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Nicotinamide adenine dinucleotide (NADH) regeneration is necessary for the sustainable application of
enzymatic industry. The Rh-based complex [Cp*Rh(bpy)(H)]* has been widely used as an important me-
diator in NADH regeneration systems, but it is limited by complexity and high cost. Here, a Z-scheme
was constructed by loading Rh onto carbon nitride nanosheets/carbon nitride quantum dots (CN-CNQD).
The resultant catalyst achieved a high yield of NADH in a mediator-free (M-free) system of 0.283 mmol
L1 g~! min~', which is 5.29 times that of pure CN. ADH enzyme introduction experiments confirmed
that the enzyme active product 1,4-NADH could reach 34.21% selectivity in the M-free system. Mecha-
nism research revealed that the heterojunction between CNs and CNQDs improved the NADH regener-
ation activity in the traditional M-involved system, while Rh loading was proved to optimize the yield
and selectivity of 1,4-NADH in M-free system. The immobilized Rh shows more competitiveness than
[Cp*Rh(bpy)(H)]*. This study contributes to the construction of an M-free system for further application

in greener, lower-cost enzymatic processes.
© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Enzymatic reaction has great potential in chemical engineering,
energy production and pollution control due to its high efficiency
and moderate catalytic environment demand [1-3]. Nicotinamide
adenine dinucleotide (NADH) is essential in over 98% of enzymatic
reactions as the electron and energy donor, and it is converted into
its oxidation form NAD* during the process [4]. However, commer-
cial NADH costs over 2600 $/mol [5], making it undesirable to con-
sume NADH as a stoichiometric ingredient in massive production.
Thus, the manual NADH regeneration from NAD* is significant for
further application in the enzymatic industry.

Current attempts for efficient NADH regeneration generally re-
quire an organic Rhodium complex [Cp*Rh(bpy)(H)]* as the elec-
tron mediator (abbreviated as M), which can selectively transfer
a hydride to NAD™ to ensure high regeneration rate and selectiv-
ity of the enzymatic active isomer 1,4-NADH [6,7]. Photocatalytic
methods have been successfully applied for NADH regeneration
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under M-involved systems [8]. Zhongyi Jiang et al. [9] constructed
a Z-scheme heterojunction between g-C3N4 and «-Fe,03/C and
reached 76.3% NADH formation efficiency in an M-involved system.
Chandani Singh et al. [10] designed an anthracene-based g-C3N4
as a metal-free semiconductor and reached a catalytic efficiency
of 76.14% for the NADH formation with M involved. The above re-
searches prove the possibility of manual NADH photocatalytic re-
generation with M involved and exhibit the application potential
of g-C3N4. However, the use of Rh-based mediator brings problems
like consumption of rare metals, difficulty in separation [6] and the
remaining M in the solution may cause aggregation and deactiva-
tion of enzymes, affecting the activity of the following enzymatic
process [11]. To solve these problems, few researchers have started
the exploration of NADH regeneration under M-free conditions, but
usually suffered a considerable performance loss. Yingjie Zhao et al.
used conjugated COFs as photocatalysts and achieved an extraordi-
nary NADH yield over 74% in 10 min, but received a severely de-
creased yield of 43.8% under M-free condition [12]. The same re-
sult was obtained in another report, in which the fabricated TP-
COFs could transform 97% of NAD*' into NADH under M-involved
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Fig. 1. TEM images (a, b), HRTEM (c) image and element mapping (d-g) of RQCNs.

conditions, but only 45.5% under M-free conditions [13]. Utilizing
rhodium (Rh) species in different ways are employed to relieve the
performance loss under M-free conditions. Kerstin T. Oppelt et al.
developed a copolymer with Rh as the active site, which gener-
ated only 21% NADH after 26 h of irradiation [14]. Besides, the
substitute strategy still suffers from the complicated preparation
and high material cost. On the other hand, the interfacial effect of
heterojunction could be utilized in NADH regeneration [15,16], but
the existence of M, no matter free in the solution or anchored on
the catalyst, will inevitably hinder the transmission of electron and
proton due to the increased interface. Simplifying the process and
loading Rh directly onto the catalyst as a possible active site is a
worthwhile attempt [17-20].

Here, we loaded Rh with a simple photo-deposition method
onto heterojunctions constructed from carbon nitride (CNs) and
carbon nitride quantum dots (CNQDs). CN is a simple semicon-
ductor with no biotoxicity and shares a similar chemical structure
with CNQDs, which could help reduce the electron transform re-
sistance [21-23]. Furthermore, Rh was induced as the additional
active site to improve the regeneration rate and selectivity of 1,4-
NADH. This study focused on the replace of the [Cp*Rh(bpy)(H)]*
with Rh to construct a photocatalytic NADH regeneration system
without mediator participation.

TEM image revealed the nanosheet structure of RQCNs (Fig. 1a).
HRTEM images (Figs. 1b and c) illustrated that RQCNs had an ap-
parent lattice of 0.274 nm which can be assigned to the (1 0 4)
crystal lattice of Rh,03 (PDF #25-0707) [24]. Element mapping in
Figs. 1d-h also confirmed that Rh was uniformly loaded on the
nanosheets and energy dispersive spectroscopy (EDS) (Fig. S1 in
Supporting information) further measured the actual Rh loading of
7.61% (Table S1 in Supporting information).

XRD patterns of the prepared samples in Fig. S2 (Supporting in-
formation) showed the typical diffraction peaks located at ~13.0°
and ~27.3°, referring to the (002) and (100) planes of CN, respec-
tively [25]. The results confirmed that the introduction of CNQDs
and Rh did not break the original structure of CN. And the peak
located at ~27.1° was characteristic of interlayer stacking between
conjugated aromatic systems. The intensity of this peak for CNs,
QCNs and RQCNs significantly decreased compared with bCN, sug-
gesting their thinner morphology.

XPS was employed to analyze chemical states (Fig. 2 and Fig. S4
in Supporting information). The peaks at 288.18 and 284.60 eV in C
1s spectra (Fig. S3a in Supporting information) were ascribed to C-
(N)3, C-C, respectively [26,27]. The peaks at 398.50 and 400.12 eV
were ascribed to C-N-C and N-(C)s, respectively (Fig. S3b in Sup-
porting information) [28]. A distinct peak of Rh was observed in
the XPS spectra of RQCNs (Fig. 2a, Fig. S4a), indicating the suc-
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Fig. 2. (a) XPS survey spectra, (b) the Rh 3d XPS spectra, (c) the O 1s XPS spectra
and (d) FT-IR spectra of RQCNs.

cessful loading of Rh. Two distinct peaks located at 309.51 and
314.22 eV are observed in the Rh 3d spectra of RQCNs, attributed
to Rh 3ds, and Rh 3ds, indicating Rh is present in the form of
Rh, 03, consistent with the HRTEM images. (Fig. 2b) [29]. The peak
at 531.07 eV in O 1s spectra of RQCNs (Fig. 2¢) and the peak at
286.27 eV in C 1s spectra of RQCNs (Fig. S3a) were all assigned to
the O-C=0 of CNQDs [23,30]. FTIR provided the diffraction peak at
2170 cm~! of QCNs and RQCNSs, assigned to the vibration of 0-C=0
in the CNQDs [31,32]. Those signal peaks were the same as that of
QCNs in C 1s (Fig. S4b) and N 1s (Fig. S4c) spectra, confirming the
original CN structure was maintained after Rh loading. As shown
in Fig. 2d and the enlarged FT-IR spectra in Fig. S5 (Supporting
information), all the catalysts remained the characteristic breath-
ing mode of s-triazine units at 808 cm~!, the stretching vibration
models of heptazine ring at 1413 cm~!, 1573 cm~! and 1637 cm™!,
and the stretching vibration of C-N-C at 1241 cm~! and 1320 cm™!
[30,33,34]. The results above validated the successful combination
of CNQDs and CNs, together with the loading of oxide Rh,0s5.

The photocatalytic activities of catalysts were evaluated in both
M-involved and M-free NADH regeneration systems. In M-involved
systems (Fig. 3a), CNs showed a slight yield improvement than bCN
after 120 min irradiation and the photocatalytic regeneration yield
increased from 9.29% (bCN) to 35.68% (CNs) due to its enlarged
surface area. After coupling with CNQDs, QCNs showed a signif-
icantly increased NADH regeneration yield of 71.08% at 90 min.
Among the five different photocatalysts, QCNs had the highest re-
action rate constant (0.0330 min~!), which was 1.6 times higher
than bCN (0.0204 min~'). It further elucidates that CNQDs pro-
vides more activate sites for NADH regeneration (Fig. S6a in Sup-
porting information). Further, the introduction of Rh seemed to
hinder the regeneration of NADH in the M-involved systems, but
the performance of RQCNs (49.21% at 120 min) was still improved
compared with CNs. Meanwhile, the absence of CNQDs made the
catalytic activity decreased slightly for RCNs. In addition, RCNs
(0.0303 min~!) has smaller kinetic constant than RQNs (0.0315
min~1), owing to CNQDs played a greater role in M-involved sys-
tems. Compared with CNs (0.0298 min~'), the introduction of Rh
can slightly accelerate NADH regeneration in M-involved system
(RCNs: 0.0303 min~!). These results showed that CNQDs played
a greater role than Rh in M-involved systems. However, the cat-
alysts’ performance in M-free systems were totally different. As
shown in Fig. 3b, RQCNs maintained the highest yield of 50.53%,
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Fig. 3. (a) Yield of NADH with bCN, CNs, RCNs, QCNs and RQCNs in M-involved sys-
tem; (b) yield of NADH with bCN, CNs, RCNs, QCNs and RQCNs in M-free system;
(c) UV-vis spectra of NADH regenerated with QCNs in M-involved system with dif-
ferent irradiation time; (d) initial regeneration rate of NADH with bCN, CNs, RCNs,
QCNs and RQCNs in two systems. mM in (d) is mmol/L.

while other samples suffered a decrease in the yield of NADH.
And RQNs showed the highest kinetic constant (0.0324 min~1),
which is 1.1 times higher than bCN (0.0291 min~!) (Fig. S6b in
Supporting information). The performance of QCNs was greatly in-
fluenced and dropped to only 36.88%. RCNs showed a higher yield
of 25.30% compared with that of CNs (22.88%). From the results
above, it was clear that the heterojunction between CNs and CN-
QDs could improve the regeneration of NADH both in M-involved
and M-free systems. The Rh loading may present a negative effect
in M-involved system, but the enhancement in M-free system was
also significant. The opposite results of Rh species in different re-
action system may provide a theoretical possibility to replace M
by reasonable catalyst design. From this perspective, we conducted
in-depth research of the regenerated products.

UV-vis method is widely used for the measurement of NADH
concentration (Fig. 3c). The absorbance peak at 340 nm was as-
cribed to 1,4-NADH and 1,6-NADH. The peak around 260 nm was
ascribed to the common adenine group structure in NAD* and
NADH. The peak around 312 nm was ascribed to M in the solu-
tion [35]. However, UV-vis method could only give an overall con-
centration of three products at the absorbance of 340 nm, which
could not reflect the selectivity of the enzyme-active 1,4-NADH.
Thus, ADH enzyme was introduced to validate the 1,4-NADH con-
centration [35]. As shown in Fig. S7 (Supporting information), ADH
enzyme could convert the 1,4-NADH back to NAD* during the en-
zymatic process and lead to an absorbance decrease in the UV-vis
spectra, which could represent the actual concentration of regener-
ated 1,4-NADH. It can be calculated that 94.49% of commercial 1,4-
NADH was consumed. Fig. 3d showed the yield and selectivity of
1,4-NADH regenerated by QCNs and RQCNs in different photocat-
alytic NADH regeneration systems. In M-involved system, 38.48%
of the regenerated NADH was the enzyme active 1,4-NADH, which
meant that 27.91% of the NAD* was converted to 1,4-NADH for
QCNs. On the contrary, RQCNs showed a limited yield (19.51%) and
selectivity (10.11%) of 1,4-NADH with M involved. In M-free sys-
tem, the superior performance of QCNs was greatly inhibited, only
6.48% of NAD™ was converted to 1,4-NADH and the selectivity was
only 15.85%. RQCNs showed an increased 1,4-NADH yield of 16.64%
and the selectivity was raised to 34.21%. This result proved the
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positive effect of Rh loading in M-free system, not only the ap-
parent yield of NADH was maintained, more 1,4-NADH was also
regenerated during the process. As shown in Fig. S8 (Supporting
information), the yield and selectivity of 1,4-NADH at different ir-
radiation time with RQCNs in M-free system was also tested. The
yield and selectivity exhibited a synchronous increase and reached
the maximum at 120 min. NMR spectra in Fig. S9 (Supporting in-
formation) also proved the existence of 1,4-NADH at the chemical
shift of 6.8 ppm. "H NMR was utilized to estimate the selectivity
of the photocatalytic regeneration system for bioactive 1,4-NADH.
NAD* possesses the characteristic signal at 9.46 ppm [36], whereas
after the addition of hydride to the para-position of nitrogen cation
on the pyridine ring, the characteristic signal of NADH moved to
6.96 ppm [37]. Moreover, some peaks at 8.41 and 8.78 ppm as-
sign to signals of adenosine diphosphate ribose (ADP-ribose) and
nicotinamide, respectively [38]. Compared with the performance of
QCNs in M-involved system, RQCNs showed a close result of 1,4-
NADH regeneration in M-free system, confirming that Rh loading
could be considered as a substitute of suspended M in NADH re-
generation as expected.

The stability of RQCNs was also investigated and showed in
Fig. S10 (Supporting information). After four consecutive cycles, the
yield of NADH maintained a good status (Fig. S10a) and the se-
lectivity remained at 29.11% (Fig. S10b). Moreover, QNCs showed
a similar loss of activity in the cyclic test (Fig. S10c), which indi-
cated that the loading of Rh is relatively stable. The loss of activ-
ity in the cyclic experiment did not originate from the migration
of Rh in RQCNs. The slight decrease in catalytic performance was
mainly due to the loss during catalyst recovery and some of the
active sites of NAD* were covered by some fragments generated
from excessive oxidation. Furthermore, compared with fresh-made
sample, the used RQCNs also maintained the nanosheet structure
while the surface is uniformly distributed with Rh nanoparticles
(Fig. S11 in Supporting information). It could be attributed to the
high stability of RQCNs. NMR spectra in Fig. S12 (Supporting infor-
mation) confirmed the regeneration of 1,4-NADH at the chemical
shift of 6.8 ppm after four cycles. Fig. S13 (Supporting information)
showed the XPS spectra of the reused RQCNs. The characteristic
peaks of CNQDs and Rh loading were clearly observed, indicating
that RQCNs retained good stability after cycle experiments.

Several experiments were performed to explore the possible
mechanism for the NADH regeneration process. UV-vis diffuse re-
flectance spectrometry (UV-vis DRS) was used to investigate the
optical properties and band structures of the possible CNs-CNQDs
heterojunction catalysts. Fig. 4a showed that all the CN based cat-
alysts got an edge of absorption band at around 450 nm. The
bandgap energy (Eg) of all four catalysts are close with the RQCNs
exhibiting a relatively wide bandgap of 2.86 eV. As shown in
Fig. 4b, the valence band (VB) positions of CNs, QCNs and RQCNs
are 2.64, 2.59 and 1.24 eV, respectively. According to Ecg = Eg — Eyp
[39], it can be calculated that the CB of CNs, QCNs and RQCNs are
located at—0.07, —0.24 and —1.62 eV, respectively. The most nega-
tive conduction band position of RQCNs reveals its maximum po-
tential in NAD* reduction. Mott-Schottky was used to evaluate the
flat-band potentials of the catalysts (Fig. S14 in Supporting infor-
mation) and the flat-band potentials of pristine CNs was 0.14 V vs.
RHE (-0.45 V vs. Ag/AgCl), while that of RCNs, QCNs and RQCNs
were around 0.13 V vs. RHE (—0.46 V vs. Ag/AgCl) (Figs. 4c and d).
As n-type semiconductors, the flat-band potential will be slightly
more positive than the conduction band (CB) potential [40], in
agreement with the above calculations. From the above results, it
can be speculated that due to the formation of Z-scheme structure,
the photoexcited electrons in the CNs’ CB would combine holes in
the CNQDs’ VB, thus the CB position of QCNs and RQCNs shifted to
a more negative direction [41], which promoted the NADH regen-
eration reaction.
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Active species capture experiments and electron paramagnetic
resonance (EPR) were used to explore the main active species of
the photocatalytic process and verify the possible charge trans-
fer pathways. AgNOs, isopropanol (IPA), ethylenediaminetetraacetic
acid disodium salt (EDTA-2Na) and L-ascorbic were used as cap-
ture agents for e~, *OH, h* and *02-, respectively. The procedure
of free radical capture experiments was introduced in Text S9 (Sup-
porting information). ‘OH and ‘0%~ were detected in the solu-
tion. In Fig. 5a, compared with the control group, the capture of
e~ would significantly hinder the regeneration of NADH, confirm-
ing the dominant effect of e~ in the direct charge transfer from
catalysts to NAD*; the introduction of IPA and L-ascorbic didn’t
cause much yield loss in the process, indicating that only a small
amount of "OH and *0%~ were produced and contributed little to
the regeneration of NADH. However, because the capture agent
consumed free radicals and promoted the participation of e~ in
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free radical production, the amount of e~ involved in NAD* reduc-
tion was reduced and the activity was slightly lowered [42,43]. As
for EDTA-2Na, because the system has added TEOA as h* sacrificial
agent, its addition caused an excess of sacrificial agent, which fur-
ther decomposed the already produced NADH and therefore NADH
showed a decrease at the last point [44,45]. Fig. 5b showed the EPR
results of RQCNs suspension, the signal peak of *OH and 02~ can
be observed after irradiation (Figs. 5¢ and d) [46], but the intensity
was pretty low, which can was in coincidence with the result of
radical capture experiments. Accordingly, the NAD* reduction pro-
cess is shown as reaction equation (Eq. 1):

NAD* + H* + 2e- illumination, catalysts NADH (1)

To further verify the above results, the photocatalytic NADH re-
generation under N, atmosphere was carried out. As shown in Fig.
S15 (Supporting information), the yield of NADH regeneration un-
der N, atmosphere was higher than that of air atmosphere, which
can be attributed to the lack of oxygen avoiding competition for
electrons, this is consistent with some previous reports [47,48].

Fig. S16 (Supporting information) showed the photolumines-
cence (PL) emission spectra of different catalysts. It was obvious
that the heterojunction and Rh loading could significantly reduce
the PL intensity, leading to a lower recombination rate of pho-
toinduced electron-hole. Among all the modified catalysts, RCNs
showed the lowest PL intensity, followed by RQCNs. QCNs was the
relatively higher one. The results indicated that Rh loading could
more effectively suppress the recombination than CNQDs hetero-
junction. In addition, the blue shift of the PL spectrum indicates
that the emission wavelength is shorter and the photon energy re-
quired is increased. This further verified that the bandgap width
of CNQDs and Rh loaded CNQDs became larger. These results are
consisted with that of UV vis-DRS (Fig. 4a). Moreover, compared
with CNs, QCNs exhibited a slightly increased photocurrent (Fig.
S$17 in Supporting information), while RCNs exhibited a remarkably
increased photocurrent. Furthermore, the photocurrent intensity of
RQCNs was the highest, indicating that the Z-scheme structure had
a synergy effect in enhancing the separation and transition effi-
ciency of photoinduced electron-hole.

To study the opposite performance of catalysts in M-involved
and M-free systems, room-temperature ns-level time-resolved PL
spectra of the catalyst in liquid phase was tested. Fig. S18 (Sup-
porting information) showed the fitting curves of the results, and
Table S2 (Supporting information) showed the fitting parameters.
For CNs and QCNs, when M was added into the solution, the fluo-
rescence decay times were increased; for Rh loaded samples, how-
ever, the fluorescence decay times got decreased after the addition
of M. Comparing CNs with QCNs, and RCNs with RQCNs, the CN-
QDs heterojunction kindly enlarged the influence of M upon the
catalysts. The above results indicate that Rh loading has great ap-
plication potential in the M-free system and can effectively extend
the photogenerated carrier lifetime.

Based on the above experimental results and discussion, we
propose a mechanism for photocatalytic NADH regeneration in the
RQCNs system (Fig. 6). The bandgap structure of CNQDs was ob-
tained from previous reports with CB and VB of —1.09 and 1.45 eV,
respectively [49]. Under photoexcitation, e~ in the CB of CNs tend
to transfer to the VB of CNQDs through the contact interface, form-
ing a Z-scheme structure. On the CB of CNQDs, NAD* combined
with e~ for the regeneration of NADH. Besides, Rh loading instead
of complex [Cp*Rh(bpy)(H)]" is significant in M-free systems.

In summary, a CNs-CNQDs heterojunction with Rh loading cat-
alyst was prepared by solid phase thermal, calcine and photo-
deposition method. The catalyst was applied for NADH regener-
ation in a mediator-free system. UV-vis, NMR and ADH enzyme
incubation validated its improved yield and selectivity of the en-
zyme active product 1,4-NADH. Further study proved that the het-
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erojunction between CNs and CNQDs could improve the yield of
NADH, while Rh loading was the decisive factor that enhanced the
selective regeneration of 1,4-NADH in M-free system, and e~ was
the dominant active species. This study provided a new method for
the development of efficient and economical NADH regeneration in
enzyme-catalyst industry.
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