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Nanozyme colorimetric sensor array-based Au as
an electron bank facilitated surface charge
redistribution of CeO, for on-site detection and
discrimination of sulfur-containing metal salts}
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Developing a highly efficient array-based sensing platform for sulfur-containing metal salt (SCM) analysis
is imperious due to its potential to harm the environment and human health. Herein, we fabricated a
ternary channel colorimetric sensor array technique to monitor multiple SCMs simultaneously, depending
on the Au nanoparticle-loaded CeO, nanobelt (Au/CeO,) heterostructure with excellent peroxidase-like
(POD-Llike) activity. The results of XPS and DFT calculations revealed that Au NPs as an electron bank can
promote the charge redistribution on the surface of CeO,. This process increases the ratio of Ce>*/Ce**,
facilitates the release of OH* and the desorption of H,O, and significantly enhances the POD-like activity.
Subsequently, colorimetry- and sensor array-based Au/CeO, was developed, in integrating diverse
degrees of TMB oxidation, owing to their various catalysis behaviors, leading to distinct patterns as “finger-
prints” for different SCMs. The gained distinct patterns were recognized and processed via principal com-
ponent analysis (PCA), enabling specific and sensitive identification and discrimination of different con-
centrations of SCMs with a detection limit of 5 uM. To advance the field determination of various SCM
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concentrations, we creatively constructed a portable smartphone device-based autonomous sensing
platform with a linear range of 5-110 uM, which further indicates the potential utility of colorimetric
sensor arrays. This work opens new avenues for efficient on-site SCM detection and discrimination by

rsc.li/nanoscale enhancing the POD-like activity of CeO, through surface electron redistribution.

Several technologies have been developed for the qualitative
and quantitative detection of SCMs, including high-perform-

1 Introduction

Sulfur-containing metal salts (SCMs), such as sodium sulfide
(Na,S), sodium sulfite (Na,SO;) and sodium persulfate
(Na,S,04), pose potential risks to the health of both humans
and animals as they can enter the food chain through water or
environmental pathways."™ Apparently, excessive intake of
SCMs may directly result in several illnesses such as nervous
system disorder, diabetes, tumor and so forth.””” Therefore, it
is crucial to construct a reliable and sensitive method for the
simultaneous environmental analysis of the above SCMs.
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ance liquid chromatography (HPLC),*° chemiluminescence
(CL),’**" electrochemical (EC) methods,"* fluorescence spec-
troscopy  (FL),"*'*  surface-enhanced Raman scattering
(SERS),"” etc. However, these technologies possess some draw-
backs such as tedious sample pretreatment, high cost, long-
time measurements, professional operator, and clumsy instru-
ments and equipment, which in turn greatly limits their appli-
cation for on-site and portable detection. The literature also
revealed that the specific probe employed in sensitive and
rapid approaches are toxic organic compounds and easily inac-
tivated.'® In this regard, colorimetric sensing platforms have
obtained wide interest because of their simple operation, easy
sample treatments, quick signal readout, low cost, etc.'”™°
Unfortunately, the traditional colorimetry sensing platform,
hindered by the “lock-key” selective recognition and detection
mechanism, can only be utilized to monitor or identify a
single SCM substance. Hence, it is of great significance and
urgent need to develop a quick, simple, low-cost, and sensitive

This journal is © The Royal Society of Chemistry 2025
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technology for the on-site and simultaneous detection of mul-
tiple SCMs in the actual application.

Strikingly, inspired by mammalian olfaction, the colori-
metric sensor array utilizes a non-selective recognition com-
ponent to produce a composite signal pattern, serving as a dis-
tinct fingerprint for each analyte. This approach breaks free
from the constraints of the traditional “lock-key” selective reco-
gnition and detection mechanism.*® Moreover, they can ident-
ify various analytes with similar structures and properties and
provide merits such as a visual sensing platform, simple oper-
ation, and determination of multiple analytes simultaneously
via multivariate statistical methods.”* In general, the colori-
metric sensor array system comprises different colorimetric
indicators such as nanozyme-based catalysts,”>** thermal indi-
cators, dyes, and so forth, which are cross-reactive to diverse
chemical analysts, and further offers analyte-selective color
change patterns. At present, there are some literature studies
on utilizing colorimetric sensor arrays for the simultaneous
determination of molecular analytes by boosting the sensitivity
of the indicators.**

The utilization of nanozymes, one kind of nanomaterial
with multiple enzyme-like catalytic capabilities, has become a
promising strategy to construct various colorimetric sensing
platforms.>® Nanozymes have the merits of low storage cost,
high catalytic activity under weakly acidic conditions, and
simple and large-scale preparation and are widely utilized in
analytical detection, biomedicine, and biosensing in compari-
son with natural enzymes.*® To date, there have been many
reports on bimetallic nanomaterials and single atom catalysts
and because of the unique structural traits, they possess a
more outstanding enzyme-mimicking catalytic activity.?”>°
Among the numerous nanozyme materials, metallic oxides
such as CeO, are known for their high nanozyme catalytic
activities and unique structures.>® They have attracted increas-
ing interest to substitute natural enzymes. However, the low
content of Ce*" in CeO, is not conducive to the improvement
of enzyme-like activity. Therefore, it is necessary to introduce a
metal with good electron transport performance as an elec-
tronic pump to promote the surface charge redistribution of
CeO, and increase the ratio of Ce**/Ce*".>! Notably, nanozyme-
based colorimetric sensor arrays based on monatomic alloys
are used for the discrimination of SCMs.>> However, few
research studies on the construction of sensor arrays by inte-
grating nanozyme colorimetric metallic oxide materials with
interface engineering have been reported. Furthermore, the
catalytic reaction mechanism occurring on the surface of
nanozyme materials remains unclear.

Here, instead of utilizing the classical sensing method, we
constructed Au/CeO, for the simultaneous identification and
discrimination of SCM substances (Na,S, Na,SO; and
Na,S,0;) based on the pattern recognition response. First, Au
with rich surface charge and good conductivity is introduced
to the CeO, surface as an electron bank to form a Au/CeO, het-
erojunction. Then, the specificity and sensitivity of the sensor
array were detected by highly efficient POD-like activity of the
heterostructure Au/CeO, nanozyme under the optimized
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experimental conditions and with diverse interactions of
various SCMs on oxITMB via principal component analysis
(PCA) and colorimetric sensing systems. Upon using the
heterostructure Au/CeO, nanozyme, TMB was directly oxidized
with the addition of H,0,. Subsequently, the colorimetric
sensor array (3 SCMs x 1 channel x 6 replicates) was success-
fully fabricated. In addition, by keeping in mind the growing
demand for portable devices for on-site identification of
SCMs, an intelligent smartphone has also been employed for
SCM detection. Mechanism study showed that Au NPs as an
electron bank can promote the charge redistribution on the
surface of CeO,, which can increase the ratio of Ce*'/Ce?’,
facilitate the release of OH* and the desorption of H,O, and
significantly improve the POD-like activity.

2 Experimental section
2.1 Chemicals

The detailed chemicals and instrumentation can be seen in
the ESL.}

2.2 Preparation of Au/CeO,

Preparation method of CeO,. In a 30 °C water bath, 5.56 g
Ce(NO3),-6H,0 and 4.0 g NH,HCO; were separately dissolved
in 200 mL of deionized water. The NH,HCO; solution was
rapidly added to the Ce(NO;),-6H,O solution while maintain-
ing the same temperature, followed by stirring for 0.5 h and
then allowing it to stand at 30 °C for 24 hours. The crude pro-
ducts were filtered, washed with deionized water and anhy-
drous ethanol separately, and dried at 60 °C before ultimately
synthesizing nanobelt CeO, through annealing at a tempera-
ture of 450 °C for four hours.

Preparation of Au/CeO,. The CeO, nanobelt (25 mg) was dis-
persed in 5 mL of deionized water. Subsequently, the HAuCl,
solution (0.02 ¢ mL™") was injected into the CeO, dispersion
solution (0.5 mL) under vigorous stirring conditions and
stirred vigorously for 12 hours. The resulting mixture was then
subjected to vacuum filtration to collect the solid, followed by
multiple washes with deionized water and drying at 80 °C.
Finally, the products were obtained by annealing at 200 °C
under an air atmosphere for 1 h.

2.3 Peroxidase-like activity of Au/CeO,

Peroxidase-like catalytic activities of the nanomaterial-based
nanozymes were commonly investigated by steady-state kine-
tics tests. In general, tests were carried out utilizing TMB as a
typical catalytic substrate at 25 °C in a 96-well plate. The data
were recorded by using a microplate reader at 652 nm. A 0.1 M
HAc-NaAc buffer solution (pH 4.5) was utilized as the reaction
solution, and 100 pg mL™" Au/CeO, was utilized for its steady-
state kinetics test. The heterostructure Au/CeO, nanozymes
were mixed with a series of TMB concentrations in the HAc-
NaAc buffer solution, and the absorbance intensity of the reac-
tion system at 652 nm was quickly recorded by using a micro-
plate reader. Subsequently, the “absorbance intensity versus
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time” curve was acquired, which could be utilized to calculate
the initial reaction velocity (V). Finally, the kinetics constants
including Vpy.x and K, were acquired by fitting the reaction
velocity values and the TMB concentrations based on the
Michaelis-Menten equation as follows:

1 1 K 1
S _l’_ —_— X —
V' Vmax  Vmax [S]

where V represents the initial reaction velocity, and V,ax and
K., represent the maximum reaction rate and Michaelis-
Menten constant, respectively. [S] represents the concentration
of the TMB substrate.

2.4 Sensor array preparation

The colorimetric sensor array analysis for SCM detection was
designed using the [Au/CeO, + TMB/H,0,] reaction system.
First, 150 pL of Au/CeO, (1.0 mg mL ") was added into 2850 pL
of HAc-NaAc buffer solution buffer (0.1 M, pH 4.5) including
1 mM TMB and 10 mM H,0, and mixed together at 25 °C.
Then, the above solution was divided into two groups. To the
control group, 5 pL of water was added into the above reaction
solution, and mixed thoroughly. To the experimental group,
5 pL of analyte SCMs (Na,S, Na,SO; and Na,S,0g) with
different concentrations were added into the similar reaction
solutions under the optimal analytical conditions. After incu-
bating for 5 min, the absorbance response at 652 nm was col-
lected and recorded by using a portable microplate reader.
Each SCM analysis was carried out by six repetitions.
Accordingly, three kinds of SCMs were analyzed six times on
the colorimetric sensor array comprising Au/CeO, nanozymes,
offering training data for the 3 SCMs x 1 channel x 6 repli-
cates. Finally, all the data analyses were conducted utilizing
Origin 22.0; in all cases, PCA was performed on the original
data matrix utilizing the minimum variance for recognition.

2.5 Density functional theory (DFT) calculations

Spin polarization DFT calculations were performed using the
Vienna ab initio simulation package (VASP) code. The projector
augmented wave method (PAW) and the Perdew-Burke-
Ernzerhof (PBE) exchange correlation functional were per-
formed to describe the valence electron and core interactions.
A plane wave basis set was employed with the kinetic cut-off
energy of 500 eV. All structures were fully optimized until the
energy and residual force converged to 107> eV and 0.03 eV
A™'. The DFT-D3 method was utilized to estimate the adsorp-
tion strength accurately. The vacuum layer of 15 A was set. A 3
x 3 x 1 Monkhorst-Pack grid was sampled.
The adsorption energy was defined as:

E= E[total] - (E[mol] +E[slab]) (1)

where E is the adsorption energy, Ejmol is the energy of the
molecule, Efg,p) is the energy of the slab and Ejoar) is the total
energy of the molecule adsorbed on the slab.
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3 Results and discussion
3.1 Characterization of Au/CeO,

As depicted in Fig. 1a, the preparation process of Au/CeO, was
fully described in detail. The Au NP solution was firstly charac-
terized via TEM. It was clear that the Au nanoparticle showed a
spherical shape with a size of 10-20 nm (Fig. 1b). The mor-
phology of Au/CeO, was firstly characterized via SEM. It was
clear that the crude CeO, primarily consisted of nanobelts
(NBs) with a width of about 2 pm (Fig. 1c), and the Au modifi-
cation did not remarkably affect its original structure (Fig. 1d).
The Au/CeO, NBs displayed many significant sphere-like nano-
particles on surfaces, while the pure CeO, NBs were nearly
smooth. This phenomenon could have been ascribed to the
surface doping of Au nanoparticles. Then, TEM was utilized to
further characterize the morphology. Fig. 2a shows the TEM
image of Au/CeO, NBs; it was clear that the Au nanoparticle
successfully loaded on CeO,. The obvious nanostructure can
also be clearly seen in Fig. 2b, which is distinguished in the
green and purple rectangular areas. The lattice spacing of
0.231 and 0.315 nm shown in Fig. 2b could be assigned to the
(111) plane of Au and CeO,, which was matched well with the
bright ring consisting of discrete spots in the selected area
electron diffraction (SAED) image of different areas in Fig. 2c,
corresponding to the red rectangular area in Fig. 2a. The
HAADF-STEM and corresponding elemental mapping images
(Fig. 2d-g) of Au/CeO, NBs suggested the homogeneous distri-
bution of the Au, Ce, and O elements throughout the entire
NBs surfaces, which also depicted the significant hetero-
structure. EDS showed that the atomic number ratio of Au, Ce,
and O was about 4.66 : 76.26 : 19.08 (Fig. 2h). In order to inves-
tigate the crystal phase of different products, XRD was per-
formed. Fig. 2i shows the typical XRD patterns of various pro-
ducts. All the characteristic peaks were well corresponded to
Au (PDF # 66-0091) and CeO, (PDF # 43-1002),>** respectively.
Notably, the characterization peak around 38.1° was pointed to
the (111) crystal plane of Au, and the peaks around 28.4°,
32.9°, 47.3°, 56.2° were assigned to the (111), (200), (220), and
(311) crystal planes of CeO,, respectively. After a detailed
observation, we could find that some peaks were slightly
shifted in comparison with the standard peaks including the
(111) crystal plane of CeO,.

HAuCly solution

a W s s
a0 —> >
Q

CeO: nanobelt /CeO2 nanobelt

Fig. 1 (a) Schematic illustration of the preparation procedure of the Au/
CeO, NB heterostructure. SEM images of (b) Au, (c) CeO, and (d) Au/
C902.
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Fig. 2 (a) TEM image of the Au/CeO, NB heterostructure. (b) HRTEM
images; the rectangular areas represent the FFT patterns of the selected
areas (green and purple boxes), (c) SAED pattern of the different areas,
and (d) STEM image and the corresponding elemental mapping images
of (e) Au, (f) Ce, and (g) O in Au/CeOs,. (h) The EDS spectrum and (i) XRD
pattern of the Au/CeO, heterostructure.

Furthermore, the surface elements and valence states of Au/
CeO, were characterized utilizing XPS. As shown in Fig. 3a, the
survey spectra of Au/CeO, display the XPS peaks of Au 4f, O 1s
and Ce 3d, establishing that the Au NPs were successfully
loaded into the surface of CeO, nanobelts. Fig. 3b displays five
signal peaks of CeO, at 882.3, 886.0, 898.2, 903.0, and 907.6
eV, which were assigned to Ce 3ds/, and Ce 3d;/, of Ce**.3*3¢
In addition, four characteristic peaks at 883.9, 888.9, 900.8 and
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Fig. 3 (a) XPS survey spectra of Au/CeO,. The high-resolution XPS
spectra of (b) Ce 3d, (c) Au 4f, and (d) O1s of Au/CeOs,.
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916.6 eV were attributed to Ce*" for Ce 3ds,, and Ce 3dj,.*”
Compared with CeO,, Au/CeO, showed a similar XPS pattern.
In general, the higher the ratio of Ce**/Ce*, the higher the
POD-like catalytic activity.*® Through calculation, it was found
that the ratio of Ce*'/Ce** in Au/CeO, was 1.1, which exceeded
that in CeO, by 0.2. This suggests that Au/CeO, may possess
enhanced POD-like catalytic activity. For the O 1s of Au/CeO,
(Fig. 3d), two peaks at 529.5 and 532.2 eV were ascribed to the
Ce-O and Ce-OH bonds, respectively. The O1s of CeO, showed
abundant peaks assigned to the Ce-O. C-O, and O-H bonds,
implying that CeO, was more hydrophilic than Au/CeO,.*
Fig. 3c shows the Au 4f spectrum of Au/CeO,. As observed, the
characteristic peaks at 84.1 and 87.8 eV corresponded to Au
4f,,, and Au 4fs),, respectively.’® From the foregoing analysis,
it was evident that the incorporation of Au NPs induces an
electron redistribution within CeO,, resulting in an increased
ratio of Ce®* and decreased hydrophilicity. Notably, XPS ana-
lysis revealed that Ce** in the CeO, nanocrystals and the intro-
duction of Au generate a polar Ce*~O-Au interface. These
results demonstrated that Au/CeO, nanocrystals were com-
posed of a CeO, core, a Ce**-O-Au heterointerface, and highly
strained Au islands.

3.2 Au/CeO, nanozymes mimicking peroxidase activity

After proving the successful preparation of Au/CeO,, the
enzyme-like catalytic capability of Au/CeO, was investigated by
utilizing TMB as a typical chromogenic substrate. Among the
as-prepared pure Au nanoparticles, CeO, nanobelts and Au/
CeO, nanocomposites, Au/CeO, exhibited the strongest peroxi-
dase-like catalytic activity. Thus, Au/CeO, was utilized as an
example to explore their peroxidase-like catalytic activity by
detecting the catalytic oxidation of a common peroxidase chro-
mogenic substrate colorless TMB via UV-Vis absorption spec-
troscopy (Fig. 4a). As depicted in Fig. 4b, the [Au/CeO, + TMB/
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Fig. 4 (a) Schematic illustration of the catalytic reaction of the oxidase-
like capability of Au/CeQ,. (b) UV-Vis absorption spectra of various reac-
tion systems. (c) UV-Vis absorption spectra of 1 mM TMB, 2 mM OPD,
and 1 mM ABTS after catalyzing oxidation with Au/CeO,. Inset: the
corresponding figures exhibiting the visual color changes of (1) TMB, (2)
OPD, and (3) ABTS in the [Au/CeO, + TMB//H,0,] reaction system. (d)
UV-Vis absorption spectra of Au/CeO,-mediated TMB oxidation in the
absence and presence of IPA. (e) The Michaelis—Menten curve of Au/
CeO, with TMB. (f) Double-reciprocal plot of Au/CeO, with a series of
TMB concentrations.
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H,0,] reaction system produced a light-blue-colored oxidation
product with an obvious absorption response located at
652 nm, suggesting the outstanding peroxidase-like catalytic
capability of Au/CeO,. In addition to the common TMB chro-
mogenic substrate, two other common oxidase substrates
including ABTS and OPD were also employed to further
demonstrate the peroxidase-like catalytic capability of Au/
CeO,. As displayed in Fig. 4c, Au/CeO, could also generate a
characterization green-colored oxidation ABTS product and a
typical yellow color for the oxidized OPD with a significant
absorption signal. The above results suggested that the [Au/
CeO, + TMB/H,0,] reaction system had a strong adsorption
response because of the presence of the corresponding oxi-
dation products, demonstrating that Au/CeO, could catalyze
the oxidation of common chromogenic substrates with excel-
lent peroxidase-like catalytic activity with the addition of H,0,.
To further explore the catalytic mechanism in the [Au/CeO, +
TMB/H,0,] reaction system on the oxidation and color change
of TMB, 200 L of isopropyl alcohol (IPA, served as the "OH sca-
venger) was added into the above mixture solution. As seen in
Fig. 4d, the absorption intensity at 652 nm was remarkably
decreased in the presence of IPA, suggesting that TMB was oxi-
dized to oxTMB. This result demonstrated the consumption of
OH by IPA, leading to the incomplete oxidation of TMB. Thus,
OH played a crucial role toward the TMB oxidation procedure
in the [Au/CeO, + TMB/H,0,] reaction system. Meanwhile, we
further performed a typical quenching assay to investigate the
effect of ROS on peroxidase-like activity. Sodium azide (NaN3),
1,4-benzoquinone (BQ), and IPA, the classical scavengers for
'OH, O, and singlet oxygen, were utilized to explore their
influences on catalytic activity (Fig. S1f). As depicted in
Fig. S1,t the introduction of each IPA and BQ caused remark-
able change on the peroxidase-like catalytic activity, suggesting
that "'OH and O," may be the important species participating
in the oxidation of TMB. To quantify the catalytic efficiency of
Au/CeO,, its peroxidase-like activity was analyzed by utilizing a
typical steady-state kinetic test. As seen in Fig. 4e, the catalytic
kinetics of the oxidation of the Au/CeO, nanozyme was mainly
related to the concentration of the TMB, which was also well
fitted to the typical Michaelis-Menten curve and the
Lineweaver-Burk plot of enzyme catalytic reactions. The
kinetic parameters of the maximum initial velocity (Via) and
Menten constant (K,,) were calculated to be 2.55 x 107" M s~
and 0.77 mM, respectively. Meanwhile, the Au/CeO, nanozyme
displayed a Viyax value for 2.95 x 1077 M s * for H,0, (Fig. 4f).
Based on the above results of the kinetic parameters, Au/CeO,
displayed POD-like activity superior to that of horseradish per-
oxidase (HRP) and the most reported nanozymes, demonstrat-
ing that Au/CeO, possessed potential as a substitute for
natural enzymes.

To achieve the optimal analytical performance of the colori-
metric sensor array, some limiting parameters including reac-
tion time, Au percentage, pH values, concentration of TMB
and Au/CeO, were also optimized. As depicted in Fig. S2,} the
peroxidase-like catalytic activity of the Au/CeO, nanozyme
decreased significantly by varying the pH from 4.0 to 8.0.
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Clearly, the maximum peroxidase-like activity was realized at
pH 4.5 for Au/CeO,. Meanwhile, the optimal experimental con-
ditions were 0.5%Au/CeO,, 10 mM H,0,, 1 mM TMB and
50 pg mL ™" Au/CeO, for 10 min.

3.3 Mechanism study of POD-like catalytic activity

To further elucidate the enhanced catalytic performance of the
Au/CeO, nanocatalyst, density functional theory (DFT) calcu-
lations were conducted to investigate the underlying action
mechanism.*' The complete geometric configurations of CeO,
and Au/CeO,, optimized for a monoclinic lattice, are depicted
in Fig. 5a. The charge density difference plot reveals that CeO,
maintains a uniformly dispersed electron cloud across the
structure in a stable state, whereas Au/CeO, exhibits a concen-
trated electron cloud density surrounding CeO,, suggesting
that the introduction of Au NPs induces electron redistribution
on the CeO, surface. The influence of Au NPs on the electronic
configuration of CeO, was then examined via the lowest unoc-
cupied molecular orbital (LUMO) and highest occupied mole-
cular orbital (HOMO) calculations for both CeO, and Au/CeO,.
As illustrated in Fig. 5b, the LUMO and HOMO levels of CeO,
were 2.24 and —0.07 eV, respectively, while those of Au/CeO,
were 2.13 and 1.22 eV, respectively. Furthermore, the energy
gap of Au/CeO, (0.91 eV) was narrower than that of CeO, (2.31

'VY Yﬂw

e

1 IY“M SRREH

[CeO,

PDOS / a.u.

k‘ﬁ"(qf‘q““ o

35 -30 -25 -20 -15 -10 -5 0 5 kAL
Energy / eV O \,5\}\f\.5

e oo ——Ce0,

—
]

tt‘)s't;%z -

ii. Hy0, *

POD-like v

-H,0

Relative Energy / eV
5

e
VH0*+Hy0 O 20

« \ 25
Y. iv. OH * +H,0 * H,0; 20H' OH'+H,0 H,0°+H,0 *+2H,0
Reaction Coordination

Fig. 5 (a) Charge density difference illustration of CeO, and Au/CeO,.
(b) HOMO-LUMO energy levels and the interfacial diagrams of the
molecular orbitals for CeO, and Au/CeO,. (c) Density of states of CeO,
and Au/CeO,. (d) Proposed reaction pathways of the POD-like reaction.
(e) Corresponding free energy diagrams of CeO, and Au/CeO, for the
POD-like reaction.
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eV), indicating a greater likelihood of electron transfer within
Au/CeO,, thus enhancing the catalytic rate. Additionally, the
density of states analysis (Fig. 5c) indicates that both CeO, and
Au/CeO, exhibit metallic characteristics. Near the CeO, Fermi
level, electron density is primarily due to Ce 3d and O 1s elec-
trons, while in Au/CeO,, Au 4f electrons influence the band
near the Fermi level, offering spin polarization, indicative of
the interaction between Au and CeO,. The reaction pathways
and energy profiles for the POD-like activity of Au/CeO, are
shown in Fig. 5d and e. The adsorption energy of H,O, on the
Ce surface of Au/CeO, was —0.88 eV, which was lower than that
on the Ce surface of CeO,, suggesting that the Au-induced elec-
tron redistribution on the CeO, surface facilitates H,O,
adsorption. Subsequently, H,O, decomposes into two OH*
radicals, with Ce on Au/CeO, elevating the H,0, decompo-
sition energy by 0.05 eV. The subsequent OH* release on Ce
atoms requires 0.15 eV less energy on Au/CeO, than on CeO,,
implying a higher propensity for Au/CeO, to generate active
OH* species. Simultaneously, another OH* species on the Au/
CeO, surface reacts with an adjacent H' to form H,O adsorbed
on the surface, accompanied by an energy increase of 0.22 eV,
indicating that, thermodynamically, OH* to H,O conversion is
unfavorable. Finally, Au/CeO, is regenerated with an energy
rise of 0.27 eV post-product formation. The DFT calculation
data reveal that the Au/CeO, nanocatalyst exhibits exceptional
POD-like activity, with the Au elements optimizing the elec-
tronic structure of CeO,, thereby contributing to the enhanced
overall catalytic efficiency. Furthermore, DFT demonstrates
that Au can accept electrons from Ce** sites of CeO, and
increase their Ce**/Ce®" ratios, which improve the peroxidase-
like catalytic activity of nanocomposite. Consequently, these
results indicate that the Au/CeO, nanozyme exhibited superior
nanozyme activity in decomposing H,O, to ROS.

3.4 Responses of the colorimetric sensor array based on Au/
CeO, to SCMs

Based on the distinct SCMs exhibiting significant effects on
the reduction activity to oXTMB, a novel colorimetric sensor
array was developed. To prove the feasibility of the colorimetric
sensor array, three kinds of SCMs including Na,S, Na,SO; and
Na,S,0g were chosen as examples. Notably, the presence of
SCMs remarkably inhibited the UV-Vis absorption intensity of
the [Au/CeO, + TMB/H,0,] reaction system, except for
Na,S,05. When the various concentrations of Na,S,0g were
added into the reaction system, the absorption intensities were
enhanced, which could be ascribed to the process of further
oxidation of TMB by +7 valence state. As a result, they were
then further oxidized by Na,S,0g. SCMs exhibited diverse
reducing capabilities to oxXTMB according to diverse sulfur
valence states, which suggested that their diverse interaction
effects on the peroxidase-like catalytic capability of Au/CeO,
offered the prerequisite for their recognition. In this work, we
selected Na,S, Na,SOj;, and Na,S,05 as detection targets. First,
the signal range (5, 30, 60, 80, 100, and 110 uM) of the colori-
metric sensor array to the above described SCMs was explored.
If SCMs were present in the determination system, they could
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potentially decrease the TMBox signal by virtue of their
inherent reducibility, rather than by directly disrupting with
the oxidation of TMB. Interestingly, the reduction capability of
oxTMB was contingent upon the valence state of the sulfur
atom within the SCMs. As a result, the reduction ability of the
three SCMs ranked in the following order of decreasing ability:
Na,S (—2) > Na,SO; (+4) > Na,S5,05 (+7). When three kinds of
SCMs were added into the reaction system, they were
accompanied by distinct colorimetric responses, directly
demonstrating a one-to-one correspondence between each
target SCM and its unique fingerprint spectrum. Thus, an
accurate detection of the colorimetric fingerprint spectra was
conducted, which proved the ability to distinguish diverse
levels of the same SCMs. Fig. 6a—f show PCA distribution of
the three kinds of SCMs at different concentrations.
Interestingly, each figure showed a unique pattern of each
SCMs, with three kinds of SCMs obviously separated from
each other. When the concentration of SCMs increased, it
could be seen that the relative scores of the three kinds of
SCMs changed and gradually fared away from each other,
suggesting the outstanding identification ability of the con-
structed colorimetric sensor array. The analytical performance
of our sensor array for SCM detection increased with the
increasing SCM concentration, and when the lowest concen-
tration tended to be 5 M, the scores of the three SCMs was in a
vital state, almost overlapping, suggesting that the colorimetric
sensor array possessed the capability to recognize SCMs as low
as 5 M. The above results demonstrated the feasibility of the
actual application.

To further investigate the quantitative ability of the as-con-
structed colorimetric sensor array, the detection of each single
SCM with diverse levels was analyzed by PCA. When diverse
SCMs were added into the reaction system, they were
accompanied by diverse colorimetric responses, suggesting
that each analyst SCM possessed a one-to-one correspondence
with its inherent fingerprint spectrum. A more accurate detec-
tion of the colorimetric fingerprint spectra was carried out
with the help of PCA technology. As seen in Fig. 7, the colori-
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Fig. 6 Canonical score plot for the identification of three kinds of
SCMs at different concentrations ((a) 5 puM, (b) 30 pM, (c) 60 pM, (d)
80 uM, (e) 100 uM and (f) 110 puM).
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Fig. 7 PCA diagram of the colorimetric sensor array with diverse con-
centrations of SCMs ((al) Na,S, (a2) Na,SOz and (a3) NayS,0g). (b1-b3)
Plots of the discriminant factor 1 vs. the concentrations of SCMs. (c1-
c3) Radar map of the colorimetric sensor array toward three kinds of
SCMs. The y-axis scale represented the absorption intensity of oxTMB in
the [Au/CeO, + TMB/H,0;] reaction system.

metric response from PCA of Na,S, Na,SO; and Na,S,05 were
displayed based on their corresponding two discriminant
factors accounting for approximately 100% of the variance. In
each figure, the 36 colorimetric responses collected (6 concen-
trations x 6 replicates) obviously produced 6 clusters corres-
ponding to each analyst SCM. From the 2D standard score
plots, diverse levels of each sulfur-containing metal salt could
be detected, suggesting that the as-constructed colorimetric
sensor array could efficiently recognize different kinds of SCM
at six levels by the PCA method. To explore the sensitivity of
the as-developed colorimetric sensor array, the quantitative
analytical performance for given SCMs was conducted. As
depicted in the canonical score plot of 2D PCA (Fig. 7al-a3),
for each SCM, the 2D PCA plot of diverse concentrations
endowed unique patterns, and these clusters were well
separated from each other from 5 M to 110 M. Furthermore,
we could see that clusters of diverse concentrations were regu-
larly distributed in the plots, and the concentration
exhibited an excellent correlation with factor 1. Since factor 2
was less than 5%, factor 1 could be utilized to quantify SCMs.
As seen in Fig. 7b1-b3, factor 1 displayed an outstanding
linear relationship with the concentrations of SCMs in the
range of 5-110 pM. The above excellent linearity implied that
the colorimetric sensor array possessed superior analytical per-
formance and could also achieve sensitive determination of
individual SCM. In addition, the radar plot in Fig. 7c1-c3
shows the comparison of the capability of each SCM to regu-
late the POD-like catalytic activity of Au/CeO,. Compared with
other previously reported detection methods (Table S1%), Au/
CeO, exhibits comparable or better performance in SCM
discrimination.

15220 | Nanoscale, 2025, 17, 15214-15222

View Article Online

Nanoscale

3.5 Discrimination of mixtures in real samples

Further, in order to investigate the detection and recognition
capability of the as-developed colorimetric sensor array toward
multiple mixtures, we utilized the binary mixtures of these
SCMs (Na,S:Na,SO; = 10:10, Na,S:Na,S,0g = 10:10 and
Na,S0;: Na,S,0g = 10: 10; the total concentration was 20 uM)
and ternary mixtures (Na,S:Na,SO;:Na,$,03 = 10:5:5,
5:10:5, 5:5:10; the total concentration was 20 pM) as ana-
Iytes to conduct the test. As the data show in Fig. 8a and b, all
of the binary mixtures or ternary mixtures were well discrimi-
nated against one another with no error or misclassifications
in the reaction systems, suggesting the good performance of
the colorimetric sensor array in distinguishing standard SCM
sample mixtures and laying a great application potential for
the determination of SCMs in actual samples. Meanwhile, the
storage stability of the Au/CeO, nanozyme during storage was
analyzed and is depicted in Fig. S3,T suggesting that POD-like
catalytic effectiveness was above 95% after a long-storage dur-
ation of 30 days.

Real samples were differentiated utilizing PCA and hier-
archical cluster analysis (HCA) to evaluate the potential appli-
cation of the as-fabricated sensor array according to diverse
SCM levels (Fig. 8c and d). Due to the use of bleach, SCMs
became the main pollutants affecting the water quality. Water
samples acquired from the Dalong lake were used as actual
samples. Prior to the formal test, a 0.22 pum microporous mem-
brane was employed to remove the suspended impurities in
river water. Three SCMs with a final concentration of 30 pM
were introduced into the samples for further analysis. PCA
analysis of the fingerprint data was then conducted. As
depicted in Fig. S4,1 river water generated a unique colori-
metric signal, while the clusters of three SCMs in river water
displayed excellent separation without overlapping identifi-
cations due to the remarkable difference in SCM level. As seen
in Fig. 8c, an obvious difference was exhibited in the violin
chart score of discriminant factor 1 wvs. the samples.
Hierarchical cluster analysis (HCA) is a robust clustering strat-

N

e ®

Fig. 8 (a) Binary and (b) ternary sulfur-containing compound mixtures
at different molar ratios, respectively. Plot of the factor 1 and HCA den-
drogram vs. three environmental samples (c and d), respectively. (e)
Smartphone sensing platform according to “Color Selector” APP soft-
ware for SCM detection.
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egy according to Euclidean distances; starting from a single
sample, new clusters were produced by introducing the next
most similar sample to the existing clusters until all of the
samples are integrated into one cluster. Due to their high simi-
larity, each group of samples was identified without any over-
lapping by HCA technology (Fig. 8d). The above result
suggested that the colorimetric sensor array could be utilized
in the SCM detection of environmental samples with good
accuracy.

To meet the on-site application of the Au/CeO,-based colori-
metric sensor array for SCM determination, the idea of con-
structing an intelligent and convenient smartphone sensing
platform according to “Color Selector” APP software that com-
bined a colorimetric response was developed. As seen in
Fig. 8e, the following five steps were conducted with the help
of a smartphone from step 1 to step 5, and the operation pro-
cedure has been exhibited in detail. Finally, we hoped to suc-
cessfully construct this smartphone-based simple and fast
strategy for the on-site analysis of SCM types and their levels
without the need for clumsy instruments and equipment and
professional operators.

4. Conclusion

In conclusion, Au NPs as an electron bank promote charge
redistribution on the surface of CeO,. This process increases
the ratio of Ce®*'/Ce*!, facilitates the release of OH* and
enhances the desorption of H,O, thereby significantly improv-
ing the POD-like activity. Conversely, SCMs could significantly
inhibit the signal response of the [Au/CeO, + TMB/H,0,] reac-
tion system, resulting in noticeable color fading. Leveraging
this different response mechanism, a simple, low-cost, robust
and efficient visual colorimetric sensor array was constructed.
Upon the addition of analytes such as SCMs into the reaction
system, a unique fingerprint is generated, enabling the reco-
gnition and quantitative detection of different SCMs. Utilizing
PCA technology, we successfully identified three kinds of
SCMs at concentrations as low as 5 uM and also realized the
recognition of differentiated mixtures of SCMs. Taken
together, the as-established colorimetric sensor array was
simple in nanozyme preparation, rapid in response, portable
in operation procedures, and high in sensitivity, opening the
way to its strength and promising potential in the field of on-
site detection.
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