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The development of highly sensitive electrocatalysts for the electrochemical detection of ortho-
nitrophenol (ONP) is critical for environmental monitoring due to its high toxicity in water environment.
Herein, a novel electronic configuration engineering on CoSeO3;/AlIO(OH) heterostructure with precisely
modulated d-band centers is successfully designed. Crucially, a negative shift in the d-band center
enhances the catalysis and adsorption ability of the heterostructure. Benefiting from the electron transfer
behavior from AIO(OH) to CoSeOs, the electrocatalyst exhibits exceptional ONP sensing performance,
achieving an ultrahigh sensitivity of 0.499 WA L pwmol™! and a record-low detection limit of 5.353 nmol/L.
Furthermore, the experimental characterizations and density functional theory (DFT) calculations reveal
that the heterostructure-induced d-band center downshifting optimizes the adsorption strength of
ONP, further accelerating the electrochemical redox kinetics. The CoSeOs;/AIO(OH) also demonstrates
good stability, anti-interference capabilities, and successful application in detecting ONP in real water
samples. This study offers a promising strategy for designing advanced electrochemical sensors through
heterointerface-based electronic structure engineering.
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Ortho-nitrophenol (ONP) is a significant environmental contam-
inant commonly found in industrial wastewater, particularly from
industries such as petrochemicals, dye manufacturing, and phar-
maceuticals [1,2]. Due to its high toxicity [3], the accumulation
of ONP poses a potential threat to both ecological systems and
human health, making the development of efficient and sensitive
methods for the rapid detection of ONP in water crucial [4,5]. Elec-
trochemical sensors are considered ideal for ONP detection due
to their simplicity, cost-effectiveness, speed and convenience, cou-
pled with their ability for real-time monitoring [6-9]. Nanomateri-
als have been widely employed in electrochemical sensors due to
their large surface area and favorable electron transport properties,
which help improve the detection performance for various pollu-
tants [10,11]. Despite their notable electrochemical performance,
numerous nanomaterials continue to encounter limitations in prac-
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tical applications due to their poor structural stability and vulner-
ability to interference under complex aqueous conditions. Further-
more, current understanding of their electrochemical behavior and
reaction pathways remains limited, offering insufficient theoretical
support for rational material design. Therefore, the development of
more stable materials and in-depth investigation into their electro-
chemical mechanisms are essential for advancing the overall per-
formance of electrochemical sensing systems.

Tuning the electronic structure is widely regarded as one of the
key strategies for enhancing the performance of functional mate-
rials [12]. By manipulating parameters such as particle size, mor-
phology, composition and surface chemistry, it is possible to sig-
nificantly improve a material’s electrical conductivity [13], optical
behavior [14], and catalytic activity [15]. At the core of this ap-
proach lies the ability to modulate the electronic band structure,
carrier distribution, and interfacial charge transfer characteristics,
which in turn influence the adsorption behavior of reactants and
the kinetics of surface reactions. For instance, Luo et al. demon-
strated that tailoring the electronic structure of Mn-N active sites
could effectively enhance the adsorption affinity for oxygen inter-
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mediates [16]. Notably, among various modulation methods, ad-
justing the d-band center of transition metals is particularly cru-
cial, as it directly affects the binding strength between active sites
and reactants-thus enabling precise control over catalytic activ-
ity [17]. For example, the team led by Yu introduced heteroatoms
into porous carbon nanofibers to fine-tune the d-band center of
Ni sites, thereby optimizing their interaction with reaction inter-
mediates and improving catalytic efficiency in water-splitting re-
actions [18]. These findings underscore the key role of electronic
structure regulation in advancing catalytic performance. In addi-
tion, d-band center modulation is increasingly seen as a promising
direction within electronic structure engineering, especially for the
development of high-efficiency electrocatalytic and sensing mate-
rials.

Tuning the d-band center is an effective strategy to regulate
the adsorption strength between catalysts and reaction intermedi-
ates, thereby optimizing reaction pathways, lowering energy bar-
riers, and improving both catalytic selectivity and reaction kinet-
ics [19,20]. Common approaches for d-band modulation include
stress engineering, heteroatom doping, defect introduction and
so on [21,22]. For instance, Li et al. constructed a Fe;04/La,03
heterostructure by incorporating La,03, which successfully down-
shifted the d-band center of Fe sites [23]. This adjustment weak-
ened the excessive adsorption of oxygen intermediates and signif-
icantly enhanced the oxygen reduction reaction performance. In
a different case, Pei et al. introduced A-site defects and oxygen
vacancies into perovskite-type catalysts, which adjusted the cata-
lyst’s d-band center, thereby facilitating the generation of Fe(IV)=0
species [24]. This process effectively activated peroxymonosulfate,
resulting in enhanced degradation efficiency of levofloxacin. In ad-
dition, Shi et al. prepared defect-rich copper nanoparticles as cata-
lysts for the hydrogen evolution reaction (HER) using electric dis-
charge in liquid technology. These nanoparticles exhibited excel-
lent catalytic performance across the full pH range, with their re-
markable catalytic activity attributed to the enhancement of the
copper d-band center by the defects, which improved hydrogen
adsorption and water dissociation efficiency [25]. Among the var-
ious strategies, constructing heterostructures has emerged as a
particularly promising method. It can induce electronic redistri-
bution at the interface and promote asymmetric charge distribu-
tion via band alignment and electron transfer, ultimately altering
the energy level structure of active metal d-orbitals. For exam-
ple, Li et al. synthesized a MoO3/Ni-NiO heterojunction via elec-
trodeposition, which demonstrated outstanding bifunctional cat-
alytic activity for both hydrogen and oxygen evolution reactions
[26]. In this system, MoO5 favored oxygen evolution, while the
synergistic effect of the heterojunction enhanced hydrogen evo-
lution performance. In another example, Shen et al. designed a
crystalline-amorphous CoSe,/CoP heterojunction that introduced
strong electronic coupling at the interface [27]. This effectively
modulated the d-band center of Co sites, reduced hydrogen over-
adsorption, and resulted in excellent hydrogen evolution activity.
However, despite the widespread use of d-band center modulation
in catalytic processes such as HER and oxygen evolution reaction
(OER), its application in electrochemical sensing remains relatively
underexplored-particularly in the context of detecting organic pol-
lutants like ONP, where relevant studies are still limited.

Transition metal cobalt (Co) has attracted considerable attention
in the fields of electrocatalysis and electrochemical sensing due
to its tunable d-band center and variable valence states [28]. Co-
based materials exhibit versatile electronic configurations, which
allow for the modulation of surface electron distribution through
valence-state transitions and orbital reconstruction. This, in turn,
optimizes the adsorption and activation of reaction intermedi-
ates [29]. Studies have shown that incorporating Co not only en-
hances electrical conductivity and charge transfer efficiency, but

Chinese Chemical Letters 37 (2026) 112363

also facilitates interfacial reaction kinetics through the formation
of multivalent synergistic systems [30]. For instance, Wang et al.
achieved significant modulation of the electronic structure by dop-
ing Co304 nanosheets with non-metallic sulfur atoms [31]. This ap-
proach increased the Co2*/Co3+ ratio and introduced a large num-
ber of oxygen vacancies. As a result, the reducibility of Co sites
was enhanced, and the surface affinity toward pollutant molecules
was improved, effectively promoting electron transfer and enabling
highly sensitive detection of p-nitrophenol. Building on these find-
ings, the construction of heterostructures based on Co compounds
has emerged as a promising strategy for further enhancing func-
tional performance. CoSeO3, known for its low lattice energy, high
reactivity, and excellent conductivity, has been widely studied for
catalytic and sensing applications. Its intrinsic electronic structure
facilitates interfacial charge transfer and helps optimize reaction
pathways [32]. In combination, AIO(OH) serves as a chemically sta-
ble co-component that can regulate the acid-base characteristics
and electron density of the composite system. Moreover, it con-
tributes to structural stability and improved exposure of active
sites, thereby accelerating electrochemical reaction rates and en-
hancing selectivity [33].

In this study, a CoSeO3/AIO(OH) heterostructure was designed
to modulate the d-band center of Co, achieving excellent elec-
trochemical performance in the detection of ONP. The formation
of this heterojunction not only enhanced the material’s electron
transfer capability but also improved its catalytic and adsorption
properties. As a result, the CoSeO3;/AIO(OH) composite demon-
strated a high sensitivity of 0.499 WA L pmol! and a low detec-
tion limit of 5.353 nmol/L for ONP sensing. Comprehensive charac-
terizations, including X-ray photoelectron spectroscopy (XPS), ul-
traviolet photoelectron spectroscopy (UPS), and density functional
theory (DFT) calculations, were employed to investigate the influ-
ence of the heterostructure on electronic properties. The results re-
vealed that AIO(OH), acting as an electron donor, effectively altered
the oxidation state of Co by increasing the proportion of highly ac-
tive Co?t ions and facilitating the Co®/Co2*/Co3* redox cycle. This
electron redistribution significantly enhanced the redox reaction of
ONP. Moreover, the CoSeO3/AlO(OH) composite exhibited good sta-
bility and anti-interference capability, proving effective in the de-
tection of ONP in real water samples.

We first synthesized the CoSeO3;/AlIO(OH) heterostructure via
a facile two-step strategy. This synthetic route enabled the inti-
mate integration of CoSeO; nanosheets with AIO(OH), forming a
well-defined heterojunction interface. As shown in Scheme 1, the
electronic structure of CoSeO3; was modulated after the forma-
tion of the CoSeO3/AlO(OH) heterojunction, particularly through
the downshifting of the d-band center, significantly enhancing its
catalytic and adsorption properties. The downshifted d-band center
optimized the interaction between the Co d-orbitals and the reac-
tant ONP, lowering the energy barrier for the reaction and improv-
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Scheme 1. A method for ONP detection using CoSeO3;/AlO(OH) nanosheets, where
the modulation of the Co d-band center via heterostructure construction accelerates
catalytic and adsorption enhancement.
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ing electrochemical reaction kinetics. Specifically, AIO(OH) donates
electrons to CoSeOs, reducing Co3* to Co?t and further to Co?,
thereby altering the oxidation state of Co. This adjustment in the
d-band center promotes the Co®/Co2*/Co3* redox cycle, increas-
ing the proportion of Co® and enhancing its role as an effective
electron donor. Additionally, the local changes in electron transfer
and the optimization of the surface electron density effectively en-
hanced the adsorption capacity and reduction of CoSeO3/AlO(OH)
towards ONP. The redistribution of electrons at the interface and
the improved carrier concentration facilitated charge separation
and migration, further enhancing the electrochemical sensing per-
formance.

The schematic representation of the synthesis process for
CoSe0O3/AIO(OH) nanosheets is provided in Fig. 1a. Figs. 1b-d
present the scanning electron microscopy (SEM) and transmission
electron microscopy (TEM) images of CoSeO3/AlO(OH), which re-
veal that the sample consists of hexagonal nanosheet with di-
mensions ranging from 600nm to 800nm and the edge-specific
growth of nanoflowers. In addition, the nanosheets possess ultra-
thin thickness, rendering them nearly electron-transparent under
both SEM and TEM observation. Such structural features endow
the nanosheets with abundant exposed active sites, which con-
tributes to higher reaction rates and catalytic efficiency [34]. As
shown in Figs. le-g, the red dashed lines clearly delineate the in-
terfacial regions between CoSeOs; and AIO(OH), revealing distinct
features indicative of typical hetero-face. This result effectively
demonstrates the successful construction of CoSeO3; and AIO(OH)
into a heterojunction interface. Figs. 1h-k and Fig. S3 (Support-
ing information) show the energy dispersive spectroscopy (EDS)
elemental maps and spectra of CoSeOs;/AlO(OH), indicating that
CoSeO3 and AIO(OH) are successfully complexed together with a
uniform distribution. In contrast to the pure materials (CoSeO3 and
AIO(OH), Figs. S1 and S2 in Supporting information), the morphol-
ogy of CoSeO3/AlIO(OH) demonstrates markedly different morpho-
logical characteristics, revealing that the incorporation of Co or Al
substantially alters the material’s morphology.
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Fig. 1. (a) Scheme for synthesizing CoSeO3/AlIO(OH) nanosheets. (b) SEM images, (c,
d) TEM images, (e-g) HRTEM images and (h-k) EDS elemental mapping images of
CoSe0s3/AIO(OH).
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The X-ray diffraction (XRD) patterns in Fig. 2a match well with
the standard spectra of CoSeO3; (JCPDS No. 80-1391) and AIO(OH)
(JCPDS No. 88-2112), respectively. The presence of both CoSeOs
and AIO(OH) peaks in the XRD pattern of the CoSeOs;/AlO(OH)
composite confirms the successful fabrication of CoSeO3;/AIO(OH)
nanosheets. As depicted in Fig. 2b, the UPS measurements were
carried out to investigate the energy band structure and electronic
states of the samples, which reveal the work functions of 6.72 eV
and 5.41 eV for CoSeO3; and AlO(OH), respectively. AIO(OH) exhibits
the lowest work function among the materials involved, indicat-
ing a higher tendency to donate electrons. In contrast, CoSeO3
possesses a comparatively higher work function, making it more
likely to accept electrons during the charge transfer process. As
a result, when the two materials form a heterostructure, leading
to a redistribution of charge at the interface. This electron trans-
fer is not only energetically favorable but also facilitates subse-
quent charge transport and catalytic reactions [35,36]. The density
of states (DOS) for CoSeO3; and CoSeOs3/AIO(OH) (Fig. 2c) further
shows that, during the heterojunction formation, the d-band shifts
downward (Fig. 2d), which can be attributed to the electron dona-
tion from Al to Co, resulting in the creation of a distinct complex
electronic state [37]. As known, the shift of d-band center will ad-
just the interaction between the adsorbate and materials, as well
as the carrier concentration, which will affect the adsorption and
conductivity of the materials [22,38]. As a result, tuning the po-
sition of the d-band center plays a crucial role in enhancing the
catalytic performance of the material [39,40].

The ultraviolet-visible (UV-vis) spectroscopy and Tauc plot
analysis (Fig. S4 in Supporting information, Tauc exponent=1/2)
demonstrate that, CoSeO3; with its narrow band gap of 1.52eV of-
fers good electrical conductivity, while AIO(OH), having a wider
band gap of 4.30eV, demonstrates excellent insulating properties
and structural stability. When these two materials form a com-
posite heterostructure, their differing band gaps lead to a realign-
ment of energy levels, resulting in an effective band offset at the
interface. This energy-level alignment provides a potential driv-
ing force for electron transfer from AIO(OH) to CoSeOs at the in-
terface [41,42]. Further analysis, in conjunction with the energy
band structure shown in Fig. 2e, reveals that the two materials
form a typical heterojunction. Specifically, the conduction band
minimum (CBM) of AIO(OH) is —1.67eV, which is higher than
that of CoSeO3; at —5.46eV, allowing electrons to transfer from
AlO(OH) to CoSe0s3. Conversely, the valence band maximum (VBM)
of AIO(OH) is —5.97 eV, which is higher than that of CoSeO3 at
—6.98 eV, enabling holes to move from CoSeO3; to AIO(OH). Upon
heterojunction formation, the CBM and VBM shift, promoting ef-
ficient electron transfer at the interface. This energy level align-
ment demonstrates that the heterojunctions enhance charge sepa-
ration, improving electrochemical performance by adjusting the d-
band center. These electronic behaviors significantly boost the per-
formance of the composite materials in electrochemical detection,
as evidenced by their high sensitivity, selectivity, and exceptional
charge transport capability. Moreover, this modulation of the en-
ergy bands and optimization of the interface considerably reduce
interfacial resistance, leading to faster electrical signal responses.

Fig. 2f presents the XPS spectra of Co 2p before and after the
material compositing. The peaks at 784.9eV and 802.0eV are at-
tributed to Co?*+, while the peaks at 778.3eV and 793.2eV corre-
spond to Co [43], which are recognized as the active components
of cobaltides. The peaks observed at 781.6eV and 797eV are re-
lated to Co3*. Following the composite formation, the Co peaks
shift to lower binding energies, and Co® is generated. This sug-
gests that the Co element gains electrons after the formation of
the composite, leading to the reduction of Co3* to Co2t and Co%*
to Co0. Similarly, an increase binding energy of Al 2p (Fig. 2g)
indicates Al loses electrons in the composite, acting as an elec-
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Fig. 2. (a) XRD pattern and (b) UPS of CoSeOs, AIO(OH) and CoSeO3/AIO(OH). (c) The density of states for CoSeO3; and CoSeOs/AIO(OH). (d) Schematic diagram of the Co 3d
band structure. (e) Schematic diagram of electron transfer and the corresponding energy band diagram of CoSeO3; and AIO(OH). The XPS spectra of (f) Co 2p, (g) Al 2p and
(h) Se 3d of CoSeO3, AIO(OH) and CoSeO3/AIO(OH). (i) Mott-Schottky curves of CoSeO3/AIO(OH).

tron donor after complexation [44]. Additionally, the binding en-
ergy of Se in CoSeO3/AIO(OH) remains consistent with that in the
CoSeO3/AIO(OH) composite (Fig. 2h), indicating that the chemical
state of Se remains stable and unaffected in the composite. All
these findings suggest that when the CoSeO3; and AIO(OH) get to-
gether, the electron will transfer from AIO(OH) to CoSeO3 and pro-
mote the conversion of Co3t to Co?t and Co?* to Col. This re-
sult is completely consistent with the above characterization re-
sults (i.e. UPS, DOS and UV-vis), once again demonstrating the
abundant electron transfer at the heterojunction interface. Fig. 2i
show the Mott-Schottky curve for the CoSeO3/AIO(OH) heterojunc-
tion. The positive slope of the curve confirms that the material
is an n-type semiconductor. According to the Mott-Schottky rela-
tion: 1/C? = 2(V-Egy-kT/e)/(epeNp). V is the applied potential, Eg, is
the flat-band potential (1.024 for CoSeOs, 0.097 for AIO(OH)), ¢ is
the dielectric constant of the semiconductor (~120 for CoSeO3; and
~6 for AIO(OH)), &¢ is the vacuum permittivity (8.85 x 1012 F/m),
Np is the charge carrier density and e is the elementary charge
(1.602 x 10-19C) [45-48]. From the intercept of the linear portion
of the 1/C2-V curve, we extract Eg and report it in volts (V).
For CoSeOs, the slope of the intercept is 8.77. For AIO(OH), the
slope of the intercept is 3.79. The figure shows carrier densities of
1.34 x 108 cm3 for CoSeO3 and 6.20 x 1019 cm™3 for AIO(OH), indi-
cating the presence of high charge transfer capacity in the hetero-
junction. Furthermore, the Mott-Schottky test demonstrates that
the efficiency of charge transfer and transport is significantly im-
proved under the influence of an applied electric field. The com-
prehensive analysis of the energy level distributions and interfacial
electronic behavior of CoSeOs3;, AIO(OH) and their heterojunction

CoSe03/AIO(OH) will offer valuable insights into the mechanisms
behind their enhanced performance in electrochemical detection.
The electrochemical redox properties of ONP on CoSeOs,
AlO(OH) and CoSeO3/AlO(OH) were investigated. These electrodes
were used for the detection of trace ONP using the differen-
tial pulse voltammetry (DPV) technique under optimized electro-
chemical conditions. Typically, a 0.1 mol/L PBS solution (pH 6.0)
was used as the electrolyte, with the deposition potential and
deposition time set at 0.2V and 90s, respectively, and a modi-
fied concentration of 1.5mg/mL. Based on cyclic voltammograms
(CV) and electrochemical impedance spectroscopy (EIS), the elec-
trochemical conductivity of CoSeO3/AIO(OH) was higher than that
of CoSeO3; and AIO(OH) (Fig. S6 in Supporting information). The
electrochemical surface areas were determined from the double-
layer capacitance values (Fig. S7 in Supporting information) and
calculated to be 0.0455 cm? for CoSeOs3, 0.0394 cm? for AIO(OH),
and 0.0503 cm? for CoSeO3;/AIO(OH). Considering the geometric
area of the glassy carbon electrode (0.076 cm?), the percentage of
electrochemically active surface area is 59.9%, 51.8 %, and 66.2 % for
CoSeO3, AIO(OH), and CoSeO3/AIO(OH), respectively. These results
clearly demonstrate that the heterostructure increases the effective
utilization of the electrode surface, thereby supplying more active
sites for ONP reduction and enhancing the sensitivity of the sensor.
In order to investigate the effect of CoSeO3/AIO(OH) on elec-
tron transfer, a study was carried out by CV. As shown in Fig. 3a,
in PBS solution containing 300 wmol/L ONP, all electrodes exhib-
ited an irreversible reduction peak at —0.654V (R;), among which
the redox peak current of the CoSeO3/AIO(OH) GCE was signifi-
cantly higher than that of the other electrodes, indicating that it
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Fig. 3. (a) CV curves of bare, CoSe0Os3, AIO(OH) and CoSeO3/AlIO(OH) modified GCEs at a scan rate of 0.1V/s with and without 300 pwmol/L ONP in 0.1 mol/L PBS (pH 6.0).
(b) CV curves of 300 wmol/L ONP on CoSeOs3/AIO(OH) GCE with different scan rates (0.02-0.2V/s). (c) Plots of Iz; vs. v!/2 and Eg; vs. In v for ONP. (d) DPV curves of 100
imol/L of ONP on CoSeO3/AlIO(OH) GCE in 0.1 mol/L PBS with different pH values. (e) Plots Ig; and Eg; vs. pH for ONP. (f) DPV of CoSeO3;/AIO(OH) GCE with the working
dynamic range of ONP from O pmol/L to 700 pmol/L in 0.1 mol/L PBS (pH 6.0). (g) The DPV curve and a concentration calibration curve of ONP. Inset correspond to a
partial magnification of ONP at low working dynamic range (0-10 pwmol/L). (h, i) Comparison of sensitivities and LOD for the DPV detection of ONP on CoSeOs, AIO(OH) and
CoSe0s3/AIO(OH) GCEs. Error bars correspond to standard deviations of three independent measurements.

possesses a higher electron transfer capacity and more catalytically
active sites [49]. In addition, the CoSeO3/AIO(OH) GCE exhibited a
significant enhancement of the peak current and a tendency for
the peak potential R; to move toward the cathode when the scan-
ning rate was increased, which was consistent with the irreversible
kinetic characteristics [50], further confirming its superior electro-
chemical catalytic performance and reactivity.

The effect of scan rate (0.02-0.2 V/s) on the CoSeO3/AlO(OH) re-
dox peak current and potential on ONP is investigated in Figs. 3b
and c. The peak current increased with the scan rate (Fig. 3b). For
the irreversible wave (R1) of the ONP, the peak potential shifted
towards the cathode with increasing scan rate, which is in ac-
cordance with Nicholson’s theory of irreversible kinetics [50]. As
shown in Fig. 3c. Both reversible or irreversible redox peak cur-
rents are linearly related to the square root of the scan rate. This
indicates that the reactions of ONP on the CoSeO5;/AlO(OH) GCE
surface are all diffusion-controlled processes. In order to avoid the
interference of the background current and obtain clear spikes, a
scan rate of 0.1V/s was chosen for the subsequent electrochem-
ical detection. Meanwhile, it can be observed that the reduction
potential Eg; of ONP (Fig. 3c) is negatively correlated with the nat-
ural logarithm of the scan rate (Inv). The linear equation between
E and In v can be written as follows:

Eri(ONP)/V = —0.0507 In(v/(V/s)) - 0.8131 (R2=0.9663) (1)

Ixi(ONP)/A = —16.7875 (v/(V/s)) - 26.0674 (R>=0.9903)  (2)

With the increase of pH from 5.0 to 9.0 (Figs. 3d-e), the re-
duction peak potential and current of ONP changed significantly,
indicating that pH has an important effect on the reaction pro-
cess. According to the formula Eg=E° - (0.059m/n)pH, the ratio of
protons (m) to electrons (n) in the reaction is about 2:3 [51]. Al-
though the stoichiometric proton-to-electron ratio (m:n=2:3) sug-
gests that electron participation is prominent, such information by
itself does not fully capture the reaction dynamics. A more com-
prehensive interpretation emerges when kinetic and interfacial fac-
tors are considered. The CoSeO3/AIO(OH) heterostructure exhibits a
markedly reduced charge-transfer resistance, indicating that elec-
tron migration across the interface is significantly facilitated [52].
Meanwhile, DFT calculations confirm that ONP molecules adsorb
more favorably at the heterointerface, lowering the activation bar-
rier for subsequent electron-driven steps. Furthermore, the depen-
dence of peak parameters on scan rate and pH is consistent with a
proton-coupled electron transfer process, where proton avail abil-
ity influences-but does not solely dictate-the overall kinetics [53].
Taken together, these findings support a mechanism in which in-
terfacial electron transfer is strongly enhanced by heterostructure
engineering, while protons act in concert to sustain the redox cy-
cle. It was found that the reduction peak current of ONP reached
its maximum value at pH 6.0, indicating that this pH is the opti-
mum condition for the redox of ONP. This is due to the fact that
CoSe03/AIO(OH) is unstable under acidic conditions, and higher pH
will weaken the complementary protonation process of ONP redox
[54]. Therefore, pH 6.0 was determined to be the optimal condition
for the measurement.
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After optimizing the detection conditions, we further explored
the DPV response to ONP in the low (0-10 wmol/L), medium (10-
100 pmol/L) and high (100-700 pwmol/L) operating dynamic ranges
for the three samples. ONP was detected by CoSeOs3/AIO(OH)
GCE (Figs. 3f and g) and compared with CoSeO; and AIO(OH)
(Figs. S8a-d in Supporting information). CoSeO3/AlO(OH) showed
a clear DPV response to 0-700 pwmol/L ONP. The sensitivities of
CoSeO03/AIO(OH) GCE at 0-10 pwmol/L, 10-100 pwmol/L, and 100-
700 pmol/L ONP are 0.499, 0.225, and 0.108 A L pmol'. A de-
tection limit of 5.353 nmol/L was calculated based on the con-
ventional 3o [k approach, in which o denotes the standard devi-
ation of the blank measurements and k corresponds to the slope
of the calibration curve at lower concentration levels [55,56]. Seg-
mentation results showed that the sensitivity of ONP decreased
with increasing concentration, which may be due to the adsorp-
tion saturation of ONP on nanomaterials at high concentrations.
The modest shift in the DPV peak potential with increasing ana-
lyte concentration can be explained by the surface accumulation
of reaction intermediates and concurrent changes in mass trans-
port pathways and interfacial properties, leading to minor adjust-
ments of the electrode’s surface potential [57,58]. The sensitivities
and LOD of CoSe0O3, AIO(OH) and CoSeO5/AlO(OH) GCE to ONP at
low concentrations are visualized and compared in the histograms
of Figs. 3h and i. The results showed that CoSeO3/AIO(OH) had the
best performance for the detection of ONP. An obvious enhance-
ment of electrochemical performance of CoSeO3/AIO(OH) is found
when compared to single CoSeO3 or AIO(OH), indicating the use-
ful modulation of electroanalysis performance by the formation of
heterojunction. The sensitivity and LOD of CoSeO3/AlO(OH) GCE in
ONP detection were also compared with other materials in pre-
vious works (Table S1 in Supporting information), and the results
showed that CoSeO3;/AIO(OH) had superior performance in DPV de-
tection. These results demonstrate the potential of CoSeO3;/AlIO(OH)
for practical applications in electrochemical detection. To further
explore the reason for the excellent electrochemical performance
of CoSeO3/AIO(OH), the superiority of CoSeO3/AlO(OH) for ONP de-
tection was further analyzed in terms of both adsorption and catal-
ysis.

From an electronic perspective of DFT calculations, the elec-
tron transfer of CoSeO3 towards the target molecule ONP is 0.06
e, while for the CoSeO3/AlO(OH) heterojunction is 0.08 e (Figs. 4a-
c and Fig. S9 in Supporting information), indicating an increased
electron transfer ability in heterojunction interface. The adsorp-
tion energy of CoSeO3; towards ONP is —0.80eV, while for the
CoSe03/AlIO(OH) heterojunction is —0.96eV (Table S2 in Support-
ing information), suggesting that the heterojunction has stronger
adsorption ability than that of CoSeOs. It means that when the het-
erojunction adsorbs ONP, the electron will shift to ONP, which will
facilitate the reduction of ONP and thereby lead to an increased
reduction current during the detection [22,33]. It is because that
an electron-rich state and enhanced surface electronic activity can
be formed on CoSeO3 in CoSeO3/AlIO(OH) heterojunction, resulting
from the electron transfer from the AIO(OH) region to the CoSeO3
region as proved above. The presence of such an electron-rich state
is critical for the subsequent adsorption and electrochemical redox
of ONP. In a word, the heterojunction interface establishes a stable
electron transport pathway, promoting efficient directional electron
flow from AIO(OH) through CoSeOs; to ONP. This redistribution of
electrons not only optimizes the interfacial electronic structure of
the composite but also significantly improves the recognition and
catalytic efficiency toward ONP. By acting as an electron donor,
AlO(OH) effectively regulates the d-orbital electron configuration
of CoSeOs, thereby creating a more favorable electronic environ-
ment for the electrochemical detection of ONP. These findings sug-
gest that the interfacial electron behavior induced by constructing
the AIO(OH)/CoSeOs5 heterostructure plays a crucial role in achiev-
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ing high sensitivity and enhanced catalytic performance of the ma-
terial [52,53]. The adsorption capacity of the synthesized mate-
rials was comprehensively validated through systematic sorption-
diffusion investigations using ultraviolet absorption spectra (Fig.
4d). Detailed analyses were conducted to examine the contami-
nant uptake patterns across varying concentrations (10, 100, and
400 pwmol/L ONP) on CoSeOs, AIO(OH) and CoSeO3/AIO(OH). Ex-
perimental findings consistently demonstrated hierarchical removal
efficiency among the tested materials, with CoSeO3/AIO(OH) ex-
hibiting superior performance compared to both individual compo-
nents (CoSeO3 and AIO(OH)) across all tested concentrations (Fig.
4e). Notably, the composite material achieved optimal contaminant
removal at 100 pwmol/L concentration, where maximum adsorp-
tion equilibrium was attained. This concentration-dependent be-
havior suggests enhanced synergistic interactions within the hybrid
material’s structure during the adsorption process [51]. The ob-
served concentration-dependent behavior aligns with the variable
sensitivity profile of CoSeO3/AIO(OH) across different concentration
regimes. To further systematically evaluate the reduction-diffusion
characteristics of CoSeO3;/AlO(OH)-modified GCE in phosphate-
buffered saline (PBS, pH 6.0), chronoamperometric analyses were
conducted across ONP concentrations spanning 0-400 p.mol/L
(Fig. 4g and Fig. S10 in Supporting information). The composite-
modified electrode exhibited linear current dependence on the in-
verse square root of time (t'1/2), as evidenced by the inset calibra-
tion curve. Through application of the Cottrell equation:

I, = nFAC,D'2m —112¢112 (3)

where n denotes electron transfer stoichiometry, F represents Fara-
day’s constant, A indicates electrode surface area, Cy corresponds
to analyte concentration, t signifies elapsed time, and the dif-
fusion coefficient (D) [59] for CoSeO3/AIO(OH) was calculated as
1.939 x 1076 m?2/s. Comparative analysis of D values (Fig. 4h) re-
vealed superior mass transport characteristics in the composite
material, with greater ONP uptake than its individual counterparts.
This enhanced diffusivity correlates with improved electrochemical
reaction probability and signal amplification, as established in prior
studies where D values directly govern interfacial analyte transport
kinetics [60]. This correlation further rationalizes the DPV response
hierarchy observed among the materials, confirming the critical
role of coupled adsorption-diffusion processes in ONP sensing. The
systematic validation through both equilibrium adsorption studies
and dynamic electrochemical measurements reinforces the experi-
mental methodology’s robustness.

XPS analyses of Co after adsorption with ONP on
CoSeO3/AIO(OH) were scrutinized to further explore potential
adsorption mechanisms (Fig. 4f). As mentioned earlier, Al provides
electrons to reduce Co?* to Co** and Co%* to Co® in CoSeOs,
as the complexation of Al and Co may lead to a local change in
the electron density, which facilitates the flow of electrons. This
leads to an increase in the Co?/Co%*/Co3* ratio, generating an
excellent electron donor in the form of Co® and potentially accel-
erating the Co2*/Co3+ cycle [43,61-63]. The valence state of Co in
CoSe03/AIO(OH) changed after physisorption of ONP compared to
the pure sample (Fig. 4f). This shows the electron transfer between
the heterojunction of CoSeO3/AIO(OH) and ONP. The adsorption
of ONP resulted in a slight decrease in the Co® content. In this
case, the heterojunction provides a bridge for electron transfer
from CoSeOs;, where Co® is oxidized to Co?* and Co®t and the
excess electrons are supplied to the organic pollutant, ONP, to
promote catalyst of ONP. The significant change in Co valence state
further suggests that Co species (i.e., Co®/Co2t/Co3* cycles) are the
key active sites for redox ONP. Overall, the improved activity of
the CoSeO3/AlO(OH) heterostructure arises from the cooperative
cycling of Co3*, Co?*, and Co®. Co3+ accepts electrons from the
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Fig. 4. Side view of the charge density difference of (a) CoSeO; and (b) CoSeO5;/AIO(OH) adsorbed with ONP with an isosurface of 1.5 x 10-3 e/A3. The charge accumulation
is shown as the yellow region, and the charge depletion is shown as the cyan region. (c) Planar-averaged electron density difference Ap(z) for CoSeO3;/AIO(OH) adsorbed
with ONP. The yellow and cyan areas indicate electron accumulation and depletion, respectively. (d) Ultraviolet absorption spectra of CoSeO3/AIO(OH) to 10, 100 and 400
iwmol/L ONP. (e) ONP removal efficiency by CoSeOs, AIO(OH) and CoSeO3;/AIO(OH). High-resolution XPS spectra of (f) Co 2p for CoSeO3/AIO(OH) after physical adsorption
with 100 pwmol/L ONP. (g) Chronoamperograms obtained at CoSeOs;/AlIO(OH) GCE in PBS for ONP concentrations of 0, 200, 400, 600 and 800 pmol/L. Insets: plots of I vs.

t12 and I¢/I, on t'2 obtained from chronoamperometry. (h) D and K, calculated by Chronoamperograms of CoSeOs, AIO(OH) and CoSeQO3/AIO(OH).

electrode and is reduced to Co%*, mediating charge transfer to
ONP. At more negative potentials, Co?* is further reduced to Co°,
which donates electrons directly to ONP intermediates, accelerat-
ing their conversion to aminophenol. This valence relay provides
a stable electron reservoir and underpins the enhanced sensitivity
observed.

Complementary catalytic investigations were conducted to
elucidate the underlying mechanisms governing the observed
electrochemical performance. The catalytic rate constant (Kcat)
for ONP electroreduction was quantitatively determined through
chronoamperometric analysis combined with the Gales equation
[64]:

I/l =712y 112 = 7 12(Kear Cot)1 2 (4)

where I and I, denote catalytic currents in the presence and
absence of ONP, respectively (see inset chronoamperogram). The
composite CoSeO3/AIO(OH)-modified electrode demonstrated ex-
ceptional catalytic efficiency with Kcar value of 952.82L mol s,
exceeding those of CoSeO; (678.89L mol's!) and AIO(OH)
(337.70L mol!s1) GCE by approximately 40.4% and 182.2%, re-
spectively (Fig. 4h). The results show that the higher the value of
K, the better the catalytic performance of the material in the elec-
troanalysis. This implies that CoSeO3/AIO(OH) has the best catalytic
ability, which is mainly attributed to its best conductivity, the most
active center and the excellent electron transfer ability of the het-
erojunction after composite.

Figs. 5a-d and Fig. S11 (Supporting information) shows that the
common organic pollutants (e.g., 3-CNB, PNP, phenol, HQ, p-BQ and
PYRO) in the aqueous environment has a tendency to interfere the

electrochemical detection of ONP. However, most of these inter-
ferences are negligible. As shown in Figs. S11b and S12 (Support-
ing information), we fixed ONP at 100 pwmol/L and incrementally
spiked phenol (and other co-phenolics) until the ONP peak cur-
rent deviated by <5% from the value in the absence of interferent.
Quantify tolerance ratios (interferent:analyte): phenol:ONP=3:5,
PNP:ONP =2:1. To minimize signal overlap, we subsequently per-
formed optimization experiments by adjusting both the solution
pH and the DPV pulse parameters (including incremental poten-
tial, amplitude, pulse width, Fig. S13 in Supporting information).
In ONP-PNP mixtures, two peaks are resolved and the separation
increases with pH, which can attribute to speciation-driven shifts
of nitrophenolate equilibria, enabling reliable ONP quantification.
This observations indicate that acid-base control is effective for ni-
trophenol pairs [65,66]. In contrast, the interference between phe-
nol and ONP displays limited change as the variation of pH/pulse-
parameters, and phenol mainly acts as a competitor that occupies
active sites. Future work may pay more attention to this problem.
In addition, the interference of the common inorganic cations (e.g.,
K*, Zn%*, Agt, Fe3+, Ni%+) and inorganic anions (e.g., Cr,07", CI',
S0427, NO5~, Br-, CN-) were tested and showed that these inorganic
ions have almost no effect on the ONP detection (Figs. 5e and f).
This indicates that based on the CoSeO3;/AIO(OH) GCE, the detec-
tion of ONP has good selectivity and anti-interference ability, even
for compounds with similar properties to ONP.

Fig. S14 (Supporting information) show that the electrochem-
ical performance of CoSeO3;/AlO(OH) GCE has excellent stability.
During 20 consecutive electrochemical tests, the measurement re-
sults were almost unchanged with a relative standard deviation
of only 1.72%, indicating that the composite-modified electrode
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Fig. 5. Interference studies of (a) 3-chloronitrobenzene (3-CNB), (b) p-nitrophenol (PNP), (c) hydroquinone (HQ) and (d) pyrocatechol (PYRO) toward 100 pmol/L ONP on
CoSe03/AIO(OH) GCE. Comparison of the (e) organic interference and (f) inorganic interference for PNP detection on CoSeO3/AlO(OH) GCE. (g) DPV respond of 100, 200,
300 wmol/L ONP on three different GCEs with the same modification process to fabricate CoSeO3/AIO(OH) GCE. (h) DPV response of ONP and (i) the corresponding linear
calibration of peak current to ONP in real water sample on CoSeO;/AIO(OH) GCE. Insets in ¢ and d are partial magnification of ONP at low working dynamic range (0-10

mol/L).

has good stability. In addition, the DPV response results of three
newly constructed electrodes (Fig. 5g) and three electrodes stored
at room temperature for 10 days (Fig. S15 in Supporting informa-
tion) to ONP indicated that the currents and shapes of the reduc-
tion peaks were basically unchanged. These results demonstrate
that the CoSeO5/AlIO(OH) GCE are not only highly stable, but also
have the potential for reliable detection and long-term use in prac-
tical applications.

The detection performance of CoSeOs;/AlO(OH) GCE and its
practical application were further verified by testing on real water
samples. The natural lake water in Huaibei City, Anhui Province,
was used as the sample. After the impurities were removed by
stirring and centrifugal filtration, the lake water was mixed with
0.1 mol/L PBS (pH 6.0) at the ratio of 1:9 by volume to form the
buffer solution for testing (Figs. 5h and i). Experiments showed
that the CoSeO3/AIO(OH) GCE was able to sensitively detect ONP
in real sample, even though the organic ions in the lake water
slightly reduced the detection sensitivity, it still showed excellent
performance. The detection sensitivity of the lake water sample
was 0.402 pwA L pmol! with a linear correlation coefficient of
0.9993, which was only slightly reduced compared with the pure
buffer environment. To further validate the applicability of the sen-
sor in real environments, we performed recovery tests in real wa-
ter (tap water, lake water and wastewater of Huaibei City) (diluted
with PBS) with ONP at three concentration levels (low, medium
and high). The recoveries ranged from 93.08 % to 107.58 %, demon-
strating reliable quantification across a wide dynamic range (Table
S3 in Supporting information). In conclusion, the CoSeO3/AIO(OH)
GCE has good accuracy and reliability, showing its great potential
for the detection of ONP in real water environments and providing
strong support for practical applications.

In summary, we have successfully developed a novel
CoSe03/AIO(OH) heterostructure with precisely modulated elec-
tronic properties for highly sensitive and selective detection of
toxic ONP. Significantly, the interfacial electron redistribution in
the heterostructure resulted in remarkable sensing performance,
achieving an ultrahigh sensitivity of 0.499 wA L pmol! and
a record-low detection limit of 5.353 nmol/L, surpassing most
previously reported ONP sensors. Comprehensive experimental
characterizations and theoretical simulations demonstrate that the
downshifted d-band center, induced by asymmetric charge dis-
tribution through the AlIO(OH)-mediated electron donation effect,
optimizes the adsorption strength for ONP and promotes efficient
electrochemical redox kinetics. Moreover, the fabricated sensor
exhibited excellent anti-interference capability and long-term
stability in real water sample analysis. This study provides a fun-
damental understanding of electronic structure regulation through
heterojunction engineering and offers a promising strategy for
designing advanced electrochemical sensors in environmental
monitoring applications. The CoSeO3/AIO(OH) heterostructure
demonstrates excellent sensitivity and stability for ONP detec-
tion. Nevertheless, challenges remain for real-world application,
including the long-term durability and anti-interference under
environmental conditions, and the scalability of electrode prepa-
ration. These aspects warrant further investigation to ensure
practical deployment.
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