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Blood glucose concentration plays a vital role in the clinical diagnosis and therapeutic monitoring of
diabetes mellitus. Accurate measurement and continuous monitoring of glucose levels are essential for
effective disease prevention and management. However, conventional detection methods face
significant limitations in practical applications due to poor stability and sensitivity, which hinders the
development of long-term continuous glucose monitoring. Herein, we demonstrate novel PdO-
incorporated MOF-derived sandwich heterostructures, Co304-10@PdOs@CoCu oxides_400. for glucose
sensing. The incorporation of PdO facilitates electron transfer, thereby significantly enhancing the
sensitivity of glucose detection. Notably, the unique sandwich structure effectively prevents the leaching
of PdO during electrochemical cycling and improves detection stability, enabling the electrode to retain
93.73% of the initial current response after 30 days. The MOF-derived heterostructure, induced by
structural transformation in the annealing process, exposes additional active sites and further enhances
the electrochemical activity. The experimental results exhibit exceptional sensing performance, with high
sensitivities (4.372 mA mM™t cm™2 and 2.615 mA mM™t cm™2). The linear ranges (0.01-1 mM; 1-2.5 mM)
and low detection limit (1.49 uM) effectively cover the trace glucose levels typical of human sweat,
fulfilling the sensitivity requirements for non-invasive monitoring. Additionally, the rapid response time
(2.35 s) ensures immediate signal readout, satisfying the efficiency demands for practical applications.
Our work presents a promising approach for developing highly stable and sensitive electrode structures,

rsc.li/rsc-advances

Introduction

Diabetes, recognized by the World Health Organization as one
of the four major non-communicable diseases, is associated
with severe complications, including nephropathy, retinopathy,
and cardiovascular diseases." According to projections, the
global population affected by diabetes is expected to reach 700
million by 2045.> The concentration of glucose is a critical
indicator for assessing glucose metabolism in the human body,
which is essential for screening and monitoring conditions
such as diabetes and hypoglycaemia. Consequently, the devel-
opment of advanced electrode structures with high stability and
fast response time is the critical prerequisite for continuous and
real-time glucose monitoring. Electrochemical sensing has
emerged as a promising approach for glucose detection due to
its high sensitivity, excellent selectivity, ease of integration, and
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laying the foundation for future continuous glucose monitoring applications.

potential for continuous monitoring.*® The performance of
electrochemical glucose sensing heavily depends on the choice
of electrode materials. While enzyme-based materials have been
widely utilized for glucose detection owing to their high selec-
tivity, recent advancements have shifted focus toward non-
enzymatic electrode materials.”" This phenomenon is
primarily attributed to the fact that non-enzymatic sensing
technologies provide high stability, which could resist envi-

interference ~ for  long-time  continuous

11-13

ronmental
monitoring.
Metal-organic frameworks (MOFs), which are porous crys-
talline materials formed through the self-assembly of metal
nodes and organic ligands, are considered a new material
option for non-enzymatic sensing due to their unique pore
structure, high specific surface area, and abundant active
sites.*'*> In particular, ZIF-L, a two-dimensional MOF with
a leaf-like morphology, offers abundant exposed edge sites and
high surface accessibility, making it easier to modify and suit-
able for constructing sensing structures.’® However, their
practical application has been hindered by inherent limitations,
such as insufficient electrical conductivity and the presence of
inaccessible active sites. To further enhance their performance
in practical applications, MOF derivatives, particularly metal
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oxides, have been explored through thermal treatment or
chemical conversion."”'® These derived materials retain the
advantageous porous characteristics of MOFs while achieving
improved conductivity and catalytic activity. As a result, MOF-
derived materials demonstrate considerable potential for
advancing the field of non-enzymatic electrochemical
sensing."*°

The synergistic or electronic effects between different metal
ions have been utilized by combining noble metals and tran-
sition metals, to improve the overall performance of non-
enzymatic electrochemical sensing.**** In 2023, Huang et al.**
reported a novel MOF structure on gold wires modified with
single-walled carbon nanotubes, which exhibited a low detec-
tion limit (LOD) of 0.16 uM within a linear range of 0.001-3 mM.
Concurrently, Han et al.*® constructed three non-enzymatic
electrochemical glucose sensors with bimetallic structures.
Among these, the Cu-MOF/PtNPs on gold electrodes displayed
excellent glucose catalytic performance, with a sensitivity of
158.41 pA mM ' cm™? and LOD of 0.06 mM, attributed to
synergistic amplification within the linear range of 0.40-
25.00 mM. However, the inherent high surface energy of noble
metals leads to their thermodynamic instability and suscepti-
bility to aggregation, which results in the loss of catalytic
activity. To address these issues, a method involving the
encapsulation of noble metal nanoparticles with catalytically
active MOFs has emerged. This heterogeneous structure is
referred to as a “sandwich-type” structure.”® Stabilization of
precious metal nanoparticles is achieved by the multiple coor-
dination sites of MOFs and a well-defined pore structure that
provides spatial confinement and prevents aggregation.**” In
2022, Zhang et al.*® utilized the sandwich-type UiO-66-NH,@-
Pt@PCN-222 nanocomposite as a synergistic catalytic system to
selectively reduce nitro benzaldehyde to nitro benzyl alcohol.
The PCN-222 shell layer not only provided active sites but also
protected the metal nanoparticles, maintaining the activity of
catalyst during cycling. Compared to single-component nano-
structures, sandwich-type core-shell nanostructures typically
exhibit better chemical and physical properties. These struc-
tures benefit from synergistic interactions between the inner
and outer layers, leading to enhanced functionalities and
improved glucose sensing performance.”” However, few studies
focused on designing structures that simultaneously exploit
metal synergy, structural reinforcement, and structural trans-
formation to achieve high-performance glucose sensing.

In this study, sandwich structured Co3;04_1,@PdOs@CoCu
oxides.4o¢ derived from MOF were constructed by doping with
PdO. The effect of the molar concentration of PdO on the
sensitivity of glucose sensing was investigated. Furthermore,
a sandwich-type structure was incorporated, and the influence
of the outer layer thickness on the doping stability was evalu-
ated. Additionally, the impact of the structural transformation
induced by annealing temperature on the electrochemical
activity of MOF derivatives was systematically studied. Our
electrode demonstrated excellent stability, high sensitivity, and
a rapid response time within the physiological glucose
concentration range relevant to human sweat. These findings
established a highly stable glucose sensing structure as
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a material candidate, providing a critical stability foundation
for future non-invasive monitoring systems.

Materials and methods

Materials

Carbon cloth was obtained from WOS 1009 CeTech Co.; sodium
hydroxide (NaOH), ethylene glycol (EG), PdCl,, 2-methyl-
imidazole (Hmim), t-ascorbic acid (AA) and p-fructose (Fr) were
procured from MacLean. Ammonium persulfate (NH,S,0s),
cobalt nitrate hexahydrate (Co(NOj3),-6H,0), and glucose were
sourced from Sigma-Aldrich Chemical Company. Dopamine
hydrochloride (DA), uric acid (UA), and folic acid (FA) were
acquired from Meilun Biological. All chemicals used in this
study were of analytical grade. All solutions were prepared with
deionized water obtained from a Milli-Q water purification
system.

Characterization

The electrochemical tests were performed utilizing the CS310
electrochemical workstation, with an Ag/AgCl (CHI111) elec-
trode employed as the reference electrode. The samples
underwent morphological and structural analysis via scanning
electron microscopy (SEM) and transmission electron micros-
copy (TEM). Crystallographic characterization was carried out
using Cu-Ka radiation X-ray diffraction (XRD) on a PANalytical
B.V. instrument. X-ray photoelectron spectroscopy (XPS) anal-
ysis was conducted on a VG MultiLab2000 system utilizing
a single Al-Ko. X-ray source. Thermogravimetric analysis (TGA)
was performed utilizing a Netzsch STA 449 thermogravimetric
analyzer with a heating rate of 10 °C min™" in air.

Synthesis

Preparation of Cu(OH),/carbon cloth. The synthesis method
of Cu(OH),/carbon cloth was based on a previous report and can
be described as follows.* Initially, a piece of carbon cloth was
immersed in 6% white vinegar for 2 h. Subsequently, the carbon
cloth was cleaned with ethanol and water for 5 min with the
assistance of ultrasound and dried at 60 °C. Then, the carbon
cloth was placed into the magnetron sputtering system, where
a layer of copper was deposited on its surface at a power of
100 W, and the process lasted for 30 min. Upon completion of
the copper deposition step, the Cu/carbon cloth was immersed
in a mixture containing NaOH (0.375 M, 200 mL) and
(NH,),S,05 (0.015 M, 200 mL) at a controlled temperature of
30 °C for 1 h, and then Cu(OH),/carbon cloth was obtained.

Preparation of CuCo-ZIF-L. Co(NOs),-6H,0 (0.08 M) was
dissolved in 40 mL of water, followed by the immersion of
Cu(OH),/carbon cloth in the above solution for 5 min. Subse-
quently, 40 mL of Hmim (0.01 M) was immediately added to the
aforementioned solution, which was then kept at a constant
temperature of 30 °C for a duration of 2 h. Finally, CuCo-ZIF-L
was obtained by drying at 60 °C. The sample was put into a tube
furnace and calcined at 400 °C for 4 h at a heating rate of 10 °©
C min~' in air. Then CoCu oxides_4o, were prepared.
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Preparation of PdO,@CuCo-ZIF-L. PdCl, at concentrations of
0, 2.5, 5, and 10 mM was dissolved in a mixture of water (8 mL)
and ethylene glycol (12 mL) with thorough stirring. Subsequently,
CuCo-ZIF-L was transferred to the aforementioned solution and
kept at room temperature for 15 min. Then, PdO,@CuCo-ZIF-L
was prepared. The samples, named PdO,@CuCo-ZIF-L (x = 0,
2.5, 5, 10), were subjected to calcination at 400 °C for 4 h in air,
thereby obtaining PdO,@CoCu oxides_4p¢.

Preparation of sandwich ZIF-L,@PdO;@CuCo-ZIF-L. The
synthesis conditions of Co;0,.,@PdOs@CoCu oxides_4oo Were
similar to those of PAO,@CoCu oxides_49. The difference was in
the immersion of the prepared PdO;@CuCo-ZIF-L in a solution
of Hmim and Co(NOj),-6H,0, where it was kept for 5, 10, 20
and 40 min under controlled temperature conditions of 30 °C.
These samples were named as ZIF-L,@PdO;@CuCo-ZIF-L (y =
5, 10, 20, 40). Finally, the above samples were transferred to
a tubular furnace and calcined at 400 °C for 4 h in air to obtain
C030,.,@PdO;@CoCu oxides.,oo. For comparison, ZIF-L.i¢-
@PdOs@CuCo-ZIF-L was calcined at 300, 400, and 500 °C to
obtain C0304_;,@PdOs@CoCu oxides., (z = 300, 400, 500).

Results and discussion

The formation process of sandwich heterostructures was illus-
trated in Scheme 1. Initially, the pretreated carbon cloth was
placed into a magnetron sputtering system to deposit a uniform
Cu layer on its surface. Dense Cu(OH), nanowires were grown
on the surface of Cu by a wet chemical method. Two-
dimensional leaf-like CuCo-ZIF-L was synthesized through an
ion exchange technology, while Cu(OH), acted as a precursor.
Subsequently, PdO was incorporated onto the surface of CuCo-
ZIF-L, and the impact of varying concentrations of PdO on
glucose sensing performance was investigated. Building on this,
a  sandwich-structured = ZIF-L,@PdO,@CuCo-ZIF-L.  was
produced via epitaxial growth, using PdO,@CuCo-ZIF-L as the
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core. The influence of the thickness of the sandwich outer layer
ZIF-L on sensing stability of the doped system was emphasized.
Finally, C0;0,,@PdO,@CoCu oxides., nanosheet arrays were
obtained through an annealing process, which removed the
surface organic structures and exposed more active sites.

The structural evolution from the MOF precursor to Co;0,-19-
@PdO,@CoCu oxides 450 Was characterized using SEM, as shown
in Fig. 1. Initially, the MOF precursor CuCo-ZIF-L exhibited
a uniform leaf-like structure which was grown in situ on the surface
of carbon cloth using Cu(OH),, as depicted in Fig. 1(a). Upon the
incorporation of PdO, irregular nanoparticles appeared on the
previously smooth surface of CuCo-ZIF-L, surrounded by an
etched-like appearance, as illustrated in Fig. 1(b). In the case of
ZIF-L.1,@PdOs@CuCo-ZIF-L, the irregular nanoparticles became
less visible due to the coating effect of the outer ZIF-L layer, as
depicted in Fig. 1(c). After annealing, the derived C030, 10-
@PdO @CoCu oxides 490 exhibited a distinct layered structure, as
presented in Fig. 1(d). The surface of this structure was densely
populated with nanoparticles, which facilitated the exposure of
numerous active sites. Throughout the synthesis process, the
overall dimensions of the CuCo-ZIF-L derivatives remained rela-
tively consistent, with each structure maintaining a leaf-like
morphology approximately 1 um in size. The crystal structure of
C030,410@PdOs@CoCu oxidesoo was further investigated by
TEM, as illustrated in Fig. 1(e). Lattice spacings of 0.252 nm and
0.232 nm corresponded to the (1 1 1) and (1 1 1) planes of CuO
(JCPDS 48-1548), respectively. A lattice spacing of 0.201 nm cor-
responded with the (4 0 0) plane of CoO (JCPDS 43-1003). A lattice
spacing of 0.264 nm matched well with the (1 0 1) plane of PdO
(JCPDS 41-1107).

To further elucidate the elemental distribution within the
doped structure, TEM elemental mapping was conducted, as
shown in Fig. S1. The images reveal that Cu, Co, and Pd
elements are uniformly distributed across the entire leaf-like
nanostructure. Specifically, the homogeneous dispersion of Pd

Z 3 \\\'*\,, =
"PdO,@Cu

Co-ZIF-L

Scheme 1 Schematic illustration of the fabrication process for (a) Cu/CC, (b) Cu(OH),/CC, (c) CuCo-ZIF-L, (d) PdO,@CuCo-ZIF-L, (e) ZIF-L.,@-

PdO,@CuCo-ZIF-L, and (f) Coz04-,@Pd0O,@CoCu oxides._4q0.
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Fig. 1 Morphological characterization of the synthesized materials: SEM images of (a) CuCo-ZIF-L precursor, (b) PdOs@CuCo-ZIF-L, (c) ZIF-
L 10@PdOs@CuCo-ZIF-L, and (d) Coz04_10@PdOs@CoCu oxides_400. and (e) TEM image of Coz04_10@PdOs@CoCu oxides_4q0.

element confirms that the doping process successfully incor-
porated Pd into the framework without discernible aggregation,
validating the effectiveness of the synthesis strategy.

To verify the structural evolution during the synthesis
process, XRD results of the intermediates were analyzed, as
shown in Fig. S2. The peak located at approximately 25.6° is
attributed to the amorphous carbon of the substrate. The
diffraction peak at 43.3° corresponds to the metallic Cu layer."”
For the Cu(OH), precursor, characteristic peaks are observed at
16.7°, 23.8°, 34.1°, 38.1°, and 53.5°, which are indexed to the (0
2 0),(021),(002),(041),and (1 50) planes of Cu(OH),,
respectively. Upon the formation of the MOF structure, new
diffraction peaks emerge at 10.8°, 16.5°, and 17.8°, corre-
sponding to the (3 1 0), (2 0 0), and (2 2 2) crystal planes of CuCo-
ZIF-L.”?® These results confirm the successful transformation
from the precursor to the sandwich-structured MOF
composites.

Subsequently, to elucidate the composition of the final
glucose sensing structure, XRD analysis was performed on the
derived Co0304_10@PdOs@CoCu oxides o9, as displayed in
Fig. 2(a). A peak around 25.6° corresponded to amorphous
carbon. Distinct diffraction peaks at 35.5° and 38.7° matched
the (0 0 2) and (1 1 1) crystal planes of CuO, respectively.
Additionally, a peak at 36.8° corresponded well with the (3 1 1)
crystal plane of Co;0,4. The characteristic peak at 33.9° aligned
perfectly with the (1 0 1) plane of PdO, indicating effective
loading of PdO. The XRD pattern manifested that the resulting
samples were mainly composed of CuO, Co;0,4, and PdO, which
were in agreement with the results of TEM. The emergence of
characteristic diffraction peaks for CuO, Co;0,4, and PdO, along
with the absence of ZIF-L characteristic peaks, confirmed the
complete conversion of the MOF precursors into metal oxides.

To further investigate the thermal decomposition behavior
of the MOF precursors and determine the optimal annealing
temperature, TGA was conducted on CuCo-ZIF-L, PdOs@CuCo-
ZIF-L, and ZIF-L,,@PdOs;@CuCo-ZIF-L, as illustrated in

© 2026 The Author(s). Published by the Royal Society of Chemistry

Fig. 2(b). The weight-loss profiles of CuCo-ZIF-L and ZIF-L.,,-
@PdOs@CuCo-ZIF-L were similar and could be categorized into
two stages. Below 330 °C, a slight weight-loss primarily resulted
from the evaporation of H,O and decomposition of organic
molecules on the surface. At temperatures exceeding 450 °C,
a significant weight-loss occurred due to the collapse of carbon
cloth and other molecules in the structure except for the metals.
PdOs@CuCo-ZIF-L exhibited two weight-loss steps. The first
step, occurring below 115 °C, was mainly related to the removal
of H,O and solvent molecules. When the temperature rose
above 450 °C, the decomposition of organic components and
the skeleton was observed. Notably, PdOs@CuCo-ZIF-L exhibi-
ted a faster weight-loss rate compared to CuCo-ZIF-L, which can
be attributed to the catalytic effect of PAO doping, accelerating
the decomposition of organic components in CuCo-ZIF-L.** In
contrast, ZIF-L.;,@PdOs@CuCo-ZIF-L demonstrated a signifi-
cantly slower weight loss process than PdOs@CuCo-ZIF-L,
implying that the outer ZIF-L shell effectively protected PdO
from exfoliation and aggregation while retarding the decom-
position of organic components. Based on these findings, the
annealing temperature for CuCo-ZIF-L was set at 400 °C to
remove surface organics with the ZIF-L skeleton preserved and
more active sites exposed. The distinct weight loss stages in TGA
curves, corresponding to the decomposition of organic ligands,
clearly validated the structural transformation from MOF
precursors to metal oxides.*

The elemental valence states and surface chemical compo-
sitions of the MOF-derived C0;0,4_1,@PdO;@CoCu oxides._,oq
were analyzed by XPS, which confirmed the presence of C, O,
Cu, Co, and Pd elements, as depicted in Fig. 2(c). In the spec-
trum of Cu 2p (Fig. 2(d)), the primary peaks observed at
933.60 eV (Cu 2ps/,) and 953.70 eV (Cu 2p;,), along with satel-
lite peaks at 962.33 eV, 943.93 eV, and 941.52 eV, confirmed the
presence of Cu®". In the spectrum of Co 2p (Fig. 2(e)), two
distinct peaks at 780.10 eV and 798.90 eV were identified, cor-
responding to the Co 2p3/, and Co 2p,/, peaks of Co30,4. The

RSC Adv, 2026, 16, 12948-12959 | 12951
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Fig.2 Structural and compositional characterization of Coz04_10@PdOs@ CoCu oxides_400: (@) XRD pattern, (b) TGA curve, high-resolution XPS

(c) survey spectra, (d) Cu 2p, (e) Co 2p, (f) Pd 3d.

spectrum of Pd 3d (Fig. 2(f)) displayed two major peaks at
337.50 eV and 342.50 eV, which were assigned to Pd 3ds/, and
Pd 3d;, in PO, respectively. These findings are consistent with
the XRD results, further validating the successful formation of
the desired phases.

Additionally, to investigate the influence of PdO doping
concentration on the morphological evolution of MOF nano-
structures and to precisely control the doping process, the
samples with three different doping concentrations of PdO were
studied, as displayed in Fig. S3. Firstly, the pristine CuCo-ZIF-L
exhibited a characteristic leaf-like morphology with a relatively
smooth surface. Upon introducing a PdO doping concentration
of 2.5 mM, the resulting PdO, s@CuCo-ZIF-L showed significant
surface etching, leading to the formation of nanocrystalline
structures. When the doping concentration was increased to
5 mM, the leaf-like architecture underwent further etching,
accompanied by the emergence of numerous nanoparticles on
the surface. Notably, with a PdO doping concentration of
10 mM, the original leaf-like structure of CuCo-ZIF-L was
completely disrupted. These observations revealed that the
doping concentration of PdO played a crucial role in modu-
lating the morphology of MOFs. The observed morphological
changes can be attributed to the synergistic interactions
between the metal constituents, where the controlled variation
in PdO doping concentration induces progressive etching of
CuCo-ZIF-L, consequently increasing the specific surface area
and exposing additional active sites.

Further, the impact of the thickness of the sandwich outer
layer on the morphology of ZIF-L,@PdO;@CuCo-ZIF-L was

12952 | RSC Adv, 2026, 16, 12948-12959

explored, as shown in Fig. S4. The morphological analysis
revealed a distinct correlation between the shell layer coating
duration and the resulting nanostructure dimensions. Specifi-
cally, ZIF-L;@PdOs@CuCo-ZIF-L, synthesized with a 5 min
coating duration, maintained the -characteristic leaf-like
morphology with a measured thickness of approximately
90 nm, representing a 10 nm increase compared to the
uncoated PdOs;@CuCo-ZIF-L. Upon extending the coating
duration to 10 min, ZIF-L;,@PdOs@CuCo-ZIF-L exhibited
a more pronounced leaf-like structure with a thickness of
approximately 125 nm. Further prolongation of the coating time
to 20 min resulted in ZIF-L,,@PdOs@CuCo-ZIF-L displaying
enhanced hierarchical architecture with a substantial thickness
increase to approximately 200 nm. Notably, when the time was
further extended to 40 min, the thickness grew to approximately
300 nm, while the loaded PdO was completely encapsulated.
These observations suggest that the thickness of the outer layer
of the MOF significantly affects the morphology and size of the
prepared sensing structures. The well-defined pore structure of
the sandwich MOF provided diffusion channels, accelerating
the transfer of glucose molecules and intermediates.

The thermal induced structural transformation of the CuCo-
ZIF-L, PdO;@CuCo-ZIF-L, and ZIF-L_,,@PdO;@CuCo-ZIF-L was
studied through SEM. The structures of the samples were
transformed with the basic morphology and dimensions
retained, as depicted in Fig. S5. The thermally treated CoCu
oxides_400 exhibited a porous architecture with numerous well-
distributed micropores on the surface. PdAOs;@CoCu oxides 44
were transformed into a leaf-like structure composed of

© 2026 The Author(s). Published by the Royal Society of Chemistry
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interconnected nanoparticles, a structural modification that
can be primarily attributed to the incorporation of PdO.
Remarkably, C0;0,4-10@PdOs@CoCu oxides.,o, demonstrated
a more refined nanostructure, consisting of smaller nano-
crystals compared to the PdOs@CoCu oxides.. This
morphological refinement is ascribed to the protective effect of
the MOF coating, which effectively inhibited the aggregation of
PdO during the sintering process, thereby promoting superior
dispersion on the MOF surface. Furthermore, the sandwich
MOF architecture underwent a complex structural reorganiza-
tion during thermal annealing, resulting in the formation of
hierarchical nanostructures with enhanced specific surface area
and increased accessibility of active sites.

The electrochemical performance of the prepared electrode
was systematically evaluated, as shown in Fig. 3. CV tests were
conducted on the sensing structure in a 0.1 M NaOH solution. It
is observed that the peak anode current increased proportion-
ally with the square root of the scanning rate, which suggested
that the diffusion-controlled process was occurring on the
C0304-10@PdOs@CoCu oxides o0 during the redox reaction.

View Article Online
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The operating voltage during the assay was an important factor,
which plays a role in the catalytic performance of glucose
sensing. In order to obtain the optimal current response, the i-¢
test of C030410@PdOs@CoCu oxides o, exhibited a step
response at different applied potentials ranging from 0.45-
0.6 V, with glucose continuously added into a 0.1 M NaOH
solution, displayed in Fig. 3(b). As the potential increased from
0.45 V-0.55 V, the current response gradually increased.
However, when the potential was set to 0.6 V, a slight decrease
in current was observed. Therefore, 0.55 V was selected as the
optimal potential for the non-enzymatic glucose sensing in this
work. With the continuous addition of glucose (0.01-2.5 mM),
the it response of the C03;0, 10@PdOs@CoCu oxides. 400
exhibited a stepwise and gradual enhancement, as illustrated in
Fig. 3(c). The results demonstrated that the sensing electrode
exhibited high sensitivities of 4.372 and 2.615 mA mM ' cm >
within linear ranges of 0.01-1 mM and 1-2.5 mM, respectively,
along with a low detection limit of 1.49 uM, as shown in Fig. S6
(3SD/N, where SD is the standard deviation and N is the
sensitivity).
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Fig. 3 Electrochemical performance of the sensor: (a) CV test, (b) i—t

responses at different applied potentials, (c) i—t response curves toward

glucose, and (d) anti-interference behavior in the presence of common interfering species.
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Based on the electrochemical characterization and structural
analysis, a plausible mechanism for glucose oxidation on
C030,4-10@PdOs@CoCu oxides_4oo Was proposed, as depicted in
the following equation. Due to the P-type semiconductor
properties of CuO, the increase in anode potential promoted the
distortion of electron clouds on oxygen atoms, which led to the
adsorption of OH ™. Electrons were transferred from CuO-OH™
to CuO, and the OH™ then oxidized glucose to gluconolactone.*
Simultaneously, Co;0, underwent electrochemical oxidation to
form CoOOH, which was further oxidized to Co0O,. CoO,,
serving as an electron transfer mediator, was reduced to lower
valence states while facilitating the oxidation of glucose to
gluconolactone.*** The incorporation of PdO significantly
enhances the interfacial electron transfer kinetics between CuO
and Co;0, through synergistic trimetallic interactions, thereby
improving the electrocatalytic performance for glucose oxida-
tion, as shown in Fig. 4.3

CuO + OH™ — (CuO-OH") + e~ (1)

CoO + OH™ — CoOOH + H,O + e~ @
CoOOH + OH™ — Co0, + H,O + e~ (3)
(CuO-OH") + glucose — CuO + glucolactone (4)
Co0, + glucose — CoOOH + glucolactone (5)

It is noteworthy that at elevated glucose concentrations, the
accumulation of reaction intermediates may occur, potentially
impeding the diffusion of oxidation products. This phenom-
enon accounts for the observed variations in glucose sensitivity
across different concentration ranges, highlighting the
concentration-dependent nature of the electrocatalytic process.

The practical application of non-enzymatic glucose sensors
is critically dependent on their ability to maintain detection
accuracy in the presence of various interfering substances
commonly found in physiological samples. Therefore, the
interference resistance of the Co3;0,_,,@PdO;@CoCu oxides_,oo
was assessed by the i-t test, depicted in Fig. 3(d). The
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experimental conditions were designed to simulate physiolog-
ical environments of sweat, where the glucose concentration is
typically an order of magnitude higher than that of potential
interfering species. Accordingly, the measurements were per-
formed by sequentially introducing 1 mM glucose and 0.1 mM
concentrations of common interfering substances (UA, AA, FA,
Fr, and DA) under continuous stirring conditions. The results
demonstrated an immediate distinct response current upon
each addition of glucose. In contrast, when the interfering
substances were gradually added, negligible response current
was observed from the sensing electrode. These tests confirmed
that the presence of these interfering substances did not affect
glucose detection and showcased excellent selectivity of the
prepared sensing structure.

To investigate the effect of doping concentrations of PdO (0,
2.5, 5, 10 mM) on sensing sensitivity, i-t tests were conducted, as
shown in Fig. 5(a). The sensitivities of PdO,@CoCu oxides 490 (X =
0, 2.5, 5, 10) for glucose within the linear range of 0.01-1 mM were
2.756, 3.063, 4.238, and 2.618 mA mM ' cm >, respectively.
Among these samples, the highest sensitivity was achieved at
a doping concentration of 5 mM. This enhancement is attributed
to the balance between structural evolution and kinetic optimi-
zation. The incorporation of PdO induces a nanoscale Kirkendall
effect, which generates structural defects and increases porosity.
At the optimal concentration of 5 mM, these defects significantly
enhance the mass transfer kinetics of glucose molecules and
maximize the exposure of active sites while preserving the
essential conductive skeleton of the MOF derivative. However,
theoretical and morphological analyses suggest a threshold effect,
indicating that when the doping concentration increases to
10 mM, the excessive etching leads to the collapse of the sup-
porting framework (Fig. S3). This structural degradation impedes
electron transfer pathways and reduces the effective surface area
available for the redox reaction, thereby diminishing the sensing
performance. Thus, 5 mM represents the optimal kinetic equi-
librium point. Building upon these optimizations, the effect of
electrodes with different doping concentrations of PdO and the
sandwich MOF structure on sensing was further evaluated.

The sensitivities of the sandwich-structured Co3;0,4 10
@PdO @CoCu oxides.4o0 (x = 0, 2.5, 5, 10) to glucose within the

C0304.10 Shell
- [ B - _ OH- HzO
\ CuO e transfer ) p e transfer CoO
OH - el e
s 5L
@ -\ q) &
CuO CuO-OH- /' ‘ACuCo oxide * CoOOH CoOOH
& Core OH-
/ -0
. PdO . ¢ =
0 o o CoO0, H,0

Fig. 4 The sensing mechanism of Coz04_10@PdOs@CoCu oxides_4q0.
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Fig. 5 The calibration curves of current vs. glucose concentration for (a) PdO,@CoCu oxides_400 (X =0, 2.5, 5, 10), (b) Coz04_10@Pd0O,@CoCu
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500).

linear range of 0.01-1 mM were 2.756, 3.096, 4.372, and 3.109
mA mM ™' em™?, respectively, as shown in Fig. 5(b). The results
verified that the sandwich structure exhibited higher sensitiv-
ities compared to direct doping of PdO, with the trends
consistent with the direct doping results. The enhanced
performance can be attributed to the strategic use of ZIF-L as
a shell layer, which effectively immobilized PdO and prevented
nanoparticle aggregation. This configuration not only increased
the accessibility of active sites but also optimized mass transfer
efficiency, as structurally confirmed by XRD (Fig. S2). Conse-
quently, C030,_1,@PdOs@CoCu oxides_4o, exhibited the high-
est sensing sensitivity compared to other samples.
Additionally, the impact of different preparation times of the
sandwich outer layer (5, 10, 20, 40 min) on the sensing perfor-
mance of Co;04,@PdO;@CoCu oxides 400 (y = 5, 10, 20, 40)
was investigated, as illustrated in Fig. 5(c). The results showed
that the sensing sensitivity increased over time and reached its
peak when the electrode was prepared for 10 min. However,
further extension of the preparation time to 20 and 40 min
resulted in a gradual decrease in sensitivity. This phenomenon

© 2026 The Author(s). Published by the Royal Society of Chemistry

can be attributed to the progressive thickening of the sandwich
outer layer, which potentially impedes the electrochemical
activity of PdO by limiting its accessibility during redox cycling.
The 10 min preparation condition was identified as the optimal
duration, as it achieved an ideal balance between PdO immo-
bilization and accessibility. At this specific preparation time,
the sensing structure effectively anchored PdO while main-
taining sufficient exposure for electrochemical interactions,
thereby establishing an efficient and stable ion transport
pathway. This optimized configuration enabled the C03;04 10
@PdO,@CoCu oxides 4o to demonstrate exceptional electro-
chemical sensitivity, surpassing the performance of other
preparation time variants.

Finally, the sensitivities of C0;0,_;,@PdOs@CoCu oxides., (z
= 300, 400, 500) with different annealing temperature were
tested and found to be 3.090, 4.372, and 2.976 mA mM ' cm 2
respectively, exhibited in Fig. 5(d). The enhanced sensitivity
observed at 400 °C can be attributed to the complete decom-
position of surface organic ligands, as indicated by the TGA

curve (Fig. 2(b)), which simultaneously increased the
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accessibility of active sites and improved ion transport effi-
ciency. In contrast, at a lower temperature of 300 °C, the
incomplete decomposition of organic linkers likely blocked the
active sites. However, when further increasing temperature to
500 °C, the drastic weight loss in TGA suggests a collapse of the
MOF-derived skeleton and agglomeration of metal oxides,
resulting in a decrease in sensitivity. Thus, the electrochemical
performance trend correlates well with the structural evolution
predicted by thermal analysis. Therefore, the sample with a PdO
doping concentration of 5 mM, an outer layer preparation time
of 10 min, and an annealing temperature of 400 °C exhibited
the optimum sensing performance.

Stability is a critical metric for evaluating the performance of
a sensor, particularly under daily environmental conditions. To
evaluate the effect of sandwich outer layer on the doping
stability of the electrodes, i-t tests were conducted on Co304 -
@PdO_@CoCu oxides_4o0 (y = 0, 5, 10, 20) every three days over
a period of 30 days, as illustrated in Fig. 6(a). The results of four
different electrodes exhibited a decreasing trend in current
response over time. Notably, the introduction of sandwich
structures significantly mitigated this trend compared to
PdO;@CoCu oxides.,o. The current attenuation trend
decreased with the increase in the outer thickness of the
sandwich structure, while C03;0,_;,@PdOs;@CoCu oxides_ 4o
exhibited the least attenuation, maintaining 93.73% of the
initial current response. This improvement may be attributed to
the well-defined pore structure of MOFs, which contributes to
maintaining catalytic stability. On the other hand, the sandwich
structure provides substantial protection for PdO, which effec-
tively prevents its migration and loss during the electrochemical
reaction process. By controlling the thickness of the outer ZIF
layer on PdO nanoparticles, it was proposed that the physical
barrier provided by the sandwich structure and the interaction

[ PAOs@CoCu oxides._49,

[] Co,0, @PdO,@CoCu oxides_y,

0 Co,0,,,@PdO,@CoCu oxides_,,,
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Fig. 6
CO304,1Q@PdOS@COCU OXideS,4oo.
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between PdO and ZIF could effectively prevent the aggregation
and leaching of nanoparticles during the reaction.® It has been
demonstrated that the sandwich heterogeneous structure is
beneficial for enhancing electrochemical stability. To further
examine the redox reaction mechanisms and structural
stability, continuous CV tests were also performed on electrodes
with and without sandwich heterostructures within the range of
—0.6-0.8 V. As shown in Fig. 6(b) and S7, the evolution of redox
peaks reveals distinct electrochemical behaviors. For the pris-
tine PdOs;@CoCu oxides_4¢9, the redox peak currents exhibited
a sharp decline accompanied by a collapse in peak shape,
suggesting the irreversible loss of active sites caused by the
aggregation or leaching of PdO during the repeated redox
cycles. In strong contrast, the sandwich-structured C03;04-10-
@PdO_ @CoCu oxides._490 maintained well-defined redox peaks
with minimal current decay. After 10 000 cycles, the anodic peak
current of PdOs@CoCu oxides.4o, decreased significantly by
38.697%, whereas the sandwich structure only experienced an
11.415% reduction. The preservation of sharp redox peaks
indicates that the sandwich architecture suppresses irreversible
oxide phase transformations.”” This comparative analysis
confirms that the outer MOF-derived shell effectively confines
the PdO, preserving the integrity of the redox active sites and
ensuring long-term electrochemical stability.

To evaluate the reproducibility of the obtained sample, three
electrodes were prepared as parallel electrodes under the same
conditions, as shown in Fig. S8. The relative standard deviation
(RSD) was calculated as 6.61% after introducing the same
concentration of glucose, which proved that Co;04-1,@PdOs@-
CoCu oxides_  have excellent repeatability. Compared with other
similar electrodes, the structure prepared in this work was found
to have remarkable advantages in terms of the stability, sensi-
tivity, and response time, as shown in Table 1.

(b)

.| PAOs@CoCu oxides_4
Current decay 38.697 %

[ C0304.,@PdO5@CoCu oxides._y,
Current decay 11.415 %
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(a) Long-term stability of Coz04_,@ PdOs@CoCu oxides_sq0, and (b) changes in anodic peak current for PdOs@CoCu oxides_40 and
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Table 1 Various electrochemical detection platforms for glucose sensing

Sensitivity Response LOD Linear range
Electrode structure (LAmM ' em™?) Stability time (s) (uM) (mM) Ref.
Co-MOF 169 90% after 7 days 7 1.6 0.005-0.9 38
Co-MOFs 160.75 77.33% after 15 days 3 3.2 0.010-1.2 39
Cu@Co-MOF 282.89 69.25% after 15 days 7 1.6 0.005-0.4 40
Ni/Co-FAMOF 366 93.8% after 27 days 2 0.006-1.004 41
Au@Ni-BTC 1447.1 1.5 0.005-7.4 42
AgNPs@NiCo-MOF 1191.84 77.63% after 28 days 4 2.3 0.005-1.125 43
GOx-rGO/Pt NPs@Zn-MOF-74 64.51 40 1.8 0.006-6 44
N-Co-MOF@PDA-Ag 183.6 96.2% after 3600 s 0.5 0.001-2 45
Pd-CoCNTs 75.4 88.8% after 96 h 5 1 0.010-2.4 46
PtRhNi/GNS 110.5 83.6% after 30 days 18.9 0.06-0.15 47
C030,_10@PdOs@CoCu 4398 93.73% after 30 days 2.35 1.49 0.01-1 This work
oxides_4o0

Conclusions

In this study, we proposed a novel preparation method for MOF-
based sandwich heterostructures. The composite structure of
C030,4_10@PdOs@CoCu oxides_,oo Was characterized by various
techniques and successfully applied to electrochemical glucose
detection. A systematic investigation was conducted to evaluate
the influence of key parameters, including the doping concen-
tration of PdO, thickness of the ZIF-L outer layer, and annealing
temperature, on the doping stability and sensing performance
of the electrode. We found that the incorporated PdO signifi-
cantly enhanced the sensitivity, which can be attributed to the
synergistic effects among the trimetallic oxides. Moreover, the
well-defined pore structure of the sandwich MOF prevented PAO
aggregation during sintering, which improved the efficiency of
electron transfer. Additionally, more active sites were exposed
by annealing-induced structural transformations, which further
enhanced the performance of electrochemical sensing. The
prepared electrode exhibited high sensitivity of 4.372 mA mM "
em 2 and 2.615 mA mM ' cm™ 2 within linear ranges of 0.01-
1 mM and 1-2.5 mM, respectively, along with a rapid response
time of 2.35 s. The effect of shell thickness on the doping
stability of the electrode was further investigated. Remarkably,
the electrode maintained 93.73% of its initial current response
after 30 days, demonstrating excellent long-term stability due to
the suppressed PdO leaching during electrochemical reactions.
This exceptional durability, combined with the flexible
substrate, positions the heterostructure as a viable candidate
for wearable sensors. Despite these promising results, the
current study is limited to laboratory settings. To bridge the gap
toward practical deployment, our future work will first prioritize
rigorously validating the sensor's accuracy and anti-biofouling
properties in human sweat to address potential matrix effects.
In parallel, we plan to integrate the flexible electrode with
microfluidic sampling interfaces and wireless signal trans-
mission modules to construct a fully autonomous wearable
system. Ultimately, our work overcomes the critical stability
bottleneck at the material level, offering a promising pathway
toward reliable, non-invasive continuous glucose monitoring.
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