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Electroenzymatic cascade synthesis of 2,3-
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In this work, a novel nano-biohybrid has been developed for the efficient synthesis of 2,3-diaminophena-

zine (DAP), a biologically significant heterocyclic compound, via an electroenzymatic cascade catalysis

system. Horseradish peroxidase (HRP) was integrated with high-surface-area zinc gallate (ZnGa2O4)

nanoflowers. The ZnGa2O4 component serves dual functions as an effective immobilization support for

HRP and as an electrocatalyst for the two-electron oxygen reduction reaction (2e−ORR) to generate

hydrogen peroxide (H2O2) in situ. This in situ generated H2O2 directly activates the immobilized HRP, initi-

ating the enzymatic oxidation of o-phenylenediamine (OPD) to DAP within the integrated nano-biohy-

brids. Capitalizing on nanoscale proximity, this architecture facilitates efficient channeling of H2O2 to the

HRP active center and enables precise control over H2O2 yield through applied potential tuning, thereby

matching enzymatic catalysis requirements. Consequently, this electroenzymatic cascade catalysis system

achieves a 4.48-fold higher efficiency for DAP production compared to a conventional system relying on

exogenous H2O2 addition, reaching 89.44% conversion of OPD in just 20 minutes. This work demon-

strates the potential of coupling electrocatalysis and enzyme catalysis within integrated nano-biohybrids

for developing highly efficient and controllable synthetic processes.

Green foundation
1. Advancing green chemistry: This work advances green chemistry by eliminating the need for hazardous bulk H2O2 (Principle #3) in DAP synthesis. We
achieve this through a novel dual-functional ZnGa2O4 nanoflower biohybrid that generates and utilizes H2O2 in situ directly from oxygen and water using
electrochemical activation.
2. Specific green achievement: Quantitatively: The system achieves significant process intensification (Principle #6), enabling 89.44% conversion to DAP in just
20 minutes − a 4.48-fold increase in synthesis efficiency compared to conventional methods requiring external H2O2. Qualitatively: The unique nanoflower
architecture prevents waste (Principle #1) by enabling nanoscale channeling and immediate consumption of the electrogenerated H2O2. Precise potential
control ensures a safe, on-demand reagent supply, inherently minimizing risks associated with H2O2 storage and transport.
3. Greater sustainability: The work’s green foundation can be further improved by developing integrated membrane electrode assemblies (MEAs) to enhance
scalability and energy efficiency.

Introduction

2,3-Diaminophenazine (DAP), a valuable phenazine derivative
with unique electronic and biological properties, finds diverse
applications in materials science, including use as an organic
dye, a component of conductive polymers, and an energy storage
material,1–5 as well as in biotechnology, for instance, as a specific

DNA-binding probe.6–8 The significance of DAP as a synthetic
intermediate underscores the demand for production methods
that are both efficient and environmentally sustainable.9–11 In
this context, green chemistry principles, which prioritize renew-
able resources and waste minimization, provide a clear frame-
work for moving beyond conventional syntheses that rely on
hazardous solvents and harsh conditions.12–15

Enzymatic synthesis, characterized by high selectivity and
mild operating conditions, aligns well with green chemistry
goals.13,16–18Specifically, horseradish peroxidase (HRP) has
been successfully applied in the oxidation reaction of
o-phenylenediamine (OPD) to produce DAP.19 However, a criti-
cal challenge lies in HRP’s dependence on hydrogen peroxide
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(H2O2) for activating its heme group to form the crucial
Compound I intermediate (P–Fe4+vO). Excessive H2O2 would
cause irreversible oxidative inactivation of the enzyme
HRP,20–23 necessitating precise control of H2O2. Conventional
methods attempting to manage H2O2 concentrations, such as
batch-wise addition of low H2O2 concentrations, suffer from
significant drawbacks, including dilution effects, potential pH
shifts, and greatly prolonged reaction times, ultimately failing
to capitalize on the intrinsic efficiency of enzymatic catalysis
and hindering large-scale application.20

To address these limitations, strategies integrating in situ
H2O2 generation with enzymatic catalysis offer a compelling
alternative.21–24 Inspired by recent advances in electro- and
photo-enzyme cascades,25–28 we developed an integrated system
that immobilizes HRP onto a nanostructure architecture
designed for in situ electrocatalytic production of H2O2. Such an
integrated H2O2-dependent enzymatic system provides some key
advantages. First, H2O2 production can be precisely controlled
by tuning the applied electrochemical potential, thereby match-
ing enzymatic demand and preventing inactivation.29–31 Second,
overall cascade efficiency is enhanced through minimized H2O2

diffusion distances (due to nanoscale proximity) between the
generation site and the HRP active center.17,32,33 Finally, immo-
bilization inherently improves the operational stability of HRP.

For the electrocatalytic component, the nano-flower struc-
tured zinc gallate (ZnGa2O4) was selected as a dual-function
platform, serving as both the electrocatalyst for the two-elec-
tron oxygen reduction reaction (2e−ORR) and the enzyme
immobilization matrix.34,35 ZnGa2O4 exhibits favorable selecti-
vity for the 2e−ORR pathway, while offering a high surface area
due to its nano-flower structure, which is ideal for both
effective electrocatalysis and robust enzyme loading – essential
features for constructing an efficient nano-biohybrid.

Herein, we report the design and application of an HRP-
immobilized ZnGa2O4 nanoflower nano-biohybrid
(HRP-ZnGa2O4) for the efficient electroenzymatic synthesis of DAP
from OPD. This system synergistically combines the potential-con-
trolled electrocatalytic H2O2 generation capability of ZnGa2O4

with the oxidative power of HRP. Co-immobilization minimizes
H2O2 diffusion distances, boosting cascade efficiency accordingly.
Crucially, tuning the electrochemical potential allows the optimiz-
ation of H2O2 generation kinetics to match enzymatic consump-
tion, thereby maintaining optimal H2O2 levels and preventing
inactivation of HRP. Compared to conventional methods relying
on exogenous H2O2 addition, the HRP-ZnGa2O4 nano-biohybrid
achieves a significantly enhanced DAP synthesis rate. This work
highlights the potential of precisely regulated electroenzymatic
cascade catalysis in nano-biohybrid architectures to advance
green and sustainable chemical manufacturing.

Results and discussion
Characterization of ZnGa2O4

Nanoflower-like ZnGa2O4 was prepared by a solvothermal
method. The X-ray powder diffraction (XRD) pattern confirms

the formation of the pure spinel ZnGa2O4 phase (PDF#38-
1240) with high crystallinity, evidenced by the well-defined
diffraction peaks and the absence of impurity signals (Fig. 1a).
The scanning electron microscopy (SEM) image reveals mono-
disperse nanoflowers with a uniform diameter of 4–5 μm, com-
posed of self-assembled nanosheets (Fig. 1b and Fig. S1). The
transmission electron microscopy (TEM) image further con-
firms this hierarchical structure, showing that the nanoflowers
are assemblies of nanosheets (Fig. 1c). The high-resolution
TEM (HRTEM) image exhibits clear lattice fringes (Fig. 1d),
indicating the highly crystalline nature of the nanosheets. The
measured lattice spacing of 0.24 nm corresponds to the (222)
plane of spinel ZnGa2O4. The chemical composition and
valence state of the ZnGa2O4 nanoflowers were characterized
by energy-dispersive X-ray spectroscopy (EDX), X-ray photo-
electron spectroscopy (XPS), and TEM mapping tests. The EDX
data reveal that the ZnGa2O4 nanoflowers are mainly com-
posed of elemental Ga, Zn, and O (Fig. 1e). The binding ener-
gies for Zn 2p, Ga 3d, and O1s are in excellent agreement with
previously reported values for solvothermally synthesized
ZnGa2O4.

36–38 The Zn 2p XPS spectrum displays the character-
istic Zn 2p3/2 and Zn 2p1/3 peaks at 1021.1 eV and 1043.9 eV
(Fig. 1f), indicative of Zn2+ in the spinel structure. The Ga 3d
peak at 18.9 eV (Fig. 1g) is consistent with Ga3+, and the O 1s
peaks at 529.9 eV and 531.6 eV (Fig. 1h) correspond to lattice
oxygen and oxygen vacancies, respectively. These results collec-
tively confirm the presence of Zn2+, Ga3+, lattice oxygen, and
oxygen vacancies within the ZnGa2O4 structure. Furthermore,
TEM elemental mapping (Fig. 1i) demonstrates the homo-
geneous spatial distribution of Zn, Ga, and O throughout the
nanoflower architecture. Such a uniform composition ensures
consistent catalytic activity across the structure, underpinning
the effective enzyme immobilization and efficiency in the
2e−ORR.

Characterization of HRP-ZnGa2O4

The feasibility of HRP immobilization onto the ZnGa2O4

support was initially evaluated by measuring the zeta potential
of ZnGa2O4 nanoflowers in phosphate buffer (PBS, pH 7.0),
yielding a value of −21.8 mV (Fig. S2). This negative surface
charge facilitates the effective binding of HRP primarily
through electrostatic attraction, as HRP possesses positively
charged surface residues (protonated amino groups) near
neutral pH. Following immobilization, successful loading and
a uniform distribution of HRP on ZnGa2O4 nanoflowers were
confirmed through multiple characterization techniques.
Confocal laser scanning microscopy (CLSM) of rhodamine B
(Rh-B)-labeled HRP revealed that the superimposed bright-
field and dark-field images showed excellent overlap (Fig. 2a),
demonstrating the uniform immobilization of HRP across the
ZnGa2O4 surface. TEM-elemental mapping of the
HRP-ZnGa2O4 nano-biohybrids shows the presence of the
elements Zn, Ga, C, N, O, Fe, and S (Fig. 2b). Critically, in con-
trast to bare ZnGa2O4, the HRP-ZnGa2O4 nano-biohybrid
exhibited distinct N 1s and S 2p signals in its elemental maps
(Fig. 2c–e and Fig. S3), which originate from the amino acid
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constituents of the HRP. The collective elemental mapping evi-
dence, showing the co-localization of HRP-specific elements
(C, N, S) with the ZnGa2O4 components (Zn, Ga, O), confirms
the successful immobilization of HRP onto the support. The
loading capacity of HRP on ZnGa2O4 was quantified as
19.57 mg g−1 (Fig. S4), which is attributed to the large specific
surface area of the nanoflower morphology.

H2O2 generation on the nano-biohybrid

The selectivity of ZnGa2O4 for H2O2 generation via the ORR
was investigated by a rotating ring-disk electrode (RRDE) test
in O2-saturated PBS at pH 7.0 (Fig. 3a). Analysis of the disk
and ring currents within the potential window of 0.16 to −0.14
V yields an average electron transfer number (n) of approxi-
mately 2.36 and a corresponding H2O2 selectivity of 82.24%
(Fig. 3b). These results demonstrate that ZnGa2O4 has excellent
selectivity for the 2e−ORR. Moreover, the ORR activities of
ZnGa2O4 and the HRP-ZnGa2O4 nano-biohybrid were deter-
mined and compared by linear scanning voltammetry (LSV) in
PBS at pH 7.0. The LSV curves show that the ORR current
density of HRP-ZnGa2O4 is only slightly smaller than that of
bare ZnGa2O4 nanoflowers (Fig. 3c and d), possibly due to
HRP blocking some of the active sites, in addition to the
immobilized enzyme acting as a physical barrier that impedes
the diffusion of dissolved oxygen.

The faradaic efficiency (FE) and yield of H2O2 during the
2e−ORR were quantified using the Ce4+ method (Fig. S5).
Notably, while bare ZnGa2O4 exhibited the highest FE
(99.44%) and an H2O2 yield of 14 μmol g−1 s−1 (Fig. 4a), the
HRP-ZnGa2O4 nano-biohybrid showed a slightly lower FE
(94.82%) but a significantly higher H2O2 yield of 47 μmol g−1

s−1 under identical conditions (Fig. 4b and c). This substantial
enhancement in H2O2 yield suggests an additional electro-
catalytic contribution from the immobilized HRP itself.

To elucidate the mechanism behind the enhanced 2e−ORR
performance and higher H2O2 yield of HRP-ZnGa2O4, cyclic
voltammetry (CV) was performed (Fig. 4d). The CV results of
HRP-ZnGa2O4 displayed a well-defined redox couple at 0.29 V
and 0.16 V vs. RHE, which was attributed to the FeIII/FeII con-
version within the heme group of HRP (eqn (1)).

HRP-FeIII þHþ þ e� $ HRP-FeII ð1Þ

In contrast, no such redox peaks were observed in the CV
curves of bare ZnGa2O4. These well-defined redox peaks
provide strong evidence for direct electron transfer (DET)
between the immobilized HRP and the electrode surface,
causing the conversion of iron species. Accordingly, this in situ
generated Fe(II) facilitates the reduction of O2 to H2O2.

39,40 The
linear sweep voltammetry (LSV) of HRP in O2-saturated PBS
(Fig. S6) demonstrates significant ORR activity for HRP,

Fig. 1 (a) XRD pattern, (b) SEM image, (c) TEM image, (d) HRTEM image, (e) EDX pattern, (f ) Zn 2p XPS spectrum, (g) Ga 3d XPS spectrum, (h) O 1s
XPS spectrum, and (i) TEM-mapping images of ZnGa2O4 nanoflowers.
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further verifying HRP’s ability to reduce O2 electrocatalytically.
The significantly higher H2O2 yield of the HRP-ZnGa2O4 com-
pared to that of bare ZnGa2O4 (Fig. 4c) directly correlates with
the DET-enabled generation of FeII.

The structure–property relationship for the HRP-ZnGa2O4

The catalytic activity of HRP is critically dependent on H2O2

concentration. While insufficient H2O2 limits the formation of
catalytic intermediates, excess H2O2 leads to oxidative inacti-
vation of the HRP.41–43 Therefore, optimizing the ratio of
ZnGa2O4 to HRP within the nano-biohybrid is essential to
ensure that the electrochemically generated H2O2 concen-
tration is optimal relative to the immobilized HRP content.

To address this crucial relationship, we systematically
studied the impact of HRP loading on ZnGa2O4 on the overall
cascade efficiency, while explicitly considering the influence of
the applied potential, which affects the H2O2 generation. We first
determined the optimal HRP loading on ZnGa2O4 to be 19.57 mg
g−1. The lower content of HRP than that of the ZnGa2O4 carrier
implies that the instantaneous H2O2 flux generated via ZnGa2O4

electrocatalysis could readily exceed the capacity of the immobi-
lized HRP, leading to enzyme deactivation and a reduction in the
efficiency of the electroenzymatic cascade reaction. The catalytic
efficiency of the cascade reaction increases significantly with
higher HRP loading (Fig. 4e).

Fig. 4e also demonstrates that the applied potential can
influence the catalytic efficiency of the cascade reaction (denoted
by DAP production). It was found that at different potentials, the
catalytic efficiency of the cascade reaction consistently enhanced
with increasing HRP load efficiency. To maximize the overall
cascade performance, we therefore conducted subsequent reac-
tions using the maximum achievable HRP loading (19.57 mg g−1)
at the optimum applied potential of 0.16 V vs. RHE. This combi-
nation ensures sufficient H2O2 generation while minimizing the
risk of HRP inactivation due to local H2O2 excess.

Reusability of the HRP-ZnGa2O4 nano-biohybrid

The unique 3D nanoflower morphology of ZnGa2O4 was
hypothesized to provide a superior platform for HRP immobil-
ization, offering both a high surface area and a protective

Fig. 2 (a) CLSM images, (b) TEM-mapping images, (c) C 1s XPS spectrum, (d) S 2p XPS spectrum, and (e) N 1s XPS spectrum of HRP-ZnGa2O4 nano-
biohybrids.
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microenvironment to enhance HRP stability. To test this hypoth-
esis, the operational reusability of the HRP-ZnGa2O4 nano-bio-
hybrid was evaluated by the residual activity (expressed by DAP
yield), normalized to the initial (first cycle) activity (Fig. 4f). For
comparison, a control biohybrid using reduced graphene oxide
(HRP-rGO) was prepared, where rGO was selected because it is a
well-established 2D platform that also performs the dual func-

tions of 2e−ORR electrocatalysis and enzyme immobilization.
After three catalytic cycles, the HRP-ZnGa2O4 hybrid retained
59% of its initial activity, significantly higher than the 18%
retention observed for HRP-rGO. These results validate that the
unique morphology of the ZnGa2O4 support matrix is the key
factor in enhancing HRP reusability within this integrated elec-
troenzymatic cascade system.

Fig. 3 (a) Rotating ring-disk electrode measurements for ZnGa2O4 at 1600 rpm in O2-saturated 0.1 M PBS. (b) Electron transfer number and H2O2

selectivity of ZnGa2O4 at 1600 rpm in O2-saturated 0.1 M PBS. (c) LSV curves of ZnGa2O4 in Ar or O2-saturated PBS. (d) LSV curves of ZnGa2O4 and
the HRP-ZnGa2O4 in O2-saturated PBS.

Fig. 4 (a) The yield of H2O2 and H2O2 Faraday efficiency of the ORR on ZnGa2O4 at different potentials, (b) the yield of H2O2 and H2O2 Faraday
efficiency of the ORR on HRP-ZnGa2O4 at different potentials, (c) the yield of H2O2 of the ORR on ZnGa2O4 and HRP-ZnGa2O4 at different poten-
tials, (d) the CV curve of ZnGa2O4 and HRP-ZnGa2O4 in N2-saturated 0.1 M PBS, (e) DAP concentrations at different potentials for different loading
amounts of ZnGa2O4 to HRP, and (f ) comparison of reusability of the immobilized HRP on ZnGa2O4 and rGO, respectively.

Green Chemistry Paper

This journal is © The Royal Society of Chemistry 2025 Green Chem.

Pu
bl

is
he

d 
on

 0
1 

A
ug

us
t 2

02
5.

 D
ow

nl
oa

de
d 

by
 Y

un
na

n 
U

ni
ve

rs
ity

 o
n 

8/
23

/2
02

5 
9:

30
:2

4 
A

M
. 

View Article Online

https://doi.org/10.1039/d5gc03726c


Oxidation of OPD via the electroenzymatic cascade catalysis

The oxidation of OPD to DAP at the HRP-ZnGa2O4 nano-biohy-
brid via the electro-enzymatic cascade was monitored using
UV-vis spectroscopy. This technique allows tracking of the reac-
tion progress by observing the decrease in characteristic OPD
absorbance peaks (at 234 nm and 282 nm) and the corres-
ponding increase in DAP absorbance (peaks at 259 nm and
420 nm), illustrating the reactant-to-product conversion over
time (Fig. S7). The UV-vis absorption spectra (Fig. 5a) display
the background-corrected UV-vis absorption spectrum of DAP
formed by electro-enzyme cascade catalysis of HRP-ZnGa2O4,
revealing two well-defined characteristic peaks at 259 nm and
420 nm. These wavelengths are consistent with the positions
of the DAP absorption peaks reported in the literature, con-
firming that the product is DAP.19

To further verify the advantages of the electro-enzyme
cascade catalysis system, we applied it in the oxidation of OPD
(5 mg L−1) to DAP. The results show that the characteristic
absorption of DAP by the electro-enzyme cascade catalysis was
significantly higher than that by manual addition of H2O2

(Fig. 5b). This enhancement can be attributed to the nanoscale
proximity effect between HRP and ZnGa2O4. The diffusion dis-
tance of the intermediate (H2O2) can be made shorter by co-
immobilization of HRP with ZnGa2O4 on the same electrode.
Meanwhile, the generated H2O2 is prohibited from diffusing
into the bulk of the solution to improve the overall cascade
efficiency. In addition, the conversion of OPD can reach 89.44%
after 20 min of reaction via the electroenzymatic cascade cataly-
sis of the HRP-ZnGa2O4 nano-biohybrid (Fig. 5c).

Proton and carbon NMR spectra were used to characterize
the product further. The 1H NMR chemical shifts of the oxi-
dation product of OPD were δH1 = 6.23 (m, 4H), δH2 = 6.90
(m, 2H), δH3 = 7.51–7.57 (m, 2H), δH4 = 7.85–7.91 (m, 2H),
and the integration ratio was δH4 : δH3 : δH2 : δH1 = 1 : 1 : 1 : 2,
which gave the number of hydrogen atoms as 10, which is con-
sistent with the number of hydrogen atoms in DAP (Fig. S8). In
addition, the chemical shifts of the 13C NMR spectra of the
OPD oxidation products δ1 = 102.18, δ2 = 126.38, δ3 = 127.86,
δ4 = 140.29, δ5 = 142.03, and δ6 = 144.02 confirm that the
major product is DAP (Fig. S9).

The stability tests show a gradual increase in current
density, after which the system stabilizes and remains within

acceptable operational limits (Fig. S10). Crucially, the struc-
tural integrity of the HRP-ZnGa2O4 was maintained after stabi-
lity testing. The flower-like morphology of the HRP-ZnGa2O4

catalyst on the cathode surface was retained (Fig. S11), and
XRD showed that the catalyst was still ZnGa2O4 (Fig. S12), indi-
cating good stability under the operating conditions.

Comparative analysis of recent DAP synthesis method-
ologies revealed that our phosphate buffer-based approach
offers several significant advantages (Table 1): (1) the aqueous
system eliminates organic solvent-associated toxicity, enhan-
cing environmental sustainability; (2) the electroenzymatic
cascade system enables controlled in situ H2O2 generation, pre-
venting localized concentration spikes of reactive oxygen
species; and (3) the enzyme immobilization strategy substan-
tially improves catalyst recoverability and operational stability
relative to free enzyme systems, establishing a foundation for
bio-compatible catalytic system design.

Mechanism of oxidation of OPD

The electro-enzymatic cascade synthesis of DPA at the
HRP-ZnGa2O4 nano-biohybrid is assumed to proceed as
follows (Scheme 1). The process starts with the selective
electrochemical generation of H2O2 in situ via the 2e−ORR cata-
lyzed by the ZnGa2O4 component at the applied potential. The
resulting H2O2 then readily diffuses into the co-immobilized
HRP and activates the enzyme’s resting state (FeIII). The acti-
vation begins with the heterolytic cleavage of the H2O2 mole-
cule, which is a process that requires the transfer of two elec-
trons from heme: one electron from FeIII in the static HRP and
the other from the porphyrin in the heme cofactor, generating
a high iron porphyrin radical cation [[Fe(IV)O•]+] (compound
I). Compound I is a typical intermediate in HRP-catalyzed reac-
tions, and is extremely unstable and highly oxidative.
Compound I reacts with the electron-donating molecule OPD
to form another intermediate oxidation state, compound II,
and a radical of OPD. Compound II then reacts with OPD to
form HRP and a radical of OPD.55 The OPD radical then loses
electrons to form the intermediate product o-quinonediimine.
After that, in the presence of HRP and H2O2, compound I and
compound II react with o-quinonediimine to form the o-quino-
nediimine radical, and the o-quinonediimine radical reacts with
an OPD molecule to form the final product, DAP. In this

Fig. 5 (a) UV-vis absorption spectra of ODP and DAP. (b) DAP production concentrations: in situ H2O2 generation at −0.7 V and manual H2O2

addition. (c) Conversion rate of OPD to DAP at different reaction times.
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process, HRP and ZnGa2O4 were jointly involved in the electro-
enzymatic cascade catalysis, which facilitated the efficient pro-
ceeding of the above steps and ensured the successful synthesis
of the final product DAP.56 In addition, the DET-enabled gene-
ration of FeII contributes to the production of H2O2.

Conclusions

In summary, we engineered an integrated HRP-ZnGa2O4 nano-
biohybrid supported on carbon cloth. The integrated system
addressed critical green chemistry challenges by eliminating

the need for hazardous, externally supplied H2O2 through in situ
electrochemical generation from O2 and H2O. Critically, the
unique 3D nanoflower architecture of ZnGa2O4 serves dual func-
tions: catalyzing selective 2e−ORR to produce H2O2 while provid-
ing a protective microenvironment for immobilized HRP. This
spatial design enables direct intermediate channeling, effec-
tively eliminating diffusive H2O2 loss into the bulk solution and
maximizing atom economy in the synthesis of DAP from OPD.
The HRP-ZnGa2O4 demonstrated exceptional operational stabi-
lity, retaining 59% of its initial activity after three reuse cycles—
a substantial improvement over conventional 2D supports such
as reduced graphene oxide (18% retention). Such enhanced re-

Table 1 Comparison table for the synthesis of DAP using different catalysts

Catalyst Temperature Solvent H2O2 generation method Yield References

HRP-ZnGa2O4 Room temperature 0.1 M phosphate buffered solution In situ generation 62.5% This work
FeTSPC 30 °C 0.2 M Na2HPO4-citric acid buffer Manual addition NA 200344

Methemoglobin Room temperature 0.1 M citrate-phosphate buffer Manual addition 39% 200545

Copper chloride dihydrate Room temperature Methanol — 8.4% 201246

[Fe(L)Cl2]Cl Room temperature Methanol Manual addition NA 201547

[Fe(L)(NO3)2]NO3 Room temperature Methanol Manual addition NA 201547

[Cu(L) (NO3)2] Room temperature Methanol — NA 201548

[Cu (L) Br2] Room temperature Methanol — NA 201548

Pd–Rh nanoframes and nanoboxes Room temperature Water Manual addition NA 201549

UO2(NO3)2 80 °C Water — 60% 201650

Fe3O4@SiO2-Cu Room temperature Water Manual addition NA 201751

MnFe2O4 Room temperature 0.1 M citrate-phosphate buffer Manual addition NA 201852

AgNPs/FP Room temperature Citrate-phosphate buffer Manual addition NA 202353

FeSnO(OH)5 100 °C Water Manual addition 43% 202454

Scheme 1 Catalytic mechanism for the oxidation of OPD to DAP at the HRP-ZnGa2O4 nano-biohybrid via electroenzymatic cascade catalysis.
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usability sharply reduces enzyme consumption and aligns with
key principles of sustainable process design. The system oper-
ates continuously without external H2O2 addition, eliminating
safety hazards associated with concentrated peroxide handling
and reducing the environmental footprint of oxidative synth-
eses. Overall, this work highlights the strength of merging elec-
trocatalysis and enzymatic catalysis in a thoughtfully designed
nano-biohybrid framework, paving the way for advanced bioca-
talytic systems in sustainable synthesis.
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