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We propose herein, a one-step method to assemble the immobilized artificial photosystem | (IAPSI) in
a microfluidic chip, which integrated a preformed graphitic carbon nitride photocatalyst (g-CszN,4) and
electron mediator (M) in one chip and mimicked the characteristics of photosystem |. The simultaneous
assembly of g-C3N4 and M could efficiently regenerate NADH from NAD™ under visible light irradiation,
which verified the effectiveness of the assembly method. The in situ assembly method was thought to
outperform traditional methods in several aspects in terms of facile synthesis, promotion of the
combination of g-CsN4 and M through m—m stacking and an enhanced coenzyme regeneration rate. For
comparison, we used the bulk g-CsN4—slurry and the few-layer g-CsN4—slurry system as the control to
regenerate the photocatalytic cofactor/coenzyme NADH, and measured the required times of 305 s and

30 s, respectively, to accomplish 63% NAD™ conversion. In contrast, our IAPSI microreactor takes only
Received 25th August 2016

Accepted 6th October 2016 13 s, faster than the other two by factors of 23 and 2.3 times. Therefore, we assert that the simple, yet

highly efficient nature of this technique can act as an important method for artificial photosynthesis,

DOI: 10.1039/c6ra21390a particularly in the photocatalytic cofactor recycling systems for the production of various valuable
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1 Introduction

Solar energy is the most abundant energy on earth." One of the
challenges for building a sustainable society is to develop
practical materials and devices that can perform solar energy
conversion (ie., solar fuel or solar electricity).>**> Natural
photosynthesis is the fundamental process used by plants,
algae and certain bacteria to harness energy from sunlight and
convert it into chemical energy.*® In the light reaction of natural
photosynthesis, through a series of photo-induced electron
transfer processes in photosystem I (PSI), an integral membrane
protein complex in photosynthesis, the solar energy (photons) is
firstly transferred into active electrons and is then used to reduce
the coenzyme nicotinamide adenine dinucleotide phosphate
(NADP') to NADPH.'*** In view of the importance of NAD(P)H/
NAD(P)" in many biochemical conversions, particularly in many
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enzymatic redox reactions, mimicking such a process could
provide a new way to design high-efficiency materials and
devices for artificial photosynthesis.****

The efficiency of photosynthesis in plants is based on the
high surface-area-to-volume ratio structures of PSI (Fig. 1A)
including a series of light-harvesting complexes, several metal-
protein clusters and a group of redox biocatalysts, which are
logically integrated in the phospholipid bilayer and confined to
certain areas. These immobilized structural features not only
facilitate efficient electron transfer and enhanced photon
absorption, but also the isolation of the reaction substrates and
products providing an ordered reaction chain. Thus, by
mimicking the function of the PSI system, the regeneration of
coenzymes (NADH, NADPH) through solar energy is a prom-
ising, sustainable and economic strategy that has attracted
many research efforts that have contributed to important
improvements.** However, in the past, most of the work has
focused on the heterogeneous photocatalysis for NADH regen-
eration, which renders the practical application impossible due
to separation and recycling problems. Therefore, it is promising
to develop a high-efficiency PSI artificial photosynthesis system
on the immobilized system (IAPSI) for coenzyme regeneration,
which would pave the way for practical uses in the near future.

Microfluidics, as versatile and promising systems, have
several merits to benefit artificial photosynthesis in many
ways.”> They have the advantages of large surface areas, short

This journal is © The Royal Society of Chemistry 2016
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(A) Schematic of the photosystem | reaction center. (B) One-step fabrication process of the immobilized artificial photosystem | (IAPSI) in

the form of the g-C3N4—M film. (C) Simple procedures to fabricate the IAPSI microreactor. (D) Photograph of the as-fabricated IAPSI micro-
reactor, in which the inset presents the leaf-like shape of g-C3sN4—M. The scale bar is 2 mm in all figures.

diffusion lengths and uniform irradiation. In addition, they
have been shown to enable quick tests of photocatalysts, opti-
mization of the operating conditions and rapid screening of
various photocatalysts due to the merits of their wide tunability
and parallel analysis.**** Moreover, compared with the
conventional bulk slurry reactors that involve large reaction
plates, microfluidics accommodates small volumes of fluids,
resulting in low consumption of photocatalyst materials and
samples.”® This is particularly important for rare or expensive
reaction chemicals.

Metal-free efficient photocatalysts have attracted much
attention in artificial photosynthesis,>*****” particularly the
easily fabricated g-C3;N,4,7***° which is an earth-abundant and
low-cost photocatalyst obtained from heating melamine or
urea. Importantly, the m—m stacking interaction between the
adenine subunit of B-NAD' and the electron-rich g-C;N,
promotes B-NAD" to attach to the layered g-C;N,.* Similarly, the
7-1 stacking interaction facilitates g-C3N, to bind with the
electron mediator, pentamethylcyclopentadienyl rhodium
bipyridine {M, [Cp*Rh(bpy)CI|Cl}, improving the transfer of
electrons from the photocatalyst to the electron mediator. All of
these advantages prompted us to choose g-C;N, as the photo-
catalyst to fabricate the immobilized artificial PSI. Conventional
methods to fabricate the IAPSI usually involve at least three
steps: (1) the immobilization of the photocatalyst,'”***° (2) the

This journal is © The Royal Society of Chemistry 2016

synthesis of an electron mediator M, and (3) the introduction of
a suitable mediator to the reaction system. In fact, the presence
of an excessive mediator usually harms the enzyme activity
thereby decreasing the reaction efficiency.** Oppelt et al
proposed a smart and simple way to synthesize an IAPSI system
immobilized on glass beads by coupling a light-harvesting
ligand [2,2'-bipyridyl-containing poly(arylene-ethynylene)-alt-
poly(arylene-vinylene)], with an organometallic rhodium
complex for photocatalytic NAD'/NADH reduction.*? The NADH
regeneration rate was only 21% at 26 h. Therefore, a system with
a higher regeneration rate was required.

Herein, based on the merits of microfluidics, we proposed
a simple one-step method in the microfluidic chip to
simplify the processes and to improve the regeneration
rate.”>* In this method, the typical three steps for the
formation of the artificial PSI were integrated into one,
thereby saving processing time. In addition, this method
also possesses other advantages such as (1) facile synthesis,
which reduces the dependence on many types of instru-
ments, (2) promotion of the m-m stacking interaction
because M is formed and stored with the existing g-C;Ny,
increasing the chance of a - stacking interaction, and (3)
a higher coenzyme regeneration rate than that of the slurry
method. All of these merits proved this method useful, effi-
cient and with significant improvements.

RSC Adv., 2016, 6, 101974-101980 | 101975
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2 Materials and methods
2.1 Synthesis of few-layer g-C;N,

For few-layer g-C;N, synthesis, we firstly synthesized the bulk
2-C3;N, powder according to a procedure described in a previous
paper.” In detail, dicyandiamide (Aldrich, 99%) was heated at
550 °C for 4 h in static air with a ramp rate of 2.3 °C min". The
cooling rate was kept at around 1 °C min~". The resultant yellow
agglomerates were milled into powder in a mortar. Then,
through thermal oxidation etching of the bulk g-C;N,, few-layer
g-C3N, was prepared.®* A 400 mg amount of the bulk g-C3N, was
placed in an open ceramic container followed by a heating
process at 500 °C for 2 h with a ramp rate of 5 °C min !
layer g-C3;N, was obtained as a light yellow powder.

. Few-

2.2 Material characterization

The FTIR spectrum was collected using a Vertex 70 FTIR spec-
trometer (Bruker Corporation). XRD measurements were per-
formed on a D8 Diffractometer from Bruker Instruments. The
TEM images were obtained from a TEM grid to perform high-
resolution morphology characterization using a JEM2100F
TEM system operating at 200 kV. The atomic force microscope
(AFM) image was obtained by the MFP-3D (Asylum Research).
The photoluminescence (PL) spectra were measured by a F-4600
fluorescence spectrometer (Hitachi, Japan) with an excitation
wavelength of 365 nm (room temperature). The UV-vis absor-
bance spectra were recorded using a UV2550 spectrophotometer
(Shimadzu Scientific Instruments). The electron mediator
structure was determined by nuclear magnetic resonance
analysis (300 MHz, Bruker, Germany).

2.3 Microfluidic device fabrication

The PDMS layer with a simple leaf-like pattern (i.e., the nar-
rowest part is 400 pm and the widest part is 4200 pm with
a height of 40 pm) was fabricated using the standard soft
lithography technique.***® In detail, we firstly designed a leaf-
like photomask and obtained the corresponding SU-8 mold
with selective exposure of UV-light. Then, we poured the
uncrosslinked PDMS (10 : 1) on the mold. After a degassing and
heating process (80 °C, 10 min), the PDMS layer with a leaf-like
pattern was prepared.

2.4 IAPSI fabrication

The IAPSI fabrication process simply consisted of two steps, as
shown in Fig. 1B. Step one involved mixing pentam-
ethylcyclopentadienylrhodium(ir) chloride dimer, 2,2-bipyridyl
and g-C;N, together in ethanol. Thus, M [Cp*Rh(bpy)CI|Cl was
formed with g-C;N,. In step two, ethanol was removed by
evaporation at 50 °C. The remaining part was IAPSI containing
photocatalysts and electron mediator. Based on the merits of
the microfluidic chip, we performed the photocatalytic cofactor
regeneration in a microfluidic channel. Fig. 1C shows the
simple IAPSI-microreactor fabrication process including the
formation of IAPSI and covering the PDMS slide with a leaf-like
pattern on it. This final fabricated microfluidic chip (40 pm
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high) is shown in Fig. 1D where the inset illustrates the leaf-like
shape of g-C3N,-M.

The traditional way to synthesize M [Cp*Rh(bpy)Cl]|Cl was to
reflux a mixture of RhCl;-3H,0 and one equivalent of 1,2,3,4,5-
pentamethylcyclopentadiene in methanol for 24 hours. The
resulting red precipitate was filtered and suspended in meth-
anol. On addition of two equivalents of 2,2-bipyridine, the
suspension cleared up and a yellowish solution was formed.
The remaining oily red crystals were extracted with chloroform
and the solution was dried over anhydrous magnesium
sulphate. After evaporation under reduced pressure, the residue
was recrystallized from chloroform-benzene. The product was
dissolved in methanol and with the addition of two equivalents
of 2,2'-bipyridine. Then, [Cp*Rh(bpy)Cl|C] was precipitated by
the addition of diethyl ether and the final compound was dis-
solved in water turning to [Cp*Rh(bpy)H,O]*". Obtaining elec-
trons from photocatalysts, [Cp*Rh(bpy)H,O]** allows the
simultaneous transfer of 2~ and 1H' to NAD', resulting in the
formation of NADH (i.e., photocatalytic cofactor regeneration).

2.5 NADH photoregeneration

Photoregeneration of NADH was carried out by filling the
microfluidic channel with 4 pL of reaction medium irradiated
with a xenon lamp (300 W) through a 420 nm cut-off filter,
avoiding the UV light-induced damage of the enzyme. The
reaction medium (pH 8.0) was composed of NAD" (0.2 mM),
TEOA (15 w/v%), and phosphate buffer (100 mM). A 4 pL aliquot
of the reaction medium was filled into the prepared micro-
fluidic chip. 20 pg of g-C3N, was immobilized in each chip and
the complex M was equal to 0.25 mM.

3 Results and discussion
3.1 Few-layer g-C;N, characterization

We characterized the few-layer g-C;N, by Fourier transform
infrared spectroscopy (FTIR), X-ray diffraction (XRD), UV-vis
absorption spectrometry, transmission electron microscopy
(TEM) and scanning electron microscopy (SEM). Fig. 2A shows
the FTIR spectrum of the few-layer g-C;N,. The broad peaks
between 3000 and 3500 cm ™" are attributed to the N-H band.
The peaks at 1251, 1325, 1419, 1571, and 1639 cm ™' correspond
to the typical stretching modes of C-N heterocycles. The peak at
810 cm ™' corresponds to the characteristic breathing mode of
triazine units, which is compliant with the reported data.*” The
few-layer g-C;N, gives two XRD peaks at 12.7° and 27.8°, sepa-
rately (Fig. 2B). The former one is the low-angle reflection peak,
stemming from the lattice planes parallel to the c-axis and the
later one is due to the stacking of the conjugated aromatic
system. The UV-vis absorption spectrum of the few-layer g-C;N,
is broad, ranging from UV light to visible light (see Fig. 2C). The
blue line in Fig. 2C is at the position of 420 nm, on the right of
which can be seen the visible light absorption ability of g-C3N,.
From the Tauc plot, the optical band gap of this g-C;N, can be
determined to be 2.9 eV from the (ahv)® versus hv graph, in
which «, 7 and v are the absorption coefficient, the Planck
constant, and the light frequency, respectively. The optical

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Characterization of the few-layer g-C3zN4 photocatalyst. (A) FTIR spectrum of the few-layer g-C3sN4, showing typical C—N heterocycle
stretches at 1251, 1325, 1419, 1571, and 1639 cm ™%, as well as the characteristic breathing mode of triazine units at 810 cm . (B) XRD spectrum of
the few-layer g-C3sN,4 with two peaks at 12.7° and 27.8°, ascribed to the lattice planes parallel to the c-axis and the stacking of the conjugated
aromatic system, respectively. (C) UV-vis absorption spectrum of the few-layer g-C3zN4. The blue line indicates the position of 420 nm. (D) The
optical image of the IAPSI film. (E) The SEM image of the IAPSI film, in which the scale bar is 1 um. (F) The TEM image of the few-layer g-C3zN4

material.

image of the IAPSI is shown in Fig. 2D, and the corresponding
enlarged structure by SEM is shown in Fig. 2E, from which we
found that the few-layer g-C;N, has a loose morphology. The
TEM image (Fig. 2F) shows the graphene-like appearance of the
few-layer g-C3N,, which is similar to previously published
work.** As an important factor, the thickness of the few-layer g-
C;N, was measured using AFM and found to be about 1.6 nm,
corresponding to about three layers of g-C;N, (Fig. S17).

3.2 Characterization of the electron mediator M

We compared the structural/chemical information of M in the
traditional method and the one-step method by NMR. We ob-
tained the correct structure in both methods, as shown in
Fig. S2.T However, the one-step method saved time and reduced
the chance to obtain impurities to some extent. The activity of the
electron mediator M is of great importance. The reported method

This journal is © The Royal Society of Chemistry 2016

to detect the activity of M was the existence of the absorption
peak at ~230 nm, corresponding to the bipyridine ligand.*®
Herein, we synthesized a series of M by the one-step method with
different concentrations from 0.008 to 0.08 mM. As shown in
Fig. 3A, the characteristic peaks at 232 nm, 304 nm and 312 nm
are clear, proving the correct structure and the effective activity of
the synthesized M. We then fitted these data and obtained good
linearities between the M concentration and the absorption at
the characteristic peaks (Fig. 3B). The correlation coefficient (R?)
in each line was around 0.999, and the slope was 37.68, 17.74 and
17.65 mM ' for the peaks at 232 nm, 304 nm and 312 nm,
respectively. We also obtained very similar UV-vis spectra after
storage in the fridge for three months, showing good stability
for M stored in ethanol. The line of 340 nm in Fig. 3A is not for M,
instead it indicates the position of absorption peak of NADH.
From Fig. 3B, it is seen that the absorption at 340 nm varies very
little with an increase in the concentration of M.

RSC Adv., 2016, 6, 101974-101980 | 101977
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Fig.3 UV-vis spectrum of M in the one-step method. (A) M in different
concentrations and their characteristic peaks at 232 nm, 304 nm and
312 nm, proving the synthesized M with the correct structure and
effective activity. Another peak at 340 nm indicates the position of the
absorption peak of NADH. (B) Fitting the data resulted in good linearity
between the concentration and the absorption at the characteristic
peaks. The absorption change at 340 nm is very little with an increase
in the concentration of M.

After testing the activity of M, the coupling between g-C;N,
and M should also be verified because this is another critical
factor that affects the catalytic performance. The interaction
between g-C;N, and M enables the hydride transfer from the
excited conduction band of g-C3N, to NAD" via the mediation
of M. To directly detect and prove the electron transfer from g-
C;N, to M, we performed the PL assay. As shown in Fig. 4,
a strong PL emission peak at 436 nm is observed for the few-
layer g-C;N, (black line), which can be attributed to the
recombination of photo-induced electrons and holes. In
contrast, the PL emission peak intensity of the few-layer g-C;N,
with M (red line) is much weaker than the former one, which
directly proves an enhancement of the electron transfer from
the g-C;N, to M in the photocatalytic process.

3.3 NADH regeneration

We detected the NADH regeneration in three systems, which
were the bulk g-C;N,-slurry system, the few-layer g-C;N,-slurry

101978 | RSC Adv., 2016, 6, 101974101980

View Article Online

Paper
5000
- g-C3N4
4000 - — g¢CN-M
3 3000-
e
£ 2000
3
=
1000
N N
T T T T T T
400 450 500 550 600 650
Wavelength (nm)

Fig. 4 The photoluminescence emission spectra of the few-layer g-
C3Ny4 (black line) with the emission peak at 436 nm. With the addition
of M, the emission peak obviously drops (red line), which directly
proves an enhancement of the electron transfer from g-CzNy4 to M.

system and the IAPSI microreactor. The former two were used as
the control to compare with the last one. The slurry systems
were placed into a reflux condenser reactor equipped with
a stirring bar and illuminated with a xenon lamp. The IAPSI
microreactor was filled with the reaction solution and covered
by a glass slide to avoid the water evaporation through the
PDMS layer without stirring. Under similar conditions, previous
studies in the microfluidic chip* reported a decrease in the
regeneration rate with an increase in the flow rate. To avoid the
influence of flow rate, we choose the static flow (i.e., the flow
rate is 0) in this work. Thus, the flow shear stress was not an
influential factor. However, for the completeness of this
research, we performed the shear stress test and presented the
results in the ESI (see Fig. S31). The distance between the IAPSI
microreactor and the xenon lamp was fixed at 10 cm. Before the
illumination, the reaction solution was placed in a dark envi-
ronment for a sufficiently long time to achieve the adsorption-
desorption equilibrium. Under the illumination, the concen-
tration of NADH was calculated by measuring the absorption of
the diluted reaction system at 340 nm. NADH had the peak
absorption at 340 nm with an extinction coefficient of 6220 M~
cm . Fig. 5A shows the UV-vis spectrum changes of the bulk g-
C;3;N,-slurry system within 4 hours, whereas Fig. 5B shows the
data of the few-layer g-C;N,-slurry system over 90 min.
Although the times are different, the regeneration rate reaches
similar levels of 50% at 90 min (few-layer g-C3N,-slurry) and
47.9% at 4 hours (bulk g-C3N,-slurry). Thus, the regeneration
rate in the few-layer g-C;N,-slurry system is much faster,
showing good catalytic ability. This can be attributed to its
porous structural feature, which contains more sites that are
reactive and improves the light harvesting by inner scattering,
leading to more photogenerated electron carriers. These elec-
trons are subsequently transferred to M, and then shuffled to
NAD" to regenerate 1,4-NADH.

In the IAPSI microreactor, the regeneration rate was much
more satisfactory. As shown in Fig. 5C, the absorption at 340 nm

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Comparison of the NADH regeneration rates of the three systems by UV-vis spectral measurements of the NADH concentration with
a lapse in time. Spectral changes of the bulk g-C3sN4—slurry system (A), the few-layer g-C3N4—slurry system (B) and the few-layer g-CzN4-IAPSI
microreactor (C). (D) Comparison of the regeneration percentage as a function of time for the three systems. The regeneration percentage
reached 47.9% at 4 hours for the bulk g-C3zN4—slurry system, 50% at 90 min for the few-layer g-C3N4—slurry system, and 11% at 3 min and 56% at
30 min for the few-layer g-CsN4-IAPSI microreactor. From the fitting curves in (D), it was found that the characteristic time of each was about
13 s (IAPSI), 30 s (few-layer g-CsN4—slurry system) and 305 s (bulk g-CsN4—slurry system). As a result, the IAPSI microreactor was ~2.3 times and

~23 times faster than the other two in terms of NADH regeneration.

rises to 10.8% at 3 min and 55.9% at 30 min. To compare the
regeneration rate in the three systems (bulk g-C;N,-slurry, few-
layer g-C;N,-slurry and IAPSI microreactor), we plotted the
regeneration percentage as a function of time in Fig. 5D. The
exponential relationship is y = A exp (—x/t.) + yo, where ¢. is the
characteristic chemical time, defined as the time required for
the concentration of A to fall from its initial value to a value
equal to 1/e times the initial value. Calculated from Fig. 5D, the
t. values of the IAPSI microreactor, the few-layer g-C;N,—slurry
system and the bulk g-C;N,-slurry system are 13 s, 30 s and
305 s, respectively, which means the IAPSI microreactor is about
2.3 times and 23 times faster than the others. The improvement
of the regeneration rate is ascribed to three reasons: (1) high
surface-area-to-volume ratio, (2) short diffusion length and (3)
uniform irradiation in the IAPSI microreactor. In the future, we
will study more factors that affect the regeneration results, such
as oxygen, flow rate and temperature by integrating more
control units into the IAPSI microreactor. Furthermore, we will
try to scale up the microreactor and work with other enzymes for
the production of high performance functional materials.****

4 Conclusion

In conclusion, we proposed a one-step method to form the
immobilized artificial PSI (IAPSI) in a microfluidic chip. This

This journal is © The Royal Society of Chemistry 2016

method is advantageous over the traditional three-step method
in by having a simple process, promotion of the g-C;N, and M
by -7 stacking and a high coenzyme regeneration rate. The
advantages of this method create the potential for artificial
photosynthesis in the future.
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