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A single-atom Cu-—N, catalyst eliminates oxygen
interference for electrochemical sensing of
hydrogen peroxide in a living animal brainf
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Hydrogen peroxide (H,O,) plays essential roles in various physiological and pathological processes. The
electrochemical hydrogen peroxide reduction reaction (HPRR) has been recognized as an efficient
approach to H,O, sensing; however, the HPRR has always suffered from low tolerance against the
oxygen reduction reaction (ORR), resulting in poor selectivity of the HPRR-based sensing platform. In
this study, we find that the electrochemical HPRR occurs preferentially compared to the ORR when
isolated Cu atoms anchored on carbon nitride (Cu;/C3Ny4) are used as a single-atom electrocatalyst,
which is theoretically attributed to the lower energy barrier of the HPRR than that of the ORR on a Cu,/
C3N,4 single-atom catalyst (SAC). With the Cuy/C3N4 SAC as the electrocatalyst, we fabricated
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Accepted 28th October 2021 microsensors that have a good response to H,O,, but not to O, or other electroactive neurochemicals.
When implanted into a living rat brain, the microsensor shows excellent in vivo sensing performance,

DOI: 10.1035/d1sc04755h enabling its application in real-time quantitative investigation of the dynamics of H,O, production
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Introduction

In physiological and pathological processes, H,0, plays
important roles, for example, as a biochemical mediator and
signaling pathway modulator.’” In aerobic organisms, O, is the
sole source for H,0, production which is accomplished by one-
electron reduction of O, to form superoxide (‘O,~) followed by
the disproportionation of 'O,  mediated by superoxide dis-
mutase (SOD).*® As a representative of reactive oxygen species
(ROS), the level of H,0, can be regulated by antioxidants such as
glutathione peroxidase, catalase, thioredoxins and thiols to
maintain the cellular redox homeostasis.®*® In addition, H,O,
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induced by mercaptosuccinate and glutathione monoethyl ester in a living animal brain.

with a low physiological level can serve as an intracellular
signaling molecule to regulate metabolism, enabling cellular
adaption to the changes of stress and the environment.*>** In
contrast, overproduction of H,0, can break the redox balance
and thus cause oxidative stress, which is closely related with
a variety of pathological events such as aging and progressive
neurodegenerative disorders.”*** Moreover, H,0, is produced
in enzymatic reactions with O, as an electron receptor, which
can thus serve as an indicator of the enzymatic activity and the
level of related substrates.'®*” Therefore, the information on the
kinetics of H,0, would largely advance these studies.**°

Electrochemical oxidation or reduction of H,O, has been
used to build a platform for H,O, sensing;** however, the
oxidation of H,O, often bears interference from some reductive
biomolecules,** and the reduction process always suffers from
interference from O, with almost all electrocatalysts.**>¢
Although the HPRR is more favorable than the ORR thermo-
dynamically (eqn (1) and (2)), it often proceeds more slowly than
the ORR under practical conditions due to the sluggish kinetics
of the HPRR and low mass transport efficiency of H,0,,>>**
resulting in the occurrence of the HPRR at more negative
potentials than the ORR, which makes it difficult to selectively
sense H,0, free from the interference from O, when potential-
controlled amperometry is used. Therefore, the design and
fabrication of high-performance electrocatalysts where the
HPRR occurs prior to the ORR are very essential for selective
H,0, sensing in vivo.
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H,0, + 2H" + 2¢~ — 2H,0 E” =
1.151 V vs. Ag/AgCl at pH 7.0 (1)

0, + 4H" + 4e~ — 2H,0 E” = 0.617 V vs. Ag/AgCl at pH 7.0
(2)

Single-atom catalysts (SACs)*’** with almost 100% atom
utilization efficiency and uniform catalytic centers have recently
received considerable attention in industrial chemical pro-
cessing®* and electro/photochemical energy conversion®*—*°
such as the ORR,** hydrogen evolution reaction (HER),*¢
oxygen evolution reaction (OER),”™* and carbon dioxide
reduction reaction (CO,RR).**>* SACs exhibit unique selectivity
because of the homogeneous and well-defined structure
compared with nanoparticle-based catalysts.**>” In addition,
the structure of SACs can be flexibly regulated by changing the
active atom species and/or the support and by tuning the
coordination environment to achieve a high catalytic perfor-
mance.*®**" Such unique characteristics and the inner-sphere
electron-transfer features of the HPRR and ORR suggest that
the use of SACs may offer priority to one of these two reactions
because transition metal single atoms with different coordina-
tion environments embedded in a well-defined carbon support
have shown high capacity in tuning the binding strength with O
species,®** providing a great opportunity for the design and
fabrication of selective electrocatalysts for prioritizing the
HPRR over the ORR and thus enabling amperometric sensing of
H,0, free from interference from O,.

In this work, we report the design and synthesis of a SAC
with atomically dispersed Cu sites anchored on mesoporous
graphitic carbon nitride (Cu,/C3N,) to realize selective electro-
chemical HPRR against the ORR. The Cu,/C;N, SAC synthesized
by an impregnation method with a mesoporous structure
exhibits a high electrocatalytic performance toward the HPRR
with an onset potential at about 0.20 V (vs. Ag/AgCl) in neutral
media. In contrast, the ORR commences at a more negative
potential at around 0.0 V (vs. Ag/AgCl), demonstrating that the
occurrence of the electrochemical HPRR prior to the ORR can
be successfully achieved through rational design and fabrica-
tion of SACs. Density functional theory calculation (DFT) reveals
that the priority given to the HPRR over the ORR on the Cuy/
C;3N, SAC is due to the synergetic effect of the Cu-N, site and its
adjacent carbon site on the adsorption state of the *OH inter-
mediate, resulting in a lower energy barrier of the HPRR on the
SAC. This finding not only offers a new electrocatalyst for
promoting the HPRR over the ORR, but also provides a novel
avenue for selective in vivo monitoring of molecular events in
a living rat brain with SACs as the electrocatalysts.

Results and discussion

To synthesize SACs, C3N, with a mesoporous structure was
prepared by the thermally induced self-condensation of cyana-
mide with colloidal silica as a hard template and was used as
the support, enabling a large surface area with accessible active
sites.® In order to find an electrocatalyst with selectivity for the
HPRR over the ORR, a series of transition metal SACs (denoted
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as M;/C3;Ny, M = Fe, Co, Cu, Mn) were prepared by calcining
C3N, absorbed with metal ions (Fig. 1a). Fig. 1b and S17 show
the transmission electron microscopy (TEM) images of the as-
synthesized samples, retaining the mesoporous structure with
ca. 10 nm pores of C3;N, (Fig. S2t), which is beneficial to the
mass transport of H,O,. No clusters or nanoparticles were
observed in the TEM images, showing that metal atoms exist as
single atoms dispersed on the support in all the prepared
catalysts. X-ray photoelectron spectra (XPS) suggest a similar
structure of the four samples and the existence of M-N,. species
positioned at around 398.9 eV (Fig. S3 and S47).°® Among the
synthetic SACs, Cu;/C3N, possesses striking electrocatalytic
performance toward H,O, reduction in terms of onset potential
and current intensity (Fig. S51), demonstrating the vital role of
the single-atom metal centers in tuning the reaction activity.
Fourier transform infrared (FT-IR) spectra of the as-prepared
C5;N,; and Cu,/C3N, demonstrate the formation of extended
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Fig. 1 Synthesis and characterization of the Cu;/C3N4 SAC. (a) Illus-
tration of the synthetic route to M;/C3N4. (b) TEM image of Cu;/C3Ng4.
(c) HAADF-STEM and corresponding elemental mapping images of
Cuy/C3N4 showing the uniform distribution of Cu (yellow), N (green)
and C (red). (d and e) High-resolution TEM image (d) and AC HAADF
STEM image (e) of Cui/C3N4 (single Cu atoms are marked with red
circles).
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Fig.2 XAS analysis of Cui/C3Ny4. (a and b) Normalized XANES spectra (a) and FT-EXAFS spectra (b) at the Cu K-edge of Cu;/C3N4 (red line), Cu foil
(black line), CuO (blue line) and CuPc (purple line). (c) Wavelet transforms of the Cu K-edge EXAFS spectra for Cu foil, CuO, CuPc and Cu3/C3Ng.
(d and e) Corresponding fitting curves of the EXAFS spectra of Cu;/C3N4 in k space (d) and R space (e). The inset in (e) is the schematic structure of

CU]_/C3N4.

CN heterocycles (adsorption bands between 1200 cm™ ' and

1650 em™ ") and the introduction of Cu atoms does not change
the support structure obviously (Fig. S6T).*” Besides, the corre-
sponding energy-dispersive X-ray spectroscopy (EDS) demon-
strates the existence of Cu, N and C elements in Cu;/C3N,
(Fig. S71) and the corresponding mapping confirms that Cu, N,
and C elements are uniformly distributed over the entire C3N,
skeleton (Fig. 1c). The N, adsorption/desorption isotherms and
pore size distribution plots of C;N, and Cu,/C;N, show a mes-
oporous architecture with a large BET surface area (Fig. S87),
which means that more active sites are available to reactant

© 2021 The Author(s). Published by the Royal Society of Chemistry

molecules (Table S1t). X-ray powder diffraction (XRD) patterns
indicate that the crystal structure of C;N, is maintained after
the introduction of Cu (Fig. S97). In addition, Cu,/C3N, exhibits
no characteristic peaks related with Cu, demonstrating that no
Cu clusters or nanoparticles exist in the sample. To further
verify the isolated single-atom form of Cu, high-resolution TEM
and aberration corrected high-angle annular dark-field scan-
ning TEM (AC HAADF-STEM) were performed (Fig. 1d and e).
The bright dots with atomic size distributed on the C;N,
support were recognized to be single Cu atoms. Different areas
were examined carefully to confirm the absence of Cu clusters

Chem. Sci., 2021, 12, 15045-15053 | 15047
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Fig. 3 Electrochemical study of the HPRR over the ORR. (a and b) CVs obtained with glassy carbon (GC) electrodes modified with CsN4/CNT
(blue curve) and Cui/C3N4/CNT (red curve) in aCSF (pH 7.4) in the presence of 5 mM H,O, (a) or under an O, atmosphere (ca. 1.2 mM O,) (b).
Scan rate: 50 mV s~ (c) LSVs obtained with the CUSAC-based electrode in aCSF without (gray curve) and with 1.2 mM O; (blue curve) or 1 mM

H,0, (red curve) in aCSF under a N, atmosphere. Scan rate: 50 mV s~*

. (d) Amperometric response recorded at the SAC-based electrode with the

addition of 5 uM H,O, and 50 uM O, in aCSF. Applied potential: 0.0 V vs. Ag/AgCL.
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Fig. 4 DFT calculations for the HPRR and ORR on the Cu;/C3N4 SAC.
(@ and b) Free energy diagrams of the HPRR (a) and ORR (b) at pH 7.0
on the active site of the Cu;/C3N4 SAC.

or nanoparticles (Fig. S107), revealing that only individual Cu
single atoms are present in Cu;/C3N,.

X-ray absorption spectroscopy (XAS) measurements at the Cu
K-edge were performed to explore the electronic structure and
coordination configuration of Cu species in Cu;/C3N,. The X-ray
absorption near-edge structure (XANES) spectrum of the as-
prepared Cu,/C3;N, is illustrated in Fig. 2a, with Cu foil and

15048 | Chem. Sci, 2021, 12, 15045-15053

CuO as references. The adsorption-edge of Cu;/C3;Ny, is located
between those of Cu foil and CuO, showing that the valence of
the Cu atom is between 0 and +2, which originates from the
strong interaction between Cu and C;N,. Furthermore, the
high-resolution Cu 2p XPS spectrum of Cu;/C3N, (Fig. S117)
reveals the existence of only one kind of Cu species. The main
peaks located at 932.2 eV and 952.1 eV are characteristic peaks
of Cu’, consistent with the XANES analysis.®® No Cu® signals
were observed from the Cu 2p spectrum, indicating that no Cu
particles or clusters exist. Fig. 2b shows the Fourier transformed
(FT) extended X-ray absorption fine structure (EXAFS) spectra of
Cu,/C;N, and the references. Only one prominent peak at 1.5 A
similar to that of CuPc was observed for Cu,/C3;N,, which was
ascribed to the first coordination shell of Cu-N. No Cu-Cu
coordination peak at 2.2 A like for Cu foil was observed, sug-
gesting that Cu species are atomically dispersed in Cu,;/C3;N,. In
order to further explore the atomic distribution of Cu in Cu,/
C;N,, wavelet transform (WT) analysis of Cu K-edge EXAFS was
performed. As shown in Fig. 2¢, only one intensity maximum at
3.3 A~ ! related to Cu-N coordination was observed from the WT
plots of Cu;/C3N,, which is different from the WT plot of Cu foil

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Selective sensing of H,O, with the CuSAC-based microsensor. (a) Amperometric responses recorded with the microsensor in aCSF
toward the addition of 50 uM O, and 5 pM H,O,. Applied potential: 0.0 V vs. Ag/AgCL. (b) Calibration curve for amperometric H,O, detection
obtained at the microsensor in aCSF toward successive addition of 5 uM H,O,. Applied potential: 0.0 V vs. Ag/AgCL. (c) Amperometric responses
recorded with the microsensor in aCSF toward 10 uM DA, 10 pM DOPAC, 10 uM 5-HT, 10 puM NE, 10 uM UA, 50 uM O, or 5 uM H,O,. Applied
potential: 0.0 V vs. Ag/AgCL. (d) Long-time amperometric i—t curve recorded with the microsensor in aCSF toward 5 pM H,O,. Applied potential:

0.0 V vs. Ag/AgCL

with one intensity maximum corresponding to the Cu-Cu
contribution at 6.8 A™*, showing that no Cu-Cu bond is present
in Cu;/C3N,, but isolated Cu atoms exist. EXAFS fitting was
carried out to obtain the atomic structure parameters of Cu in
Cu,/C3N,. According to the fitting curves (Fig. 2d and e, S12 and
S137) and the fitting parameters in Table S2,} the coordination
number of Cu in Cu,/C3N, was calculated to be 2.2 and the
mean bond length of Cu-N was 1.97 A, suggesting that one Cu
atom is coordinated by two N atoms to form a Cu-N, structure.
The atomic structure model of Cu,/C;N, was constructed and is
illustrated as the inset in Fig. 2e.

The electrocatalytic performance of C;N,; and Cuy/C3N,
towards the HPRR in artificial cerebrospinal fluid (aCSF) was
investigated by cyclic voltammetry (CV). In order to improve the
electrical conductivity of Cu;/C3N, used for the HPRR, carbon
nanotubes (CNTs) were incorporated with Cu,/C;N, because of
the semiconducting properties of C3;N,. Electrochemical
impedance spectra (EIS) (Fig. S147) reveal a much lower charge
transfer resistance after mixing Cu,/C;N, with CNTs, which
facilitates electron transfer to the active Cu sites. Fig. 3a and
b show the CV curves of the Cu,/C3N,/CNT catalyst (CuSAC)

© 2021 The Author(s). Published by the Royal Society of Chemistry

towards the HPRR and ORR, respectively. Obviously, the CuSAC
shows a high performance toward the HPRR with a high onset
potential of ca. 0.20 V vs. Ag/AgCl, at which C;N,, CNTs and the
C;N,/CNT composite exhibit no obvious current change (Fig. 3a
and S15-S171), implying that the single Cu atoms on the C;N,
substrate serve as active sites for the HPRR. In contrast, the ORR
starts more negatively at ca. 0.0 V vs. Ag/AgCl (Fig. 3b). The
activities of the catalyst toward the HPRR and ORR were further
evaluated by linear sweep voltammetry (LSV) with comparable
concentrations of H,0, and O, (Fig. 3c). Similarly, the HPRR
commences at ca. 0.20 V vs. Ag/AgCl (red curve), which is
obviously more positive than the onset potential of the ORR
(0.0 V vs. Ag/AgCl) (blue curve), again revealing that the HPRR
occurs prior to and is thus discriminated from the ORR at the
CuSAC-based electrode.

To further demonstrate the CuSAC-enabled priority of the
HPRR over the ORR, potential-controlled amperometry was
conducted with the CuSAC-based electrode. As displayed in
Fig. 3d, the reduction current was observed after adding 5 uM
H,0, into the solution, while almost no current change was
recorded with the addition of 50 pM O,, indicating that H,0, is

Chem. Sci., 2021, 12, 15045-15053 | 15049
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In vivo sensing of H,O, with the SAC-based microsensor. (a) Scheme of the sensing platform for in vivo monitoring of H,O,. (b) Typical

current responses at the microsensor implanted in the cortex of anesthetized guinea pigs upon local infusion (4 min, indicated by a red line) of
aCSF without (top) and with (bottom) 100 uM H,O, at 0.0 V vs. Ag/AgCL. (c) Typical current responses upon the local injection of 10 mM MCS

(4 min, 1.0 uL min™

indicated by a red line) without (top) and with (bottom) the pre-infusion of 10 mM GSOEt (15 min, 1.0 pL min~Y). (d) Histogram

of the H,O, change calculated from (c). Error bars indicate the standard error of mean of 3 independent tests. Paired Student's t-test, *, p <0.05.

preferentially reduced compared with O,. This finding is
remarkable because, in almost all electrochemical systems,
H,0, reduction normally occurs at about the same or an even
more negative potential than that of O, reduction, in spite of the
more positive formal potential of the HPRR than that of the
ORR in neutral pH. The use of SACs as the electrocatalyst
successfully accelerates the HPRR and enables its occurrence
prior to the ORR. Furthermore, after the HPRR test, the used
Cu,;/C3N, SAC retained the mesoporous structure (Fig. S18at)
with Cu, N, and C elements uniformly dispersed on the
substrate (Fig. S18bt), without obvious clusters or nanoparticles
observed in the high-resolution TEM images (Fig. S18c and
S18df), showing that the Cu species were still atomically
dispersed. Meanwhile, the Cu 2p XPS spectrum of the used Cu,/
C;N, also exhibits characteristic peaks of Cu" at 932.5 eV and
952.3 eV (Fig. S197), verifying the negligible valence changes of
Cu atoms. All the results demonstrate a high stability of Cu,/
CsN,.

To gain insights into the priority of the HPRR over the ORR,
we carried out DFT calculations to investigate the reaction
mechanism on the Cu,;/C3;N; SAC. Fig. 4a and b show the

15050 | Chem. Sci, 2021, 12, 15045-15053

calculated free energy diagrams of the two reactions on the Cu,/
C;3N, SAC, and the atomic configurations of the intermediates
for the two reactions are illustrated in Fig. S20 and S21.1 For
H,0, reduction, the H,0,* dissociates into two OH* sponta-
neously without electron transfer, which subsequently adsorb
on the Cu atom and its adjacent C atom, respectively. The last
OH* desorption step on the C atom was regarded as the rate-
determining step (RDS) owing to the endothermic nature with
a free energy of 1.31 eV (Fig. 4a). For O, reduction, only OH*
desorption on the Cu atom is thermodynamically uphill with
a free energy of 1.44 eV (Fig. 4b), which was determined to be
the RDS. Due to the different adsorption sites of OH*, the last
OH* desorption (i.e., RDS) of the two reactions gives an energy
difference of 0.13 eV, indicating that the HPRR occurs prior to
the ORR. Therefore, the Cu-N, site and the surrounding C atom
play important roles in intermediate adsorption and charge
transfer for the HPRR. In contrast, only the Cu-N, site acts as an
active center participating in the ORR. These results suggest
that the synergism between the Cu-N, site and its adjacent C
atom on C;3;N, leads to a different pathway for the HPRR,

© 2021 The Author(s). Published by the Royal Society of Chemistry
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enabling priority of the HPRR over the ORR on the Cu;/C3N,
SAC.

Having demonstrated the excellent electrocatalytic perfor-
mance of the Cu;/C3N, SAC in the HPRR, especially over the
ORR, we next applied this catalyst to develop a microsensor for
in vivo selective sensing of H,0, in a living rat brain. To do this,
a carbon fiber electrode (CFE) with a diameter of 7 um was
prepared and used for fabrication of the microsensor.®®* The
microsensor exhibits high electrocatalytic performance towards
H,0, reduction (Fig. S22 and S23t). To evaluate the priority of
the HPRR over the ORR, potential-controlled amperometry was
performed with the microsensor toward H,O, and O,. As shown
in Fig. 5a, there is negligible current change upon the addition
of 50 uM O,, while an obvious current decrease was observed for
5 uM H,0,, suggesting that H,O, reduction occurs at a potential
more positive than that of O, reduction. In addition, the
microsensor responds well to H,O, with a good linearity
between current response and H,0, concentration (I (nA) =
—5.454-0.155 C (uM), R> = 0.992) (Fig. 5b and S247). Consid-
ering that there are other redox-active species coexisting in the
cerebral system, interference from these neurochemicals was
studied. Compared with H,O,, the species studied here give rise
to negligible current responses (Fig. 5¢ and S25t), indicating
high selectivity of the microsensor for the detection of H,0,.
Moreover, the microsensor shows a high stability toward H,O0,
detection over 5 h (Fig. 5d), which is beneficial for in vivo
monitoring H,0, in living animals.

To study the possibility of using the microsensor for in vivo
sensing of H,0, in a rat brain, the microsensor was implanted
into the cortex of a guinea pig and the current response to the
locally microinfused H,0, was recorded (Fig. 6a). As illustrated
in Fig. 6b, local infusion of 100 uM H,O, solution into the rat
cortex results in a fast amperometric response that can recover
quickly after stopping the infusion, while no current response
was observed with infusion of pure aCSF. These results show
that the sensing platform with an SAC as the catalyst can be
used for selective monitoring of H,O, fluctuation in vivo.

Having shown the validity of our microsensor for in vivo
sensing, we then performed quantitative analysis of H,O,-
related biochemical processes induced by mercaptosuccinate
(MCS) and glutathione monoethyl ester (GSOEt). As one kind of
glutathione peroxidase inhibitor, MCS can increase the levels of
H,0, in the brain, while GSOEt can suppress H,0O, production
with the generation of antioxidant glutathione.”””* However,
these biochemical processes still necessitate a quantitative
study at a living animal level. To in vivo study the dynamics of
H,O0, fluctuation in these biochemical processes induced by the
two drugs in a living rat brain, we locally perfused MCS and
GSOEt into the rat cortex and real-time tracked the level of H,O,
with the SAC-based microsensor developed here. As typically
shown in Fig. 6¢c and d, the local microinjection of MCS into the
cortex led to an increase in the current response of the micro-
sensor (n = 3), corresponding to the increase of the H,0, level
in the brain. Quantitatively, microinjection of 10 mM MCS (4
uL) gives rise to an increase of ca. 75.0 £+ 13.5 pM H,0,. In the
other experiments, GSOEt was locally infused 30 min before
MCS infusion and the current change induced by MCS was

© 2021 The Author(s). Published by the Royal Society of Chemistry
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recorded. We found that pre-infusion of GSOEt to some extent
suppressed the increase of current for H,0,, indicating that the
H,0, production induced by MCS was inhibited. The pre-
infusion of 10 mM GSOEt (15 pL) results in the decrease of
H,0, production induced by MCS to only ca. 33.7 £ 11.9 uM
(Fig. 6¢c and d). These quantitative description of H,0,
dynamics in a living rat brain provides a direct basis for the
study of biochemical processes associated with H,O, chemistry.

Conclusions

In summary, we have discovered a single-atom Cu catalyst (Cu,/
C3N,) that gives priority to the electrochemical HPRR over the
ORR and successfully established an O,-interference-free elec-
trochemical sensing platform for selective detection of H,O, in
vivo. The isolated Cu-N, site and surrounding C atom from the
C;3N, support are responsible for the preferable HPRR over the
ORR through synergistic adsorption of the intermediates
during the reaction, enabling highly selective H,0, detection. In
addition, the microsensor with the Cu,/C;N; SAC responds
quickly to H,O, fluctuation in vivo and is successfully used for
the quantitative study of H,O,-related biochemical processes.
This study not only provides a new solution to the long-standing
challenge in the electrochemical HPRR prior to the ORR, but
also provides a novel sensing platform for understanding
neurochemical processes by real-time monitoring of molecular
events involved in physiological and pathological processes.
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