reduced light intensity illumination based on the
previous observation that hydrogen evolution could be
restarted after 48 h of illumination without a filter by the
addition of fresh hydrogenase (Figure 7b). A further decrease
of the photon flux (30 T% LED light), however, decreased the
hydrogen gas production by ∼40% (Table S3).

■ DISCUSSION

The difference in the photocatalytic behavior between the
systems with and without methyl viologen shows that MV2+/
MV•+ not only acts as a redox mediator but also greatly
enhances the stability of the system. It suggests that during
extended illumination, the direct charge transfer from AspCDs
to CrHydA1 becomes insufficient for overcoming the self-
decomposition of AspCDs, and the decomposed AspCDs can
subsequently deactivate CrHydA1. The addition of MV2+

provides a reservoir of a suitable electron acceptor for the
photoreduced AspCD, thereby preventing photodegradation
and extending its performance beyond 1 week.
In order to further understand the effect of the interaction

between CDs and the hydrogenase on electron-transfer
processes in the systems, we determined reaction rates of the
CD reduction by electron donors upon light illumination (eq
1, ν1), the reduction of CrHydA1 by the reduced CDs without
(eq 2, ν2) and with (eq 3, ν3) MV2+, and the reduction of
CrHydA1 by both MV•+ and CD•− (eq 4, ν4) in the presence
of different electron donors (subscript T for TEOA and E for
EDTA in the rate symbols). The corresponding reaction rates
are collected in Table 1.

h
t

El. donor CD CD El. donor
d CD /d 1

ν
ν

  + + → +  
[ ] =

•− +

•−
(1)

Without MV2+

t

CD CrHydA1 CD CrHydA1

d CrHydA1 /d 2ν

+ → +

[ ] =

•− −

−
(2)

With MV2+

tCD MV CD MV d MV /d2
3ν+ → + [ ] =•− + •+ •+

(3)

Figure 7. Addition of extra quantities of (a) AspCDs (0.5 mg) or (b) CrHydA1 (250 pmol) in TEOA with methyl viologen.
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( )CrHydA1 d CrHydA1 /d

2

4ν

+ + + → +

+ + [ ] =
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For the TEOA-based system, because the AspCDs have
been proved to be deactivated/decomposed within 8−10 h in
the TEOA-based system without MV2+ (Figure S12), the rate
of the generation of reduced carbon dots, CD•− (ν1T, assuming
one CD gets one electron), must be much faster than the rate
of the following step reducing CrHydA1 (ν2T, 458 μmol L−1

h−1), which actually is proved by the experiment with addition
of MV2+. The much faster ν3T indicates that the formation of
CD•− should be faster or at least equal to 1708 μmol L−1 h−1.
Therefore, ν2T is the rate-determining step in the system to
generate reduced CrHydA1 (coded as CrHydA1−) in the
absence of MV2+.
In the presence of MV2+, as MV2+ can oxidize CD•− more

efficiently than CrHydA1 does, ν3T (1708 μmol L−1 h−1) ≫
ν2T (458 μmol L−1 h−1). After the first run of the hydrogen
evolution from the system in the presence of MV2+ (48 h), we
can still see that the reduced MV2+ (MV•+) remains in the
solution, indicating that the generation of MV•+ is faster than
consumption of MV•+, which is also proved from the reaction
rates, that is, ν3T (1708 μmol L−1 h−1) > ν4T (418 μmol L−1

h−1). It means that the reduction of MV2+ by CD•−

outcompetes other reactions. Interestingly, ν2T and ν4T have
similar rates whether there is MV2+ or not, providing two
possibilities: (a) the electron-transfer rate from MV•+ to the
hydrogenase is similar to that from CD•− to the hydrogenase
and (b) the reduction of the hydrogenase is still dominated by
the electron transfer from CD•−. The former one can be easily
ruled out by comparing both TEOA- and EDTA-based systems
in the presence of MV2+. The formation of MV•+ in both
systems is almost equally fast, that is, ν3T ≈ ν3E. However, the
EDTA-based system shows a much faster ν4E (862 μmol L−1

h−1) than the TEOA-based system with a ν4T of 418 μmol L−1

h−1, which means that the electron transfer from MV•+ to the
hydrogenase must be faster than that from CD•−. The result
implies that the formation of CrHydA1− in the TEOA-based
system in the presence of MV2+ is still dominated by electron
transfer from CD•− to the hydrogenase, attributable to the
strong interaction between CDs and the hydrogenase in the

system. Therefore, the formation rate of CrHydA1−, ν4T, is still
the rate-determining step.
For the EDTA-based system, the situation is obviously

distinguished from the TEOA system. In the absence of MV2+,
the formation rate of CrHydA1−, ν2E, is much slower than that
from the TEOA-based system because of the weaker
interaction between CDs and the hydrogenase in the EDTA-
based system (Figure 5). Therefore, the rate-determining step
is still the electron transfer from CD•− to the hydrogenase.
However, in the presence of MV2+, the reduction of MV2+ by
CD•− is much faster than the reduction of the hydrogenase by
CD•−, that is, ν3E (1796 μmol L−1 h−1) > ν2E (265 μmol L−1

h−1). As discussed above, one can see that the hydrogen
evolution rate in the EDTA-based system, ν4E (862 μmol L−1

h−1), is much faster than that in the TEOA-based system, ν4T
(418 μmol L−1 h−1). The result suggests that the weaker
interaction between CDs and the hydrogenase in the EDTA-
based system actually facilitates the electron transfer from
MV•+ to the hydrogenase. It is probably because the unblocked
hydrogenase surface gives more freedom to MV•+ to interact
with the active site. The formation rate of CrHydA1− is
therefore dominated by MV•+ rather than by CD•−, which is
different from the TEOA-based system. However, the
formation rate of MV•+ is still faster than the rate of
consumption of MV•+, that is, ν3E (1796 μmol L−1 h−1) >
ν4E (862 μmol L−1 h−1). We can still see the accumulation of
MV•+ during the photocatalysis, indicating that the electron
transfer from MV•+ to the hydrogenase is the rate-determining
step.

■ CONCLUSIONS
In conclusion, we prepared highly fluorescent carbon dots
(AspCDs) by solvothermal carbonization of aspartic acid and
used them as a photosensitizer in a self-assembled biohybrid
system with CrHydA1 as a hydrogen evolution catalyst. The
AspCDs/CrHydA1 self-assembly is attributed to the comple-
mentary charge surface between AspCDs (negative) and the
patch close to the active site of the enzyme (positive). The
formation of the biohybrid complex between AspCDs and
CrHydA1 in water has been clearly observed from native gel
electrophoresis. Oppositely charged sacrificial electron donors
such as TEOA and EDTA have shown an antipodal effect on
the stability of the biohybrid complex and therefore have
influenced the photocatalytic performance. In brief, the
positively charged TEOA allows the biohybrid complex
AspCDs/CrHydA1 to retain the interaction between the
positively charged binding pocket close to the hydrogenase
active site and the negatively charged AspCDs, resulting in
better photo-catalytic performance and a better charge-transfer
rate as compared to the system operating in the presence of
negatively charged EDTA. Moreover, this is the first time when
efficient hydrogen evolution in the absence of a redox mediator
was observed for carbon-based nanomaterials. Still, the
presence of MV2+ has a significant effect on the stability,
extending the operating lifetime of the biohybrid assembly to 1
week. This effect is attributed to the acceleration of
regeneration of AspCDs by MV2+, preventing accumulation
of electrons on the reduced AspCDs, as well as the enhanced
stability of CrHydA1 under continuous illumination (60 T%).
An EQE of 1.7% makes the AspCD/CrHydA1 system among
the most efficient biofriendly photocatalytic systems using
hydrogenase as the catalyst. In a wider context, the observed
photocatalytic performance in combination with the long

Table 1. Rate Values for the Biohybrid AspCDs/CrHydA1
System in TEOA and EDTAa

TEOAb

ν1T ν2T (μmol L−1 h−1) ν3T (μmol L−1 h−1) ν4T (μmol L−1 h−1)

n.d 458 ± 5 1708 ± 195 418 ± 17
EDTAb

ν1E ν2E (μmol L−1 h−1) ν3E (μmol L−1 h−1) ν4E (μmol L−1 h−1)

n.d 265 ± 27 1796 ± 157 862 ± 92
aν3 values are determined as an amount of produced MV•+ in the
initial 5 min of light irradiation (an extinction coefficient of 13,700
M−1 cm−1 at 605 nm56). The ν2 and ν4 values are determined from
the amount of evolved hydrogen (two-electron process) in the initial
3 h of light irradiation, with a light intensity of 50 mW cm−2 (420−
700 nm, white LED light). bIdentical concentration of AspCDs (0.5
mg mL−1) and MV (5 mM) was used for determination of the given
rate values; the time scale (3 h for H2 evolution and 5 min for MV•+

evolution) is selected according to the initial linearity of the
photoreaction. ν4 is calculated from hydrogen evolution with an
assumption that all reduced hydrogenases are used for hydrogen
production.

ACS Catalysis pubs.acs.org/acscatalysis Research Article

https://dx.doi.org/10.1021/acscatal.0c02474
ACS Catal. 2020, 10, 9943−9952

9948

http://pubs.acs.org/doi/suppl/10.1021/acscatal.0c02474/suppl_file/cs0c02474_si_001.pdf
pubs.acs.org/acscatalysis?ref=pdf
https://dx.doi.org/10.1021/acscatal.0c02474?ref=pdf


stability underscores the potential of this latest member of the
carbon nanomaterial family.

■ EXPERIMENTAL SECTION
Materials and Methods. All chemicals were obtained

from Sigma-Aldrich and used without further purification
unless otherwise stated. Absolute ethanol (99.5%+) was
obtained from VWR Chemicals. Dialysis tubing (2 kDa cutoff,
benzoylated) for purification of particles was also obtained
from Sigma-Aldrich. CrHydA1 was prepared following
literature protocols,57,58 and the specific activity of the used
batch was 625 μmol(H2) mg−1(hydrogenase) min−1.
Preparation and Characterization of CDs. CDs

(AspCDs) were prepared by solvothermal decomposition of
L-aspartic acid. In brief, 500 mg of aspartic acid was redispersed
in 15 mL of absolute ethanol in an ultrasound bath for 30 min.
The prepared suspension, even with the undissolved parts, was
transferred into a reaction autoclave with a Teflon inset and
kept at 210 °C for 8 h in an oven. The high reaction
temperature led to the complete dissolution of the precursor
and formation of highly fluorescent particles. The solution was
filtered through a 200 nm Teflon syringe filter and transferred
into 20 mL of deionized water. Afterward, the solution was
heated at 40 °C in a reaction flask for several hours until the
unwanted ethanol was removed. The obtained water solution
of AspCDs was also passed through a syringe filter and
dialyzed against ultrapure water for 1 day to remove unwanted
low molecular contaminants. The concentration of the
obtained stock solution of AspCDs was determined by drying
the known aliquots.
Photoluminescence spectra were obtained on an FLS980

fluorescence spectrometer from Edinburgh Instruments
Company equipped with a 450 W xenon arc lamp as the
excitation source for steady-state experiments and with an
EPL-375 ps pulsed diode laser. An absolute method was used
for determination of the photoluminescence QY. Samples in
the liquid phase were measured in a UV quartz cuvette (light
path = 10 mm). The same cuvette filled only with solvents was
used as a reference. Three reference dyes with the determined
PL QY were used to calibrate QY measurements in an
integrated sphere: 2-aminopyridine (a reference QY of 84%,
Aldrich), Rhodamine 101 (a reference QY of 100%, exciton),
and 4-(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyr-
yl)-4H-pyran in dimethyl sulfoxide (a reference QY of 57%,
Aldrich). TEM images were measured using a JEOL 2010
transmission electron microscope operating at 160 kV. The
high-resolution TEM images were obtained using an FEI Titan
electron microscope operating at 80 kV. The log-normal
distribution of the particles was determined by manual particle
counting using the ImageJ software. XPS was performed on a
PHI VersaProbe II (Physical Electronics) spectrometer using
an Al Kα source (15 kV, 50 W). The data were fitted by the
MultiPak (Ulvac-PHI, Inc.) software and referred to the C 1s
peak at 284.80 eV. The Fourier transform infrared (FT-IR)
spectrum was obtained on an iS5 Thermo Nicolet FT-IR
spectrometer using the Smart Orbit ZnSe ATR technique. The
zeta potential of the particles was recorded at various pH
values on a Zetasizer Nano Zs instrument (Malvern, UK). The
NMR spectra in the presence and absence of TEOA before and
after irradiation were recorded on a JEOL (400YH magnet)
Resonance 400 MHz spectrometer.
The generation of the reduced form of methyl viologen

(MV•+) was measured in a sealed UV−vis cuvette. In brief, 1.5

mL of the stock AspCD solution (0.4 mg mL−1) was
transferred into the cuvette and diluted with 1.5 mL of the
stock solution of the sacrificial electron donor (0.2 M EDTA or
20% TEOA; the pH was changed by adding 1 M NaOH or
HCl). Subsequently, 30 μmol of 10 mM MV solution in water
was added. The pH of the solution was controlled; the cuvette
was sealed; and the solution was bubbled with argon for 15
min. The bubbled solution was taken as a background
correction. Afterward, the sample was irradiated with an
LED PAR38 lamp (17 W, 5000 K, 420−700 nm, 50 mW cm−2,
Zenaro Lighting GmbH; the spectrum of the used LED and
the absorption and reflectance spectrum of AspCDs are given
in Figure S4 in the Supporting Information), and the
generation of reduced MV was monitored by UV−vis
measurement using a PerkinElmer Lambda 750 spectrometer.

Hydrogen Evolution. The hydrogen evolution was
measured in 9 mL gastight headspace vials. The appropriate
amount of hydrogenase was added to 2 mL of the oxygen-free
AspCD solution in the sacrificial electron donor (0.5 mg mL−1

AspCDs, 0.1 M EDTA pH 7 or 10% TEOA pH 7). The
measurements in the presence of a redox mediator were
performed with 0.1 mmol of methyl viologen (5 mM solution).
All of these operations were performed in an MBRAUN
glovebox with a humid Ar atmosphere. After the start of the
LED irradiation, every given hour, 100 μL of the headspace
was removed using a gastight Hamilton syringe. To avoid any
oxygen pollution, the Hamilton needle and the top of the vial
septa were covered with Play-Doh clay before the needle was
removed. The tiny hole after the needle was immediately
covered with clay. The amount of hydrogen evolved from the
system was subsequently analyzed by gas chromatography
(GC; PerkinElmer LLC, MA, USAC; PerkinElmer LLC, MA,
USA). The experiments were performed three times, and the
results are given as average values with standard deviations.
The EQE at 420 nm was measured in a 3.5 mL gastight quartz
cuvette with 2 mL of the solution and 1.5 mL of the headspace.
The experimental setup of this measurement can be found in
our previous work.
The structural view of the hydrogenase CrHydA1 (PDB ID:

3LX4) used in Figure 4 was provided by visualization of
electrostatics provided by PyMOL (the PyMOL Molecular
Graphics System, Version 2.2 Schrödinger, LLC.). Channels
starting from iron/sulfur cluster positions and their size were
calculated using MOLEonline.59

Gel Electrophoresis. Native PAGE was performed
according to the standard protocol. The pH value of the
TRIS buffer used for preparation of the 12% gel was decreased
to 7.0, and the applied voltage was kept at 50 V. The gel was
imaged using a Fusion FX5 with a 365 nm UV light source.
The concentration of AspCDs in the 15 μL applied on the
wells was 0.5 mg mL−1; the amount of CrHydA1 was 500
pmol.

EPR Spectroscopy. All EPR spectra were recorded on a
Bruker EMX-micro spectrometer equipped with an EMX-
Premium bridge and an ER4119HS resonator. All samples
were air-removed and kept in sealed bottles at room
temperature except for the CrHydA1 samples, which were
stored at 77 K before mixing. A flat cell (a sample volume of
150 μL) was used for room-temperature EPR examination.
Samples containing CrHydA1 were mixed in a glovebox under
an argon atmosphere and dim light before they were frozen to
77 K prior to low-temperature measurements. After the dark
spectrum was recorded, each of these samples was first thawed
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slowly inside the glovebox before being exposed to light
(white, 800 W) for varied times (1−4 h). After illumination,
the samples were frozen and stored in a liquid nitrogen bath
(77 K) for subsequent examination. Illumination of such a
sample outside the glovebox resulted in enzyme degradation,
which was indicated by the detection of a g = 4.3 signal (not
shown, but see the text and Figure S7b). Illumination of other
samples was carried out in situ under ambient conditions. EPR
settings: RT measurements; microwave frequency 9.767 GHz,
microwave power 0.5 mW, modulation frequency 100 MHz,
modulation amplitude 5 G, and time constant 40 ms; T = 21
K, microwave frequency 9.385 GHz, microwave power 2 mW,
modulation frequency 100 MHz, modulation amplitude 8 G,
and time constant 40 ms.

■ ASSOCIATED CONTENT
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acscatal.0c02474.

Detailed material characterization of the prepared
AspCDs (zeta potential, FT-IR, high-resolution N 1s
spectra, UV−vis absorption, and HRTEM), NMR study
of the decomposition of AspCDs, effect of light
intensities on photocatalytic performance, and additional
explanation of the photoactivity in combination with
further photoactivity measurements (PDF)

■ AUTHOR INFORMATION
Corresponding Authors
Gustav Berggren − Department of ChemistryÅngström
Laboratory, Molecular Biomimetic, Uppsala University, SE 751
20 Uppsala, Sweden; orcid.org/0000-0002-6717-6612;
Email: gustav.berggren@kemi.uu.se

Haining Tian − Department of ChemistryÅngström
Laboratory, Physical Chemistry, Uppsala University, SE 751 20
Uppsala, Sweden; orcid.org/0000-0001-6897-2808;
Email: haining.tian@kemi.uu.se

Authors
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