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ABSTRACT: Simultaneous electrochemical detection of dopamine (DA) and hydroquinone (HQ) is clinically significant but
challenging because overlapping redox signals obscure detection on conventional sensing materials. Single-atom catalysts
(SACs) offer promising adsorption and electron-transfer capabilities; however, limited synthetic control, poor cycling durability,
and inevitable signal interference in complex multi-analyte matrices hamper their application. Herein, we report a nickel single-
atom catalyst embedded in nitrogen-doped carbon (Ni SA/NC) with a unique electronic structure that enables simultaneous
detection of DA and HQ. Benefiting from the unique Ni-N4 moieties, the oxidation peaks for DA and HQ are well resolved,
enabling simultaneous quantification. Notably, the Ni SA/NC achieves ultra-low detection limits (0.0018 uM for DA and 0.0017
MM for HQ), wide segmented linear response windows, and high anti-interference selectivity toward typical coexisting
contaminants. Additionally, the Ni SA/NC exhibits outstanding measurement reproducibility, as evidenced by ultra-low relative
standard deviations, alongside favorable storage stability. DFT calculations reveal that the Ni—N4 configuration modulates the Ni
d-band center to afford moderate *OH adsorption strength, thereby lowering the electro-oxidation barriers. Overall, this work
establishes a rational design paradigm for SAC-based electrochemical sensing materials, offering potential for practical
implementations in early disease diagnosis.

KEYWORDS: single-atom catalysts, nickel, electrochemical sensing, simultaneous detection, dopamine, hydroquinone

quantification of HQ and DA, including high-performance
liquid chromatography, fluorescence-based assays, and
capillary electrophoresis [8, 9]. Although significant
advancements in their analytical performance have been
made, several drawbacks remain that make facile and
accurate  detection  difficult. In sharp contrast,
electrochemical techniques have gained considerable
attention for HQ and DA detection due to their distinct
advantages, including simple operation, low cost, high
sensitivity, portability, and excellent selectivity [10, 11].
Conventional electrode materials for electrochemical sensing
primarily include carbon-based materials (glassy carbon,
carbon fibers, and graphene), noble metal nanoparticles (Pt,
Au, and Ag), transition metal oxides (NiO, Co304, and MnO3),

1 Introduction

Dopamine (DA), a key catecholamine neurotransmitter, plays
an essential role in regulating the central nervous, renal, and
cardiovascular systems [1]. Abnormal dopamine levels are
linked to Parkinson’s disease, schizophrenia, and anorexia
[2]. Furthermore, its concentration in healthy individuals’
peripheral fluids ranges from 0.01 to 1 pM, making precise
quantification in biological fluids essential for clinical
diagnostics [3]. As a phenolic compound, hydroquinone (HQ)
is a prevalent environmental pollutant found in industrial
wastewater [4]. Its high toxicity poses significant risks to
human health [5]. In particular, DA and HQ coexist in
biological fluids, such as blood and urine, of occupationally

exposed workers and users of HQ-containing cosmetics [6].
As such, developing a sensing material that is capable of
simultaneous detection of DA and HQ is of great value for
early warning of human health risks [7].

A variety of analytical methods have been established for

and conducting polymers (polyaniline and polypyrrole) [12-
14]. However, several limitations remain that limit the
sensing performance of these materials.

Carbon-based electrodes typically suffer from sluggish
electron transfer kinetics and a limited number of active



sites, resulting in low sensitivity and poor selectivity toward
analytes with similar redox potentials [15-18]. Noble metal
nanoparticles, despite their excellent catalytic activity, are
hampered by high cost, susceptibility to aggregation, and
surface poisoning during repeated use [19, 20]. Transition
metal oxides possess low electrical conductivity, which
restricts  their  electrocatalytic = performance, while
conducting polymers may suffer from poor long-term
stability and limited structural tunability [16, 21]. Moreover,
most conventional materials lack well-defined atomic-scale
active centers, making it difficult to achieve precise control

over analyte adsorption and interfacial electron transfer [22].

These drawbacks have motivated research for advanced
sensing materials with high catalytic efficiency, structural
homogeneity, and tunable electronic properties.

Single-atom catalysts (SACs) represent a burgeoning class
of functional nanomaterials for electrochemical sensing and
have ignited immense research interest as a new frontier in
electrocatalysis [23-28]. Owing to their maximized atom
efficiency and structurally uniform active sites with readily
modifiable electronic configurations, SACs are particularly
advantageous for promoting strong analyte adsorption and
rapid interfacial electron transfer [29-34]. For example, an
In1-N-C single-atom catalyst, with an In-Ns4 coordination
environment, was prepared by high-temperature annealing
of an In-MOF precursor [35]. Its enhanced dopamine
oxidation activity was found to originate from the favorable
OH adsorption on In-N; sites and an elevated s/p-band
center. Yao et al. developed carboxylated carbon nanopipette
electrodes decorated with single Au atoms, which leverage
high atomic utilization and catalytic activity to enhance the
sensitivity and accuracy of DA detection [36]. Theoretical
calculations reveal that the Au single atoms reduce the
kinetic barrier of the rate-determining step during DA
oxidation, thereby accounting for the observed catalytic
enhancement. These works underscore the potential of SACs
as promising alternatives for electrochemical sensing
applications. However, SACs are hindered by poor synthetic
controllability and insufficient cycling stability. In dual-
analyte detection, single atomic sites promote competitive
adsorption and suffer from weak anti-interference capability
in complex matrices [37]. Furthermore, atomic-scale
mechanistic studies are still lacking. Notwithstanding these
efforts, the rational design of SACs for simultaneous DA and
HQ detection remains unexplored.

In this work, a Ni single-atom catalyst embedded in a
nitrogen-doped carbon support (denoted as Ni SA/NC) was
synthesized. Benefiting from the precise modulation of the
Ni d-band center, distinct adsorption configurations toward
DA and HQ are achieved. Aberration-corrected high-angle
annular  dark-field scanning transmission electron
microscopy (AC HAADF-STEM) and X-ray absorption fine
structure (XAFS) spectroscopy verify the atomic dispersion
of Ni species in a Ni-N4 coordination configuration. The
resulting Ni SA/NC exhibits outstanding electrochemical
performance for the simultaneous detection of DA and HQ, as
evidenced by well-resolved differential pulse voltammetry
(DPV) peaks, ultra-low detection limits, broad multi-segment
linear ranges, and high selectivity against interfering species.
Density functional theory (DFT) calculations further reveal
that the modulated d-band center of the Ni-Nj4 sites

optimizes the *OH adsorption energy and lowers the
oxidation barriers. As a consequence, the Ni-N; sites
facilitate sensitive and simultaneous detection in complex
matrices. Collectively, this work establishes a well-defined
rational design strategy for single-atom-based
electrochemical sensing materials, holding great promise for
practical applications in early disease diagnostics.

2 Experimental

2.1 Synthesis of Ni-MOF-74

In a typical synthesis, 0.2120 g of nickel nitrate hexahydrate,
1.302 g of zinc nitrate hexahydrate, and 0.3566 g of 2,5-
dihydroxyterephthalic acid were introduced into a solution
(60 mL) of water, ethanol, and N, N-dimethylformamide with
a volume ratio of 1:1:1. After being sonicated for 30 min, the
solution was transferred into a Teflon-lined autoclave and
heated at 120 °C for 24 h. The precipitate obtained was
washed with ethanol and vacuum-dried at 80 °C to yield Ni-
MOF-74 nanocrystals.

2.2 Synthesis of Ni-MOF-74@PDA

In a typical synthesis, 0.2 g of Ni-MOF-74 nanocrystals were
dispersed in 20 mL of methanol. Then, 10 mL of methanol
solution containing 0.06 g dopamine hydrochloride (pH 8.5)
was added dropwise under sonication. The mixture was
stirred for 12 h at room temperature before being washed
with methanol and dried under vacuum. Finally, Ni-MOF-
74@PDA was obtained.

2.3 Synthesis of Ni NPs/NC

In a typical synthesis, the as-obtained Ni-MOF-74@PDA was
calcined in an argon atmosphere at 950 °C for 3 h with a
ramp rate of 5 °C min-’. This was followed by a second
thermal treatment under an NHsz/Ar (v/v=5/95) mixed gas
atmosphere at 550 °C for 1 h. The resulting precipitates were
denoted as Ni NPs/NC. The Ni loading in Ni NPs/NC was
determined to be 3.67 wt.% by ICP-OES.

2.4 Synthesis of Ni SA/NC

In a typical synthesis, the resulting Ni NPs/NC was acid-
treated with 10 mL of 2 M sulfuric acid at 100 °C for 24 h
before being washed with deionized water and vacuum-
dried. The obtained black powder was denoted as Ni SA/NC.
The Ni loading in Ni SA/NC was determined to be 0.63 wt.%
by ICP-OES.

2.5 Synthesis of NC
NC was prepared via the same method as Ni SA/NC, except
that nickel nitrate hexahydrate was omitted.

2.6 Synthesis of Co SA/NC

Co SA/NC was prepared via the same method as Ni SA/NC,
except that nickel nitrate hexahydrate was replaced with
0.2197 g of cobalt nitrate hexahydrate. The Co loading in Co
SA/NC was determined to be 0.76 wt.% by ICP-OES.

3 Results and Discussion

3.1 Synthesis and characterization of Ni single-atom
catalyst

The synthetic procedure for the Ni single atoms embedded in
nitrogen-doped carbon (denoted as Ni SA/NC) is illustrated
in Fig. 1(a). First, nickel nitrate hexahydrate, zinc nitrate



hexahydrate, and 2,5-dihydroxyterephthalic acid were
employed in a self-assembly process to prepare Ni-MOF-74
nanocrystals, as verified by powder X-ray diffraction (XRD)
analysis (Fig. S1 in the Electronic Supplementary Material
(ESM)). Fourier-transform infrared (FT-IR) spectrum of Ni-
MOF-74 reveals prominent peaks at 1568 and 1408 cm™
corresponding to asymmetric and symmetric stretching
modes of carboxylate groups (Fig. S2 in the ESM) [38, 39]. As
shown in Fig. S3 in the ESM, the scanning electron
microscopy (SEM) imaging indicates that Ni-MOF-74
possesses a flower-like structure, formed by the intergrowth
of small polyhedral crystals. Subsequently, a polydopamine
(PDA) layer was uniformly coated onto the Ni-MOF-74
surface to form a Ni-MOF-74@PDA precursor. This precursor
was then subjected to a high-temperature thermal treatment
under an argon atmosphere, followed by nitrogen infiltration
via annealing in an NHz atmosphere, yielding Ni
nanoparticles supported on nitrogen-doped carbon (Ni
NPs/NC), as shown in Figs. S4 and S5 in the ESM. In this
approach, Zn served to spatially isolate Ni atoms during MOF
synthesis. Upon pyrolysis, Zn was evaporated, generating a
porous structure in the resulting carbon matrix. Finally, the
as-obtained Ni NPs/NC was treated with acid to afford the
target Ni SA/NC catalyst. The control sample of NC was
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synthesized and characterized by transmission electron
microscopy (TEM); details of which are found in Figs. S6 and
S7 in the ESM. To benchmark the sensing performance of Ni
SA/NC, a cobalt-based single-atom catalyst (Co SA/NC) was
constructed as a control sample, with the corresponding
characterizations presented in Figs. S8-S11 in the ESM.

As shown in Figs. 1(b) and 1(c), the SEM images reveal
that Ni SA/NC exhibits a crumpled N-doped carbon
framework with abundant voids and hierarchical pores,
which arise from the collapse of the Ni-MOF-74 precursor.
HR-TEM analysis (Fig. 1(d)) shows the absence of
discernible metallic nanoparticles or clusters in Ni SA/NC.
The selected area electron diffraction (SAED) pattern
exhibits characteristics of amorphous carbon, with no
detectable diffraction spots corresponding to crystalline Ni
phases. Notably, the isolated Ni species were verified by AC
HAADF-STEM. Low-magnification AC HAADF-STEM imaging
(Fig. 1(e)) demonstrates the successful removal of
aggregated Ni species by the acid etching, with no evidence
of the presence of metallic Ni nanoparticles. High-
magnification AC HAADF-STEM (Fig. 1(f)) shows clearly
resolved isolated bright features corresponding to individual
Ni atoms (highlighted by yellow circles). The atomic
intensity line-scanning profiles

Ni NPs/NC

Ni SA/NC/GCE

00 02 04 06 08 10 1.2

Distance (nm)

Figure 1 Synthesis and morphological characterization of Ni SA/NC. (a) Schematic illustration of the synthesis of Ni SA/NC. (b) Low-magnification and
(c) high-magnification SEM images. (d) HR-TEM image and SAED pattern (inset). (e) Low-magnification AC HAADF-STEM image. (f) High-
magnification AC HAADF-STEM image and corresponding intensity profile along the rectangles. (g) EDX elemental mappings.

along the white rectangles (right panel of Fig. 1(f)) further

confirm the isolated distribution of Ni atoms. Energy-



dispersive X-ray spectroscopy (EDX) elemental mapping (Fig.
1(g)) corroborated the homogeneous distribution of Ni, N,
and C elements throughout the carbon matrix. Together,
these morphological characterizations confirm the
successful synthesis of Ni SA/NC, featuring atomically
dispersed Ni species on the NC support. XRD patterns of
samples (Fig. S12 in the ESM) show characteristic peaks of
the carbon matrix. The Ni NPs/NC exhibits characteristic
diffraction peaks of Ni nanoparticles (PDF#04-0850).
Notably, no metallic Ni peaks are observed for Ni SA/NC,
confirming the absence of Ni clusters and nanoparticles. In
comparison with NC, negligible differences can be observed
in the FT- IR spectra of Ni SA/NC and Ni NPs/NC (Fig. S13 in
the ESM). Raman spectroscopy was also performed, and the
Ip1/Ic ratio of Ni SA/NC (1.71) demonstrates a higher
number of defects relative to other samples (Fig. S14 in the
ESM). This might facilitate the adsorption and activation of
the reactant.

The chemical composition and electronic states of the as-

prepared catalysts were investigated by X-ray photoelectron
spectroscopy (XPS). The survey scan spectra of Ni SA/NC and
Ni NPs/NC confirm the presence of Ni, N, C, and O elements
(Figs. S15 and S16 in the ESM). The Ni 2p XPS spectra (Fig.
2(a)) of Ni SA/NC exhibit a positive shift in binding energy
compared to that of Ni NPs/NC, suggesting a higher
oxidation state of Ni in Ni SA/NC. This implies the unique
electronic metal-support interaction that stems from the
electron transfer between the nitrogen-doped carbon
support and isolated Ni atoms. To gain deeper insight into
the surface chemical states, synchrotron radiation-based
photoemission spectroscopy (SRPES) was further conducted
to probe the C and N species with enhanced surface
sensitivity. As shown in Fig. S17 in the ESM, SRPES C 1s
spectra are deconvoluted into sp? C, sp® C, C-N, and 0-C=0
species [40, 41]. Notably, the Ni SA/NC shows a higher sp?
C/sp? C value of 0.89 than those of Ni NPs/NC (0.79) and NC
(0.72). This observation suggests that Ni SA/NC possesses a
higher density of structural defects,
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Figure 2 Atomic structural characterizations of Ni SA/NC. (a) XPS Ni 2p spectra. (b) Ni K-edge XANES spectra. (c) First-derivative Ni K-edge XANES
curves. (d) Correlation between the Ni oxidation states and the energy position of XANES spectra. (e) FT k3-weighted Ni K-edge EXAFS spectra. (f) Ni K-
edge EXAFS fitting results in R space. (g) WT contour plots. (h) N K-edge XANES spectra. (i) C K-edge XANES spectra.



which is attributable to the incorporation of Ni single atoms
into the NC support. The SRPES N 1s spectrum (Fig. S18 in
the ESM) of Ni SA/NC unveils four types of N species, being
pyridinic N, metal-N, pyrrolic N, and graphitic N, respectively
[42, 43]. As summarized in Table S1 in the ESM, the Ni
SA/NC possesses a higher number of pyridinic N than that of
Ni NPs/NC, along with a metal-N ratio of 13.31%.
Particularly, the positive shift in pyridinic N binding energy
indicates a decrease in electron density around the N atoms,
which is consistent with the formation of Ni-N coordination
bonds wherein electron density is transferred from the N
lone pairs to the d orbitals of Ni.

To gain atomic-level insight into the coordination
environment of the Ni centers, XAFS measurements were
carried out on Ni SA/NC. As presented in Fig. 2(b), the Ni K-
edge X-ray absorption near-edge structure (XANES)
spectrum for Ni SA/NC exhibits a near-edge absorption
energy positioned between that of Ni foil and NiO. This is
suggestive of an oxidation state between Ni° and Ni?*. The
first-derivative XANES curves (Fig. 2(c)) further corroborate
this unique oxidation state. Quantitative analysis of the
absorption edge energy (Fig. 2(d)) demonstrates a linear
correlation between the oxidation state and energy position,
yielding an oxidation state of +0.92 for Ni in Ni SA/NC. The
extended X-ray absorption fine structure (EXAFS) provides
evidence for the atomic dispersion of Ni. The Fourier-
transformed (FT) k3-weighted EXAFS spectrum (Fig. 2(e))
for Ni SA/NC displays a predominant peak at ~ 1.3 A,
attributable to the Ni-N scattering path. Notably, no peaks
are observed for Ni-Ni coordination at ~ 2.2 A, verifying the
absence of metallic Ni clusters or nanoparticles. The
quantitative structural parameters of Ni in Ni SA/NC were
obtained by least-squares fitting of the EXAFS spectra (Fig.
2(f), Figs. S19 and S20, and Table S2 in the ESM). The fitting
results reveal that Ni SA/NC possesses a Ni-N4 coordination
configuration, along with a coordination number of 3.8 for
the Ni-N scattering path and a bond length of 1.98 A for Ni-
N. The wavelet transform (WT) analysis (Fig. 2(g) and Fig.
S21 in the ESM) corroborates the FT-EXAFS findings,
revealing a single Ni-N scattering maximum for Ni SA/NC,
whereas both Ni foil and NiO show additional features
characteristic of Ni-Ni and Ni-O-Ni coordination,
respectively. This further confirms the absence of Ni clusters
or nanoparticles in Ni SA/NC. Taken together, these results
unambiguously establish that Ni SA/NC features atomically
dispersed Ni atoms coordinated in a Ni-N4 motif over the NC
support.

Soft XANES measurements can reveal the orbital
hybridization and charge transfer effects between metal and
NC support induced by metal doping [44]. The N K-edge
XANES spectra (Fig. 2(h)) reveal four components,
corresponding to pyridinic-N, pyrrolic-N, graphitic-N, and
o* C-N resonance [45]. Compared with those of NC, all peaks
in Ni SA/NC shift to higher photon energies, accompanied by
a marked decrease in pyridinic-N intensity and significant
increases in graphitic-N and o* C-N intensities. These
observations suggest electron transfer between NC support
upon Ni anchoring, as well as the formation of Ni-pyridinic N
sites. The C K-edge XANES spectra (Fig. 2(i)) display three
characteristic peaks of m* C-C, o* C-C, and m* C-N-C [46].
Upon Ni incorporation, the Ni SA/NC sample shows an

increased intensity of the m* C-C peak, accompanied by a
concomitant decrease in the m* C-N-C peak intensity relative
to NC. Again, these changes are attributable to the altered
electron density of the NC support upon the anchoring of
atomically dispersed Ni atoms. The electronic structures of
Ni SA/NC and Ni NPs/NC were probed by synchrotron-based
ultraviolet photoelectron spectroscopy (UPS). The valence
band maxima (VBM) of Ni SA/NC and Ni NPs/NC are 2.44
and 2.39 eV (Fig. S22 in the ESM), respectively, indicating a
slightly higher VBM energy for Ni SA/NC relative to that of Ni
NPs/NC. Additionally, the work function (¢) values derived
from the UPS spectra (Fig. S23 in the ESM) are 4.14 eV for Ni
SA/NC and 4.21 eV for Ni NPs/NC, implying a reduced
surface barrier and potentially enhanced interfacial charge
transfer for small-molecule activation over Ni SA/NC.

3.2 Electrochemical responses of Ni SA/NC for
simultaneous detection of dopamine and hydroquinone
The electrochemical sensing performance of Ni SA/NC
toward the simultaneous detection of DA and HQ was
evaluated. For comparison, Ni NPs/NC and NC were used as
controls under identical conditions. Fig. 3(a) compares the
differential pulse voltammetry (DPV) current responses of
glassy carbon electrodes (GCE) modified with Ni SA/NC, Ni
NPs/NC, NC, and Co SA/NC for simultaneous detection of
0.05 pM DA and 0.05 uM HQ in 0.01 M PBS (pH 7.4). The Ni
SA/NC sample exhibits substantially higher DPV responses
for both DA and HQ compared with Ni NPs/NC, NC, and Co
SA/NC (Fig. 3(a) and Table S3 in the ESM). Specifically, the
DPV signals of Ni SA/NC are 1.85-, 3.66-, and 2.11-fold
higher than those of Ni NPs/NC, NC, and Co SA/NC for DA,
and 1.66-, 2.52-, and 1.86-fold higher for HQ, respectively.
This highlights the important role of Ni-N4 sites in sensing.
The electrochemical charge transfer resistance of samples
was studied by electrochemical impedance spectroscopy
(EIS). An equivalent circuit model was employed (Fig. S24 in
the ESM), and the detailed fitting parameters are listed in
Table S4 in the ESM. The charge transfer resistance (Rc«) of
the Ni SA/NC-modified electrode (128 1) is substantially
smaller than those of Ni NPs/NC (1228 Q), NC (1540 ), and
bare GCE (2501 Q), indicating the fastest interfacial electron-
transfer kinetics. These findings demonstrate that the Ni
SA/NC-modified electrode exhibits the highest
electrocatalytic activity toward both DA and HQ.

Fig. 3(b) displays the DPV responses of Ni SA/NC under
different testing conditions. In the blank 0.01 M PBS (pH 7.4),
no discernible oxidation peaks are observed. Upon addition
of 0.05 pM DA, a well-defined oxidation peak appears at ~
0.21 V. Similarly, addition of 0.05 puM HQ alone gives an
oxidation peak at ~ 0.06 V. Notably, in the mixed solution
containing both DA and HQ (0.05 uM each), the DPV profile
displays two well-resolved oxidation peaks at 0.23 V and
0.05 V, respectively, attributed to the electrochemical
oxidation of DA and HQ. The effect of pH on the
electrochemical responses of DA and HQ on Ni SA/NC was
investigated in 0.01 M PBS (pH varies from 5.0 to 8.0), as
displayed in Fig. 3(c). To be noted, a progressive negative
shift in the oxidation peak potentials of both DA and HQ was
observed as the pH increased, suggesting that proton
transfer is directly coupled to the electro-oxidation reactions
[47]. At pH 7.4, both analytes show strong current responses



with well-resolved peak separation. Furthermore, the
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Figure 3 Electrochemical sensing performance of Ni SA/NC toward DA and HQ. (a) DPV responses toward simultaneous detection of DA and HQ. (b)
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shows a linear dependence with solution pH (Fig. 3(d)), with
slopes of -58 mV-pH™ and -55 mV-pH}, respectively. The
slopes derived from the pH dependence closely match the
theoretical Nernstian slope of -59 mV-pH™!, unequivocally
demonstrating that two protons and two electrons are
involved in the reversible redox transformations of both
analytes [48, 49].
Anti-interference capability is a pivotal criterion in the
development of high-performance sensing materials. To
assess this property, sequential injections of 500 pM
potential interferents, including NOs~, S04, uric acid (UA),
ascorbic acid (AA), glucose (Glu), and resorcinol (RS) were
carried out in 0.01 M PBS (pH 7.4) containing 1 pM DA at
0.23 V (Fig. 3(e)). Throughout the successive additions, the
amperometric response of the Ni SA/NC electrode toward
DA exhibits limited changes. In a parallel experiment
conducted at 0.05 V in the same electrolyte solution with 1
uM HQ as the target analyte, the identical set of interferents
was introduced sequentially (Fig. 3(f)). Likewise, no
appreciable fluctuations in the current signals for HQ were
observed. Selectivity of Ni SA/NC for the detection of DA and
HQ is presented in Fig. S25 in the ESM. The current
responses of Ni SA/NC toward DA and HQ are significantly
higher than those of interfering species (NO3™, SO42-, UA, AA,
RS, and Glu), demonstrating the exceptional selectivity for
DA and HQ. Collectively, these results attest to the high anti-
interference performance of Ni SA/NC, highlighting its
promising selectivity and reliability for practical
electroanalytical applications.

To further evaluate the detection independence of DA and

HQ in mixed solutions, the concentration of one analyte was
varied while the other was held constant (Figs. 4(a) and
4(b)), and both concentrations were also simultaneously
adjusted (Fig. 4(c)). As shown in Fig. 4(a), the peak currents
increase progressively with increasing DA concentrations in
the presence of 0.05 pM HQ, exhibiting a linear relationship
(R? = 0.9903) and a sensitivity of 335.32 pA-uM-cm~? (Fig.
4(d)). Similarly, enhancing HQ concentrations in the
presence of 0.05 uM DA yields a linear response (R? = 0.9909)
with a sensitivity of 265.24 pA-uM~'-cm™ (Figs. 4(b) and
4(e)). These results confirm that neither analyte interferes
with the detection of the other, demonstrating the excellent
selectivity and mutual independence of the Ni SA/NC sensing
platform. As the concentrations of DA and HQ were
simultaneously increased from 0.005 to 0.1 uM, two well-
resolved oxidation peaks were consistently observed, with
the peak currents of both analytes increasing proportionally
(Fig. 4(c)). Furthermore, the calibration plots (Fig. 4(f))
exhibit good linear relationships between peak currents and
concentrations for both DA (R? = 0.9902) and HQ (R? =
0.9924), with sensitivities of 273.10 and 152.46 pA-uM-'-cm-
2, respectively. The excellent linearity and negligible cross-
interference demonstrate that the Ni SA/NC enables reliable
simultaneous detection of DA and HQ in complex matrices.
The analytical performance of the Ni SA/NC modified
electrode was further assessed by evaluating the linear
calibration ranges and detection limits for DA and HQ. Fig.
S26 in the ESM displays the DPV responses of Ni SA/NC
toward varying concentrations of DA. We observe that there
is a linear relationship between the peak currents and the



concentrations of DA, and there are three linear intervals
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Figure 4 DPV responses of Ni SA/NC in 0.01 M PBS (pH 7.4) at different concentrations. (a) DPV responses of fixed 0.05 uM HQ with different DA
concentrations. (b) DPV responses of fixed 0.05 uM DA with different HQ concentrations. (c) DPV responses for synchronous variation of DA and HQ.
((d)-(f)) Corresponding linear calibration plots of the peak currents versus analyte concentrations.

different sensitivities of 165.48, 1.67, and 0.039 pA-uM'-cm~
2, respectively. The observed linear correlation is consistent
with a diffusion-limited electrochemical reaction at the Ni
SA/NC-modified electrode. Furthermore, the limit of
detection (LOD) for DA was 0.0018 uM (S/N = 3). Similarly, a
strong linear relationship between the peak currents and
concentrations of HQ was evidenced (Fig. S27 in the ESM),
and there are three linear intervals (0.005-0.133 pM, 0.133-
20 pM, and 20-74 pM) with different sensitivities of 88.17,
2.30, and 0.95 pA-uM-t-cm=2, respectively. Particularly, the
LOD for HQ was 0.0017 uM (S/N = 3). It is worth noting that
Ni SA/NC shows enhanced performance compared to most of
the reported sensing materials in terms of LODs and linear
ranges for DA and HQ detection (Tables S6 and S7 in the
ESM). This unique combination of high sensitivity at trace
levels and a broader quantification window makes Ni SA/NC
a promising sensing material for simultaneous detection of
DA and HQ.

To probe the electrochemical kinetics governing DA and
HQ oxidation at the Ni SA/NC electrode, we performed cyclic
voltammetry (CV) measurements. Fig. 5(a) displays the CV
curves of the Ni SA/NC electrode in 0.01 M PBS containing
0.05 pM DA. The redox peak currents enhanced with
increasing scan rate, which is characteristic of a quasi-
reversible electrochemical process [50]. As shown in Fig.
5(b), the redox peak currents are linearly proportional to the
square root of the scan rate. Likewise, the CV behavior of Ni
SA/NC in the presence of 0.05 uM HQ at different scan rates
is presented in Fig. 5(c), which also reveals quasi-reversible
redox characteristics. The corresponding linear fitting of

peak currents versus v'/2 is depicted in Fig. 5(d). The linear
relationships are indicative of diffusion-controlled kinetics
for the electro-oxidation of DA and HQ at the Ni SA/NC
electrode. Coupled with the pH dependence of the peak
potentials, the above experimental findings point to a quasi-
reversible redox pathway involving two protons and two
electrons. Diffusion-controlled analyte mass transport as the
rate-determining step ensures a robust linear current-
concentration correlation, favoring quantitative applications.

The reproducibility and storage stability of the Ni SA/NC-
based electrode were assessed to evaluate its practical
applicability. Fig. S28 in the ESM displays the DPV responses
of six consecutive measurements at the Ni SA/NC-modified
electrode in 0.01 M PBS (pH 7.4) containing 0.05 pM DA and
0.05 pM HQ. The relative standard deviations (RSD) for
current fluctuations across the six cycles are below 5%,
indicating that Ni SA/NC possesses excellent reproducibility.
For independent electrode batches (Fig. S29 in the ESM), the
current values of six independent electrodes fluctuated
within the range of 96.3% ~ 104.5% for both DA and HQ,
and the RSDs were 2.40% and 3.09%, respectively,
demonstrating good batch-to-batch reproducibility. To
evaluate the anti-fouling performance, the Ni SA/NC
electrode was immersed in 10-fold diluted human serum for
4 h, followed by testing the DPV responses to 0.05 uM DA
and HQ. The results (Fig. S30 in the ESM) show that after
fouling, the current retention rates for DA and HQ were
90.68% and 91.14%, respectively, indicating good anti-
fouling capability. Furthermore, the storage stability of the Ni
SA/NC-based electrode was assessed after exposure to



ambient conditions for one month (30 days). As shown in Fig.
S31 in the ESM, it retains 94.38% and 93.02% of its initial
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Figure 5 CV curves of Ni SA/NC in 0.01 M PBS (pH 7.4) with different scan rates. (a) CV curves of 0.05 pM DA at different scan rates. (b) Corresponding
linear calibration curves of the peak currents versus the square root of scan rates for DA. (c) CV curves of 0.05 uM HQ at different scan rates. (d)
Corresponding linear calibration curves of the peak currents versus the square root of scan rates for HQ.

electrode was tested for 28 consecutive days with current
retention rates of 92.30% and 91.72% for DA and HQ,
respectively, demonstrating reasonable long-term
operational stability (Fig. S32 in the ESM). After 28 days of
continuous testing, the modified material was scraped off for
characterization (Figs. S33-S36 in the ESM). SEM, TEM, and
HR-TEM showed no Ni nanoparticles, and the morphology
and porous carbon framework remained the same as the as-
prepared sample; XPS confirmed unchanged Ni chemical
states; ICP-OES detected no Ni leaching in the electrolyte.
Together, the post-use characterizations demonstrate that
the Ni-N4 active sites and the N-doped carbon support
maintain chemical and structural integrity after long-term
electrochemical operation. As shown in Table S5 in the ESM,
recoveries of DA and HQ in human serum, urine, and lake
water ranged from 95.2% to 104.6%, with RSDs below 5%.
This confirms the excellent matrix tolerance and detection
accuracy of the as-prepared Ni catalyst and its promise for
practical applications. Taken together, these performance
merits underscore the promising potential of Ni SA/NC as a
reliable sensing material for practical analytical applications.

3.3 Mechanism investigation

To rationalize the exceptional activity of Ni SA/NC, we
carried out density functional theory (DFT) calculations.
Based on the electron microscopy and XAFS
characterizations, a Ni-Ns model was constructed to
describe the Ni SA/NC catalyst (Fig. S37(a) in the ESM). The
predominant Ni(111) face was used to represent the Ni
NPs/NC counterpart (Fig. S37(b) in the ESM). Bader charge
and charge density difference analyses of Ni-N4 reveal that

the Ni atoms transfer 0.95 e to the NC support (Figs. 6(a) and
6(b)). This manifests as strong electronic metal-support
interactions, which can be further seen in the electron
localization function (ELF) plot (Fig. 6(c)). As illustrated in
Fig. 6(d), the d-band centers of Ni in Ni-N4 and Ni(111) were
-3.30 eV and -1.17 eV, respectively. Compared with Ni(111),
the downshifted d-band center of Ni-N; is indicative of a
more moderate adsorption behavior toward the analytes. As
depicted in Fig. 6(e) and Figs. S38 and S39 in the ESM, the
Ni-N4 adsorbs DA and HQ with a lower affinity than those on
Ni(111). This observation is in good agreement with the d-
band center analysis. Figs. 6(f) and 6(h) show the calculated
energy profiles of DA oxidation on Ni-N4 and Ni(111) and
corresponding configurations of various intermediates. The
catalytic cycle begins with the adsorption of *OH at the Ni
site of the Ni-Ns moiety to generate the Ni-Ns/*OH
intermediate. This species then reacts with DA through O-H
bond activation to afford Ni-Ns/*OH + DA_H, which
subsequently transforms into Ni-N4. Upon release of H»0, the
Ni-Ns moiety reverts to its initial state. The adsorption
energy of Ni-N4 and Ni(111) for *OH is 1.70 and -0.35 eV,
respectively, indicating that *OH is more strongly adsorbed
on Ni(111). As shown in Fig. S40 in the ESM, the Ni-O bond
length on Ni(111) is 1.948 A, shorter than that on Ni-Ny
(1.999 A), indicating a stronger *OH adsorption on the
Ni(111) surface. For the Ni-N4 moiety, the formation of the
Ni-N4/*OH intermediate, with an energy change of 1.70 eV,
constitutes the rate-determining step (RDS) for DA oxidation.
In contrast, for Ni(111), the RDS shifts to the formation of
the Ni(111)/*H20 state, which suffers from a substantially



higher energy change of 3.41 eV. As expected, a similar
catalytic reaction route, shown in Fig. 6(g) and Fig. S41 in the
ESM, is found for HQ adsorption on Ni-N4 and Ni(111). The

Ni-N4 achieves a higher catalytic efficacy than Ni(111). The
charge
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density difference and Bader charge analyses (Fig. 6(i) and
Fig. S42 in the ESM) reveal that Ni(111) donates a
substantially larger amount of charge (0.42 e) to DA
compared with Ni-Ns (0.002 e). This excessive charge
transfer may hinder the effective activation of DA on Ni(111)
in subsequent reaction steps. Additionally, the desorption of
the final H;0 product on Ni-Ns requires only 0.18 eV,
significantly less than the 0.55 eV required on Ni(111). This
low energy facilitates the rapid recovery of the Ni-Nj site for
the subsequent catalytic cycles. Unlike Xuan et al. [51], who
used commercial residual carbon and acid-leaching controls
for DA/uric acid sensing, we employ a bottom-up, highly
reproducible Ni-MOF-74@PDA-derived Ni SAC with well-
defined morphology and porosity for DA/HQ detection. Co
SA/NC, Ni NPs/NC, and NC controls provide more rigorous
mechanistic evidence, directly isolating the role of Ni-N,
sites and revealing detailed electronic-structure modulation,
stability, and anti-interference selectivity. Taken together,
these findings demonstrate that Ni-Ns exhibits superior
catalytic activity toward DA oxidation compared to Ni(111).

4 Conclusions
In summary, we have developed a Ni single-atom catalyst (Ni

SA/NC) by anchoring isolated Ni atoms onto an N-doped
carbon support and have leveraged its unique electronic
structure for the simultaneous detection of DA and HQ.
Atomic-scale evidence confirms the Ni-Ns coordination
geometry, which is responsible for the remarkable sensing
performance. Notably, the Ni SA/NC-modified electrode
achieves low detection limits, wide linear ranges, and
excellent reproducibility and storage stability.
Electrochemical measurements reveal that the Ni-Ns sites
substantially reduce the interfacial charge-transfer
resistance and accelerate the redox kinetics for both DA and
HQ. DFT calculations further elucidate the underlying
mechanism, showing that the atomically dispersed Ni-Na
sites can modulate the d-band center to optimize
intermediate adsorption, thereby enabling sensitive and
simultaneous detection. This work provides a rational
paradigm for designing single-atom catalysts for
simultaneous electrochemical sensing of DA and HQ, with
broad potential for early disease diagnosis.

Electronic Supplementary Material: Supplementary
material (Figures S1-S42 and Tables S1-S7) is available in



the online version of this article at
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Figure S1 Experimental and simulated XRD patterns of Ni-MOF-74.
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Figure S2 FT-IR spectrum of Ni-MOF-74.

Figure S3 (a) SEM and (b) the enlarged SEM images of Ni-MOF-74.



Figure S4 (a) SEM and (b) the enlarged SEM images of Ni NPs/NC.

Figure S5 (a) TEM and (b) the enlarged TEM images of Ni NPs/NC.

Figure S6 TEM image of NC.



Figure S7 HR-TEM image of NC.

Figure S8 SEM image of Co SA/NC.

Figure S9 TEM image of Co SA/NC.
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Figure S10 XPS survey spectrum of Co SA/NC.
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Figure S11 XPS Co 2p spectrum of Co SA/NC.
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Figure S12 XRD patterns of Ni NPs/NC, Ni SA/NC, Co SA/NC, and NC.
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Figure S13 FT-IR spectra of Ni NPs/NC, Ni SA/NC, Co SA/NC, and NC.
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Figure S15 XPS survey spectrum of Ni SA/NC.
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Figure S16 XPS survey spectrum of Ni NPs/NC.
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Figure S17 Comparison of SRPES C 1s spectra for Ni SA/NC, Ni NPs/NC, and NC.

Ni SA/NC M-N N1s
Pyridinic N

Graphitic N

Intensity (a.u.)

404 402 400 398 396
Binding energy (eV)

Figure S18 Comparison of SRPES N s spectra for Ni SA/NC, Ni NPs/NC, and NC.
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Figure S19 EXAFS fitting results in k space of Ni SA/NC.
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Figure S20 EXAFS fitting results in q space of Ni SA/NC.

Figure S21 WT-EXAFS contour plot of NiO.
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Figure S22 Valence band spectra of Ni SA/NC and Ni NPs/NC.
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Figure S23 Secondary electron tail threshold spectra of Ni SA/NC and Ni NPs/NC.
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Figure S24 EIS plots of the bare GCE, Ni SA/NC, Ni NPs/NC, and NC.
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Figure S25 Selectivity of Ni SA/NC for detection of (a) DA and (b) HQ. The error bars show the standard deviations from three separate measurements.
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Figure S26 (a) DPV responses of different DA concentrations (0.007-1800 uM) on Ni SA/NC. (b, ¢) Corresponding calibration plots of the peak currents
versus DA concentrations.
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Figure S27 (a) DPV responses of different HQ concentrations (0.005-74 uM) on Ni SA/NC. (b, ¢) Corresponding calibration plots of the peak currents versus
HQ concentrations.
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Figure S28 Reproducibility tests of Ni SA/NC in 0.01 M PBS (pH 7.4) with 0.05 uM DA and 0.05 uM HQ. The error bars show the standard deviations from
three separate measurements.
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Figure S29 Batch-to-batch reproducibility of six Ni SA/NC-modified electrodes toward 0.05 uM DA and 0.05 uM HQ in 0.01 M PBS (pH 7.4).
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Figure S30 Anti-fouling testing of Ni SA/NC-modified electrode before and after immersion in 10% human serum for 4 h.
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Figure S31 Storage stability testing of Ni SA/NC in 0.01 M PBS (pH 7.4) with 0.05 uM DA and 0.05 uM HQ.
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Figure S32 Long-term operational stability of Ni SA/NC-modified electrode toward 0.05 pM DA and 0.05 uM HQ in 0.01 M PBS (pH 7.4) over a 28-day
testing period.

Figure S33 SEM images of Ni SA/NC after 28 days of electrochemical testing.



Figure S34 TEM image of Ni SA/NC after 28 days of electrochemical testing.

Figure S35 HR-TEM image of Ni SA/NC after 28 days of electrochemical testing.
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Figure S36 XPS Ni 2p spectrum of Ni SA/NC after 28 days of electrochemical testing.
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Figure S38 Side-view of the optimized structures of (a) HQ and (b) DA adsorbed on Ni-N4 model.
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Figure S39 Side-view of the optimized structures of (a) HQ and (b) DA adsorbed on Ni(111) model.



1.999 A

Ni-N,,

Figure S40 Bond lengths of Ni-O over *OH adsorbed on (a) Ni-N4 and (b) Ni(111) models.
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Figure S41 Reaction pathway (side-view) of the HQ oxidation on Ni-N4 and Ni(111) and the corresponding intermediates configurations.
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Figure S42 Top-view of charge density di erence and Bader charge analysis of DA adsorbed on *OH pre-immobilized (a) Ni-N4 and (b) Ni(111) models.



S3 Supplementary tables

Table S1 Relative ratios of the deconvoluted N species of Ni SA/NC, Ni NPs/NC, and NC from the SRPES N 1s spectra.

Sample Pyridinic N (%) Pyrrolic N (%) Graphitic N (%) Metal-N (%)
Ni SA/NC 44.37 17.43 24.89 13.31
Ni NPs/NC 30.39 24.46 27.18 17.98
NC 74.15 14.60 11.25 -

Table S2 Structural parameters extracted from the Ni K-edge EXAFS fitting. (S¢>=0.86)

Sample Scattering path CN R @A) a? (10%A?) AE (eV) R factor
Ni foil Ni—Ni 12* 2.46 4.9 2.4 0.004
Ni SA/NC Ni-N 3.8 1.98 4.4 3.5 0.009

So? is the amplitude reduction factor; CN is the coordination number; R is the interatomic distance (the bond length between Ni central atoms and surrounding
coordination atoms); o? is the Debye-Waller factor (a measure of thermal and static disorder in absorber-scatterer distances); AE, is the edge-energy shift (the
difference between the zero kinetic energy value of the sample and that of the theoretical model). R factor is used to evaluate the goodness of the fitting.

* This value was fixed during EXAFS fitting, based on the known structure.

Error bounds that characterize the structural parameters obtained by EXAFS spectroscopy were estimated as N + 20%; R + 1%; ¢® + 20%; AEy = 20%.

Table S3 Current responses of Ni SA/NC, Ni NPs/NC, NC, and Co SA/NC for simultaneous detection of 0.05 uM DA and 0.05 uM HQ. (n=3)

Electrode materials Target analyte Average current (nA) RSD (%)
DA 5.64+0.19 3.37%
Ni SA/NC
HQ 4.44+0.20 4.50%
DA 3.05+0.15 4.92%
Ni NPs/NC
HQ 2.67+0.10 3.75%
DA 1.544+0.07 4.55%
NC
HQ 1.76£0.06 3.41%
DA 2.67+0.12 4.49%
Co SA/NC
HQ 2.39+0.10 4.18%

Table S4 EIS fitting parameters of the bare GCE, Ni SA/NC, Ni NPs/NC, and NC.

Sample R, (Q) R () o (F) n
Ni SA/NC 68.7 128 7.106x107* 0.728
Ni NPs/NC 83.7 1228 4.771x10° 0.823

NC 80.3 1540 5.3581x10°¢ 0.912

bare GCE 79.0 2501 2.8605x107 0.810




Table S5 Results for the detection of DA and HQ in real samples. (n=3)

Sample Analyte Added (uM) Found (uM) Recovery (%) RSD (%)
0 ND - -
0.05 0.0476 95.20 3.7
DA
5 4.82 96.40 1.9
50 49.64 99.28 2.4
Human serum
0 ND - -
0.05 0.0479 95.80 42
HQ
5 491 98.20 34
50 50.37 100.74 1.7
0 ND - -
0.05 0.0518 103.60 4.8
DA
5 5.14 102.80 1.4
50 49.76 99.52 2.3
Human urine
0 ND - -
0.05 0.0483 96.60 3.9
HQ
5 5.08 101.60 2.5
50 49.42 98.84 1.8
0 ND - -
0.05 0.0478 95.60 3.5
DA
5 5.04 100.80 2.7
50 50.62 101.24 1.6
Lake water
0 ND - -
0.05 0.0523 104.60 34
HQ
5 491 98.20 2.5
50 51.28 102.56 2.2




Table S6 Comparison of as-prepared Ni SA/NC with other previously reported electrode materials for DA detection.
Electrochemical LOD Linear range Area-normalized Loadin
Electrode materials method (M) (M) g sensitivity (ng) g Reference
n n (pA'}lMﬁl'CmJ) ng
0.007-0.135 165.48
Ni SA/NC DPV 0.0018 0.135-10.7 1.67 25 This work
10.7-1800 0.039
LIG/Ni(NQO3);+Ure DPV 0.01786 0.25-16.44 ACS Omega 2026, 11,
a 36141.
Chem. Eng. Sci. 2026,
CuzCoS4 DPV 0.003975 0.01-25 3.70 324, 123331,
AuNPs and MXene- ACS Nano 2025, 19,
SPE DPV 17500 - 2 16980.
ZC31-BTCrupc DPV 0.04 0.1-500 0.0995 6 Chem. Eng. J. 2024, 492,
152124.
Adv. Funct. Mater. 2024,
CdS/MXene/g-C3Ny4 PEC 0.00048 0.001-100 34, 2410546,
. 2-200 1.390 B
TiO—CC DPV 0.708 200-1000 0318 Small 2024, 20, 2312238.
Anal. Chem. 2023, 95,
E-AB SWV 0.1 0.1-10 6828
» Chem. Eng. J. 2023, 466,
D-PdMo DPV 0.029 0.05-100 3 143075.
. B Chem. Eng. J. 2023, 464,
N-GDY i-t 0.46 1-550 0.374 41 142629,
N—doped 4H-SiC SWV 0.05 0.05-10.0 - - Anal. Ch:ggszon, %,
AC-SGT i-t 0.003 0.003-300 - - ACS Sens. 2023, 8, 1211.
In-N—C DPV 0.279 0-500 8.24 25 Anal. Ch;f;'SZOB’ %,
Biosens. Bioelectron.
ZnMOF/ITO PEC 0.0177 0.03-10 - 30 2022, 211, 114369,
H-C/N@TIO: DPV 0.040 0.3-50 - J. Pharm. iggl 2022, 12,
NOCC-0O i-t 0.17 0.3-300 0.326

Adv. Funct. Mater. 2020,
30, 1905361.




Table S7 Comparison of as-prepared Ni SA/NC with other previously reported electrode materials for HQ detection.

Area-normalized

Electrode materials Elecggtcll:;(linical Eg/][)) Line(:u; nge sensitivity Lo(:;ll(;i)ng Reference
(pA-pM-cm?)
0.005-0.133 88.17
NiSA/NC DPV 0.0017 0.133-20 2.30 25 This work
20-74 0.95
NiS:-MoO;@rGO DPV 0.032 0.05-110 - 2 Chesné-of’ll%{'éf)lﬁ,
30% CB/NFH DPV 0.01 0.03-200 - - Nanoscltlslgs23926, 18,
SrMnOy/g-CsNs DPV 6.32 1-600 0.214 - 2{)220226%3%?1
MoxC/C DPV 0.13 0.5-1000 0.42 100 A{ 6‘;’50‘71’1;’2" 3/150(;“
CaM@rGo -
Mn;SnO./f-CB LSV 0.007 0.005-70.80 1.2903 60 J‘{Sﬁﬁ'@%,iﬁé’_’"
CoP-NiCoP/GFs DPV 0.256 1(1):2(1)1 _ 1" Nanoscgéez §923, 15,
Lac-PB/PANI/CC it 0.25 0.25-900 0.931 - 2552"; ;‘;;“‘;’30;;35
CdS/SnSy/CNTs PEC 0.1 0.2-100 - 30 ;ac%ggd ézgerjg%cse
N,S-FeNiy/C SWV 0.0135 0.05-70 12 5 ]‘24602’3 fjcg'g; flscéa
ce DPV 025 1.0-600.0 - - Chf;ﬂgg%ir;él)n
Zn@ZnO cv 0.10443 10-90 0.5673 20 s 20
Mo SAs/NPO-C DPV 0.005 0.08-200 - 10 2{)'21;,(12?76,1' 11‘24337 .
Ce-MOF DPV 53 10-100 _ _ J. Hazard. Mater.

(TV)/CNTs

2021, 416, 125895.
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