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Abstract: The overly simplistic geometric and electronic structures of single-atom catalysts have become a significant
bottleneck in the field of single-atom sensing, impeding both the design of highly efficient electrochemical sensors and
the establishment of structure–activity relationships. To address these challenges, we present a novel strategy to boost
the sensing performance of single-atom catalysts by precisely tuning the single-atomic interdistance (SAD) in correlated
single-atom catalysts (c-SACs). A series of Ru-based c-SACs (Rud=6.2Å, Rud=7.0Å, and Rud=9.3Å) are synthesized with
predetermined SAD values, which are comprehensively characterized by various techniques. Electrochemical studies on
uric acid (UA) oxidation reveal that Rud=6.2Å demonstrates an extraordinary sensitivity of 9.83 μA μM� 1cm� 2, which is
superior to most of electrochemistry biosensors reported previously. Kinetic analysis and product examination unveil
that the 6.2 Å Ru SAD instigates a distinctive three-electron oxidation of UA, with an extra electron transfer compared
to the conventional two-electron pathway, which fundamentally enhances its sensitivity. Density functional theory
calculations confirm the optimal SAD facilitates dual-site UA adsorption and accelerated charge transfer dynamics. This
investigation provides novel insights into the strategic engineering of high-performance SAC-based electrochemical
sensors by precisely controlling the atomic-scale structure of active sites.

Introduction

Atomic fabrication technology is a key driver behind the
swift advancements in the domain of sensing science.[1]

Presently, Single-atom catalysts (SACs) have emerged as a
transformative class of catalysts, attributed to their enzyme-
mimicking catalytic activities and selectivity.[2] These cata-
lysts distinguish themselves through their maximized atomic
efficiency, outstanding efficiency, and sensitivity, positioning

them as leading contenders for the development of a diverse
array of cost-effective and sustainable sensors with broad
applications.[3] SACs are anticipated to demonstrate unpre-
cedented precision in signal amplification for the molecule-
scale sensing modes within complex milieus.[4] Notwithstand-
ing their efficacy as an alternative to conventional sensor
elements, the rudimentary geometric and electronic struc-
ture of SACs, coupled with a scarcity of synergistic active
sites, dictates that reaction intermediates necessitate binding
to the same site, thereby engendering insurmountable
adsorption energy barriers. This limitation has hindered
their application in biomolecular sensing.[5] To overcome
this bottleneck, the advent of controlled synthetic correlated
single-atom catalysts (c-SACs) represents a significant
breakthrough, showcasing an exceptional capability to
surpass the sum of their individual atoms—a design intended
to mimic the synergistic dynamics observed in natural
enzymes.

Expanding upon the concept of SACs, c-SACs refer to
an emerging class of catalysts characterized by adjacent yet
noncontiguous metal single atom pairs, displaying atomic-
level point interactions, unique geometric attributes, and
enhanced electrocatalytic performance.[6] Emerging findings
suggest that fine-tuning the spatial single-atom distances
(SAD) in c-SACs does more than modulate individual
atomic wavefunctions for refined electronic configurations;[7]

when SAD is meticulously tailored to biomolecule inter-
actions, they have the potential to enhance the synergistic
effects of adsorbed species,[8] thereby further reshaping
reaction pathways and intensify heterogeneous electron
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transfer mechanisms within the catalytic cycles.[9] This level
of tailoring endows sensors with an unmatched capacity to
adapt to a variety of target molecules, significantly enhanc-
ing the prospects of realizing superior sensitivity and
selectivity over existing modalities, and approaching the
enzyme-like specific activity. Nonetheless, the most c-SACs
synthetic methods of achieving a monodisperse intermetal
distance and tailoring their spatial proximity to match target
molecules present formidable challenges,[10] which has con-
sequently limited research on enhancing the sensing per-
formance of c-SACs through the manipulation of SADs.
This underscores the pressing need for investigation in the
realm of single atom sensing.

Here we evaluated the performance of c-SACs in
electrochemical sensing with three c-SACs with various
SADs (9.3 Å, 7.0 Å, and 6.2 Å). Comprehensive character-
ization confirmed the single-atom dispersion of Ru atom
pairs in these c-SACs with the predetermined SADs. We
then investigated the impact of SADs on the electrocatalytic
oxidation of uric acid (UA). The results revealed that when
the SAD was reduced to 6.2 Å, the c-SACs exhibited the
highest UA detection sensitivity (reaching
9.83 μAμM� 1 cm� 2) and intrinsic activity. Mechanistic studies
indicated that the 6.2 Å SAD enabled neighboring Ru sites
to cooperatively adsorb the UA molecule, inducing an
efficient three-electron oxidation process of UA. Theoretical
calculations further corroborated this unique reaction path-
way. Further demonstration in portable electrochemical
biosensor for sweat UA monitoring illustrated the efficacy

and potential of c-SACs. This work unveils a new strategy
for tuning the SADs to enhance the sensing performance of
c-SACs, which has important implications for designing
highly efficient electrochemical sensors.

Results and Discussion

Materials Synthesis and Characterization

During our experimental studies on various dinuclear Ru N-
heterocyclic carbene (NHC) organic complexes as atomic
tweezers, [Ru]-benzene with a phenyl backbone while [Ru]-
naphthalene with a naphthyl backbone,[7a] we realized that
we utilized ligand design strategies to invert [Ru]-benzene
moiety within one NHC group, thereby creating the novel
complexe, [Ru]-m-benzene, act as an atomic tweezers of
further shortening the SAD to 6.2 Å for comparative
studies. Following that, Figure 1 illustrates our approach to
fabricate the c-SACs with SAD between adjacent Ru atoms
modulated from 9.3 Å to 7.0 Å, and subsequently to 6.2 Å.
The intended catalysts, designated as Rud=9.3Å, Rud=7.0Å, and
Rud=6.2Å, were synthesized by immobilizing the aforemen-
tioned Ru atomic tweezers onto the carbon nanotubes
(CNTs) via π–π stacking interactions between atomic
tweezers and CNTs. Additional experimental details can be
found in the Supplemental Material.

A comprehensive suite of analytical methods was
employed to examine the structural attributes, surface

Figure 1. Sensing schematic diagram for the designed Ru based c-SACs of (a) Rud=9.3Å, (b) Rud=7.0Å and (c) Rud=6.2Å, (R
1=n-octyl).
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properties, and porosity of the above catalysts. The initial
phase of the investigation comprised thermogravimetric
analysis (Figure S1) and Raman spectras (Figure S2) of
[Ru]-m-benzene, revealing that a fraction of the ligands
underwent graphitization while being preserved throughout
the calcination process at 550 °C for 3 h under N2 atmos-
phere. Moreover, an observed reduction in the intensity
ratio of the D-band to G-band (ID/IG) was noted from the
pristine CNTs to the other samples as seen in Figure S2,
suggesting an effective reduction of defects in the CNTs as a
result of the calcination process. Additional detail is
provided through the measurement of the N2 adsorption-
desorption isotherms (Figure S3) which reveals the presence
of mesoporosity as evidenced by the characteristic Type IV
isotherms with a pronounced hysteresis loop.[11] The specific
surface area, calculated using the Brunauer–Emmett–Teller
(BET) method, is found to be 115.2 m2g� 1, providing ample
sites for the adsorption of precursors and small molecules.
Subsequently, X-ray diffraction (XRD) analysis revealed
that all three catalyst samples, along with the CNTs, exhibit
two distinct peaks approximately at 24 and 43° (Figure S4),
which correspond to the (002) and (100) lattice planes
associated with graphitic carbon, respectively. Delving
further, transmission electron microscopy (TEM) coupled
with elemental mapping analysis (refer to Figures S5,6 and
Table S3) was employed to determine the atom dispersal of
Rud=6.2Å. The analysis revealed a uniform distribution of
elemental signatures for Ru, O, N, and I throughout the
designated detection area. Moreover, a critical observation
from this analysis was the lack of any nanoclusters or
nanoparticles. This is consistent with the lack of discernible
peaks for Ru aggregation in the XRD pattern.

The use of atomic-resolution Annular dark-field scan-
ning transmission electron microscopy (ADF-STEM) has
enabled the detailed visualization and subsequent verifica-
tion of paired single Ru atoms, and enabled the accurate
measurement of interatomic Ru� Ru distances in Rud=6.2Å.
This technique captures images prominently displaying
paired and consistently bright spots, highlighted with yellow
rectangles (Figures 2a and b). It is important to note that
due to the three-dimensional framework of CNTs, the SADs
observed in the images represents projections. Conse-
quently, we employ the median value as an analytical
method to ascertain the true SADs. These dual-atom Ru
sites of Rud=6.2Å are scattered randomly across the CNTs
surface, showing a median distance of 5.6 Å (Figures 2c and
S7), notably less than that for Rud=7.0Å and Rud=9.3Å in our
previous work.[7a] Meanwhile, such measurements are con-
sistent with the Ru� Ru distances observed in [Ru]-m-
benzene according to single-crystal X-ray diffraction analysis
(6.2 Å, presented in Figure 2d), confirming the achievement
of precise control of the target SAD in Rud=6.2Å.

X-ray photoelectron spectroscopy (XPS) is executed to
probe the chemical states of surface constituents in each
sample. The full scan XPS spectra, exemplified in Fig-
ure S8a, reveal the presence of C, O, I, and N elements. In
the high-resolution O 1s XPS spectrum, a prominent peak at
approximately 532.2 eV is observed, signaling the presence
of C� O bonds and thus verifying the retention of oxygen-

rich functional groups on the CNTs, which serve to augment
the natural hydrophilicity of the Ru catalysts. (Figure S8b).
The identification of I 3d3/2 and I 3d5/2 peaks in the high-
resolution I 3d spectra, shown in Figure S8c, indicates that
iodine has been successfully preserved throughout the
calcination process.[12] In addition, the N 1s XPS peak is
prominently positioned around 398.5–401.1 eV, with specific
Binding Energy values of 398.5 eV for pyridinic-N, 399.9 eV
for pyrrolic-N, and 401.1 eV for graphitic-N, as illustrated in
Figure S8d.[13] Nevertheless, the investigation of Ru 3d
signals via XPS is complicated due to the notably low
content of ruthenium, with its concentration spanning from
1.36 to 1.62 wt% among the samples, as detailed in
Table S4.

To thoroughly investigate the coordination environment
and oxidation states of the Ru species in Rud=9.3Å, Rud=7.0Å,
and Rud=6.2Å samples, both X-ray absorption near-edge
structure (XANES) and extended X-ray absorption fine
structure (EXAFS) measurements were conducted, with the
findings showcased in Figures 2e–g. The Ru K-edge XANES
spectra of Ru in all three samples are similar, with the
absorption edge positions for Rud=9.3Å, Rud=7.0Å, and
Rud=6.2Å interspersed between those corresponding to the
Ru foil and RuO2 (Figure 2e), suggesting that Ru species
exhibit an average oxidation state intermediary from Ru(0)
to Ru(4). The lack of Ru� Ru bonds in Ru catalysts is
consistent with the series of characterization findings
presented above, and a detail is represented by the solid line
in Figure 2f. To precisely ascertain the coordinating atoms
around the Ru species, an EXAFS WT analysis was
executed (Figure 2g). The quantitatively derived data sub-
stantiate the atomic dispersion of Ru species in Rud=6.2Å,
Rud=7.0Å, and Rud=9.3Å. In pursuit of a thorough comprehen-
sion of the precisely controlled local structure of the
catalysts, the EXAFS spectral fitting procedure was con-
ducted (represented by the dotted line in Figure 2f, with
details in Table S5). Meanwhile, the EXAFS fittings confirm
that all three samples consistently present a uniform
coordination motif, wherein each Ru atom is coordinated by
two N atoms and one I atom. This finding suggests that the
coordination environments characteristic of Ru in [Ru]-
benzene, [Ru]-naphthalene, and [Ru]-m-benzene complexes
are preserved post-calcination.

Electrochemical Responses of Ru c-SACs Towards UA Oxidation

The electrocatalytic activity of the Rud=6.2Å, Rud=7.0Å, and
Rud=9.3Å toward the UA oxidation was evaluated using a
three-electrode configuration in Phosphate buffer saline
(PBS, 0.1 M, pH=7.4). The differential pulse voltammetry
(DPV) curves are recorded at varying concentrations of 0 to
200 μM of UA to evaluate all samples the electrochemical
response (Figures 3a and S9). Our findings reveal that the
doping of single-atom Ru significantly enhances the electro-
chemical sensing performances of CNTs for UA. As the
SAD decreases, we observed that the sensing performance
of Rud=7.0Å and Rud=9.3Å remains relatively comparable.
Notably, a further decrease in SAD to 6.2 Å leads to a
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significant enhancement in performance (Figure 3b). The
sensitivity of Rud=6.2Å is determined to be an impressive
9.83 μAμM� 1cm� 2, demonstrating a consistent linear re-
sponse over the concentration range from 0.05 to 140 μM,
and its sensitivity is 2.35-fold and 2.62-fold higher than that
of Rud=7.0Å (4.18 μAμM� 1 cm� 2) and Rud=9.3Å

(3.74 μAμM� 1cm� 2), respectively (Figure 3c). This perform-
ance was superior to most of the previously reported
electrochemistry biosensors (refer to Table S6).[14] Addition-
ally, the limits of detection (LODs, 3Sa/b, where Sa

represents the standard deviation of the 11-blank sample
response and b corresponds to the slope of the calibration
curve) are calculated to be 2.38 μM for Rud=6.2Å, 5.89 μM for
Rud=7.0Å and 8.45 μM for Rud=9.3Å, demonstrating a superior
detection capability at the 6.2 Å SAD.

Moreover, there is a well-established direct correlation
between the double-layer capacitance (Cdl) and the electro-
chemically active surface areas (ECSA).[16] To ascertain the
Cdl values, cyclic voltammetry (CV) experiments were
performed outside the Faraday regions, as shown in Fig-
ure S10. The calculated ECSA values for the Rud=6.2Å,
Rud=7.0Å, and Rud=9.3Å are determined to be 55.12, 51.38,
and 43.28 mFcm� 2, respectively (Figure S10d). Normaliza-
tion of DPV peak currents to both Ru mass and ECSA
allows for an insightful comparison of the intrinsic catalytic
activity at individual Ru sites. Upon this normalization, the
data indicate that Rud=6.2Å exhibits exceptionally high
catalytic activity, with values of 141.9 mgmA� 1 and
1.26 μAcm� 2 (Figure 3d). These values are significantly
greater than those recorded for Rud=7.0Å and Rud=9.3Å,

Figure 2. (a,b) Atomic-resolution ADF-STEM images. (c) Comparison of inter-distance distribution. (d) The molecular structures of [Ru]-m-
benzene.[15] (e) XANES spectra, (f) the solid line represents Fourier transformed k3-weighted χ(k)-function of the EXAFS spectra for Ru K-edge of Ru
foil, RuO2, Rud=9.3Å, Rud=7.0Å, and Rud=6.2Å, the dashed line represents the R spaces fitting curves, and (g) the corresponding wavelet transform
(WT) plots for k3-weighted Ru K-edge EXAFS signal.
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highlighting the superior performance with the reduced
SAD.

Assessing the selectivity and stability of catalysts is
paramount owing to the complexity and diversity of bio-
logical environments. As shown in Figure 3e, the introduc-
tion of various substances elicited negligible oxidation
peaks, indicating that Rud=6.2Å possesses excellent selectiv-
ity. Furthermore, the long-term stability of Rud=6.2Å was
examined through DPV curves. The outcomes demonstrate
that Rud=6.2Å maintains excellent long-term stability towards
UA. Impressively, after 30 days of storage, Rud=6.2Å retains
at least 89.5% of its initial activity, with a relative standard
deviation (RSD) of 2.93% (Figure 3f and S11).

Insights into SAD-Determined UA Oxidation Kinetics Relation
and Mechanism

To explore the mechanism for enhanced UA oxidation
performance through regulation of SADs, we initially
investigated the influence of solution pH value on their
oxidation currents and peak potentials (Epa), attributing to
the involvement of protons in the UA electrochemical
oxidation processes (Figures 4a–c).[17] As shown in Fig-
ure 4b, it is observed that their Epa shift negatively with
increasing pH values, with the slopes of � 62, � 57, and �
61 mVpH� 1 for Rud=6.2Å, Rud=7.0Å, and Rud=9.3Å within the
range of 4.0–9.0. The ratio of transferred proton number

(m) and transferred electron number (n) can be expressed
with the following equation:[18]

dEpa

dpH
¼ 2:303

mRT
nF (1)

Where R is the gas constant (R=8.314 Jmol� 1K� 1), T is
the absolute temperature (T=298 K), and F is the Faraday
constant (F=96485 C mol� 1). The calculated values of m/n
are 1.05, 0.96, and 1.03 for the above catalyst, indicating an
equivalent count of protons and electrons involved in the
UA oxidation reaction. Simultaneously, the peak current
reaches its maximum at approximately pH 6 and subse-
quently decreases as pH increases (Figure 4c). We speculate
that at elevated pH values, an excess of � OH might adsorb
and block the active sites of Ru, leading to a reduction in
peak current. In contrast, at decreased pH values, a higher
concentration of protons could impact the balance of UA
dehydrogenation oxidation.

Furthermore, the impact of scan rate on the electro-
chemical signals of UA was investigated for Rud=6.2Å,
Rud=7.0Å, and Rud=9.3Å (Figures 4d and S12a–c). For the
totally irreversible electrochemical oxidation process of UA,
the linear relationship between Epa and the logarithm of
scan rate (logv) could be described by the Laviron’s
equation:[18b,19]

Figure 3. (a) DPV recorded at varying concentrations of UA for Rud=6.2Å. (b) Summary curve corresponding to the DPV peak current and
(c) sensitivity of Ru catalysts and CNTs. (d) the DPV peak current for detection of 100 μM UA according to Ru mass and ECSA normalization.
(e) Selectivity (Lactic acid, Lac; glucose, Glu; tyrosine, Tyr; ascorbic acid, AA) and f) stability of Rud=6.2Å. The error bars correspond to standard
deviation obtained from five measurements (n=5).
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Epa ¼ E0 þ
2:303RTlogv

1 � að ÞnF (2)

Where E0 stands for standard potential, v stands for scan
rate and the α is interconnected to a coefficient of charge
transfer, with α set as 0.5 in a completely irreversible
electrochemical process.[18a,20] Therefore, we can calculate
the transferred electron number n as 3.59, 1.43, and 1.37
(Figure 4e), indicating that when SAD equals 6.2 Å, a
potential novel transfer process occurs. While in other cases,
it follows a typical two-electron two-proton transfer
process.[17,21] The Nyquist plots revealed a significant diver-
gence in the low-frequency region between Rud=6.2Å and the
other two catalysts, indicating that Rud=6.2Å might follow a
distinct reaction mechanism (Figure S13). To further vali-
date its electron transfer number, we performed the same
tests on 1,3-Dimethyluric acid (DMUA) by selectively
substituting methyl groups at two potential deprotonation

sites. We found that for Rud=6.2Å, the transferred electron
number n significantly decreased from 3.59 to 2.24, while the
changes for Rud=7.0Å, and Rud=9.3Å were not significant. This
suggests the possible existence of a distinctive three-electron
transfer mechanism. Furthermore, Figure 4f depicts a clear
linear correlation between the scan rate and the resultant
anodic peak current, confirming the surface-controlled
electrochemical process of both UA and DMUA on the
electrode surface.[22]

HPLC-MS analysis was performed to further investigate
the underlying mechanism. As illustrated in the Figure 4g,
the retention times of the oxidation products were 30.8, 31.4,
32.5, and 33.6 min, each characterized by parent ions with
m/z values of 536.07, 663.04, 403.06, and 352.05, respectively
(Figure S14). Subsequently, we determined their specific
charge formula were [3UA+2H2O-2H]+ (speculated to be a
two-electron transfer product, UA1

2+), [4UA-9H]+ (a three-
electron transfer product, UA3+), [2UA+4H2O-5H] (the

Figure 4. (a) DPV curves of the Rud=6.2Å in 100 μM UA at different pH values. (b) Relationship of the UA oxidation peak potential and (c) current vs.
pH value, the error bars correspond to standard deviation obtained from five measurements (n=3). (d) The plots of peak potential versus the
logarithm of the scanning speed. (e) The number of electrons transferred determined by the Laviron equation. (f) Plot of peak current density
versus the scan rate. (g) HPLC chromatograms of UA oxidation reaction solutions catalyzed by different Ru catalysts and (h) the relative content of
the reaction products. (i) Schematic illustration of the Ru catalyst for the UA oxidation.
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other two-electron transfer product, UA2
2+), and [2UA+

H2O-2H]+ (product UA+), respectively. Additionally, we
used the product UA+ to semi-quantitatively analyze the
product concentrations (Figure 4h) and observed that the
content of the three-electron product UA3+ was the highest
at a SAD of 6.2 Å. This concentration progressively
diminished with a decrease in SAD. Conversely, the
concentrations of the two-electron products UA1

2+ and
UA2

2+ displayed an inverse relationship, increasing as the
SAD expanded. These findings suggest that with SADs of
7.0 Å and 9.3 Å, the oxidation of UA tends to predom-
inantly involve two-electron transfers. In contrast, at a SAD
of 6.2 Å, the three-electron transfer process is favored in the
oxidation of UA (Figure 4i). We subsequently employ the
Randles–Sevcik equation[23] to scrutinize the correlation
between transferred electron number n and oxidation peak
currents (Ipa):

IPa ¼ 2:69� 105AD
1
2n

3
2v

1
2C (3)

where A, D, and C are ECSA, diffusion coefficient and bulk
concentration of UA, respectively. An increase in the value
of n increases from 2 to 3, a significant 183% increase in Ipa
is observed, remaining consistent with the previously men-
tioned changes in sensitivity and catalytic activity.

Theoretical Calculation

Density functional theory (DFT) calculations were per-
formed to verify the catalytic mechanism of three-electron
transfer in UA oxidation over SAD. Initially, we calculated
the overall d-band center for the model, identifying a
negative correlation between the SAD and the d-band
center (Figure S15), which is consistent with reports from
previous literature.[7a] Then, we calculated the adsorption
energy (ΔEad) of UA adsorbed on the Ru catalysts with
varying SAD. As shown in Figure 4f, there is a pronounced
decrease in capacitive behavior for Rud=6.2Å, despite the
similarity in both Ru mass and ECSA, which signifies the
adsorption characteristics for UA (or DMUA). This attenu-
ated capacitive activity can likely be traced back to the
unique SAD of 6.2 Å, which feasibly facilitates the simulta-
neous adsorption of two oxygen atoms by a pair of Ru atoms
on one solitary UA. This scenario that each Ru atom
engages with a single oxygen atom from UA molecules
when the SAD widens to 7.0 Å or 9.3 Å. Based on these
findings, we conducted the calculations on all potential
adsorption interactions where the single Ru atom bonds
with different oxygen atoms on UA (refer to Figure S16 for
details). When compared with Rud=7.0Å (� 1.53 eV) and
Rud=9.3Å (� 1.32 eV), Rud=6.2Å demonstrated the favorable
ΔEad of � 2.51 eV.

Subsequently, we calculated the pKa values[24] for the
hydrogen atoms in different positions on the UA molecule
and discover that the proton at position 1 exhibits a pKa of
7.25, which is distinctly lower than those at position 2 (15.6)
and position 3 (12.6) shown in Figure S17. Under identical
structural conditions, a lower pKa indicates a greater

propensity to donate protons.[24a,25] Hence, we postulate that
the hydrogen at position 1 is most likely to be removed first,
yielding the intermediate product UA+. Following this, we
proceeded to predict the pKa values for the hydrogens at
positions 2 and 3 of UA+, finding them to be 8.24 and 8.04
respectively, indicating that their oxidizability is quite
similar. Consequently, we propose a more plausible three-
electron transfer pathway for UA oxidation, as illustrated in
Figure S18. The oxidation of UA initially involves the
removal of the hydrogen at position 1, followed by the
subsequent oxidation and removal of either the hydrogen at
position 2 or position 3. We define the pathway that involves
the removal of hydrogen at the pyran ring at position 2 as
pathway 1. Conversely, the removal of hydrogen at the
hexagonal ring from position 3 is defined as pathway 2.
Eventually, the final hydrogen is removed, completing the
three-electron oxidation process of UA. As shown in
Figures 5a–c, we also calculate the Gibbs free energies of
intermediates (*+C5O3N4H4!*C5O3N4H3!*C5O3N4H2!

*C5O3N4H1) for Rud=6.2Å, Rud=7.0Å, and Rud=9.3Å with differ-
ent SADs (Blue represents Pathway 1 while green signifies
Pathway 2). All calculated pathways indicate that when the
interatomic distance is 6.2 Å, the occurrence of dual-site
adsorption leads to a lower overall reaction barrier, favoring
a three-electron transfer dehydrogenation reaction. In
contrast, for Rud=7.0Å, and Rud=9.3Å, where single-site
adsorption occurs, the significantly higher energy barriers
make the three-electron transfer dehydrogenation reaction
less likely. This explains why Rud=6.2Å exhibits the most
exceptional catalytic performance, consistent with experi-
mental outcomes.

Figures 5d–e show the charge density images of the UA
molecule under varying SAD conditions, with a particular
focus on the hydrogen atoms at positions 2 and 3 of the UA
molecule. It can be observed the hydrogen atoms at
positions 2 and 3 for Rud=6.2Å exhibit a more pronounced
electrophilic deficiency compared to those at Rud=7.0Å, and
Rud=9.3Å. This enhanced electron deficiency character facili-
tates the occurrence of the dehydrogenation oxidation
reaction. Overall, the Rud=6.2Å exhibits a superior electro-
chemical sensing sensitivity, attributed to its optimal SAD
that facilitates a three-electron transfer mechanism effec-
tively matching with the UA molecule.

Practical In Situ Electrochemical UA Identification in Sweat

The detection of UA in sweat is pivotal for the early
identification of diseases such as gout and metabolic
disorders, and delivering more comprehensive insights for
personalized healthcare.[26] The Rud=6.2Å exhibits superior
electrocatalytic performance for the electro-oxidation of
UA. As a demonstration shown in Figure 6a, we utilized a
polyimide (PI) substrate material integrated with wireless
components to assemble a flexible, highly sensitive, and
real-time electrochemical biosensor for the non-invasive in
situ UA identification in sweat. The Rud=6.2Å was employed
as the working electrode (WE), with Au and Ag/AgCl
serving as the counter electrode (CE) and reference
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electrode (RE), respectively (Figure S19a). Sweat sampling
utilizing a polydimethylsiloxane (PDMS) microfluidic chip
ensured tight integration with the skin and sensor.[27] Addi-
tionally, a droplet of blue liquid was introduced at the inlet
and visually monitored for fluid flow (Figure 6a). The entire
chamber filled rapidly with the blue liquid within 90 seconds,
with no leakage observed, demonstrating the chip‘s capacity
for effective sweat enrichment. Through the microfluidic
chip, the UA within sweat will generate a distinct DPV
response from Rud=6.2Å at the gold electrode coated on the
screen-printed electrodes. The electrochemical sensor, in
conjunction with a bespoke app, enables the visualization of
the detection current directly on a smartphone interface.
The communication between the microcontroller unit
(MCU) and the MS02 biosensor chip is enabled through the
I2C protocol, with the MCU commandeering the initiation
of measurements. The harvested current signals from the
three-electrode array are conveyed to the MS02, where a
Transimpedance Amplifier transmutes these currents into
voltage readings for the MCU’s consideration. This voltage
data is then processed by the MCU and wirelessly relayed to
the end-user’s device via 2.4 GHz Bluetooth for graphing
and further analysis, as shown in Figure 6b. The detector is
comprised of a microcontroller, Bluetooth connectivity, and

a power supply, which are detailed in Figure 6c and Fig-
ure S19b.

Additionally, linear detection experiments performed in
artificial sweat generated a linear regression formula of
I (μA)=1.121+0.0661×CUA(μM), as depicted in Figure 6d.
Ultimately, we conducted real sweat detection on 7 healthy
volunteers after exercise, revealing a positive correlation
with results from standard colorimetric assays, corroborating
the device‘s practicality on-site and real-time monitoring
(Figure 6e).

Conclusion

In summary, three Ru-based c-SACs were designed and
developed with SADs decreasing consecutively from 9.3 Å
to 7.0 Å, and further to 6.2 Å, and Ru SAD was crucial for
the electrochemical oxidation of UA. The sensitivity of
Rud=6.2Å is determined to be an impressive
9.83 μAμM� 1cm� 2 for UA detection. Our kinetic studies and
product examination uncover that the outstanding perform-
ance of Rud=6.2Å is due to its unique ability to promote a
three-electron transfer mechanism throughout the UA
oxidation process. For supporting these experimental results,

Figure 5. Gibbs free-energy diagram of UA electrooxidation pathway on (a) Rud=6.2Å, (b) Rud=7.0Å and (c) Rud=9.3Å (the inset shows the side views of
adsorption systems on the Ru catalysts. blue, pathway 1; green, pathway 2). The differential charge density of the UA electrooxidation of (d)
Rud=6.2Å, (e) Rud=7.0Å and (f) Rud=9.3Å. (The yellow and blue regions indicate the accumulation and depletion of electrons, respectively).
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DFT calculations highlight that the enhanced three-electron
transfer is a direct consequence of the optimal SAD, the
6.2 Å SAD allows beneficial dual-site adsorption and
accelerated charge transfer dynamics between the UA
molecule and adjacent Ru active sites. Additionally, the
Rud=6.2Å catalyst was integrated into a flexible, portable
electrochemical biosensor for the real-time determination of
UA levels in human sweat. This insightful study lays a
foundational framework for the tailored design of high-
performance single-atom catalyst sensor through the pre-
cision-tuning of SADs.
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K. Yin,* L. Sun* e202500474

Three-Electron Uric Acid Oxidation via
Interdistance-Dependent Switching Path-
ways in Correlated Single-Atom Catalysts
for Boosting Sensing Signals

Correlated ruthenium single-atom cata-
lysts (Ru c-SACs) with tailored single-
atomic interdistance (SAD) of 9.3 Å,
7.0 Å, and 6.2 Å were prepared via
organometallic design. The Ru c-SAC
with 6.2 Å SAD exhibited superior uric
acid electrooxidation activity due to the
optimal inter-atomic distance facilitating
a three-electron transfer pathway, sub-
stantiated by comprehensive experimen-
tal studies and theoretical computa-
tions, and unveiling atomic-level SAD-
activity relationships in single-atom elec-
trochemical sensing.
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