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Enzyme-free electrochemical glucose sensors have been attracting extensive attention, due to high sensitivity,
excellent stability, and low cost, as compared to the conventional counterparts based on biological enzymes
such as glucose oxidase. Within this context, development of low-cost, high-performance electrode catalysts
represents a critical first step, and nanocomposites with atomically dispersed metal sites have emerged as
viable candidates. In this study, nitrogen-doped carbon aerogel (NCA) embedded with CoNx sites is derived
pyrolytically from biomass hydrogels and serves as an electrode catalyst for the detection of glucose. The
three-dimensional porous skeletons of NCA help disperse the Co single atom sites and facilitate the mass trans-
fer during electrochemical reaction. Theoretical calculations reveal that the single metal sites (CoN3 and CoN4)
at the edge of nanopores show optimal adsorption towards glucose, and likely make a dominant contribution to
the high activity in glucose detection. In electrochemical measurements, the NCA-Co based, enzyme-free glu-
cose sensor shows a detection limit of 0.1 μM, with a wide linear range from 0.5 μM to 6 mM, good stability,
high selectivity and excellent reproducibility. Notably, this sensing platform also exhibits an excellent perfor-
mance in determining the glucose contents in artificial saliva and human serum samples, indicating great
potential for practical applications.
1. Introduction

Glucose is an indispensable nutrient for metabolism in the body,
and abnormality of the glucose level can lead to various diseases
[1]. A low level of glucose will cause hypoglycemia as well as insulin
shock (diabetic coma), whereas an excess amount of glucose can lead
to diabetes [2]. Currently there are more than 400 million diabetes
patients worldwide [1,3]. At present, there is no effective way to cure
diabetes, and one effective strategy to control diabetes is to closely
monitor and carefully control the glucose level in the body [4]. It
has been advised that diabetes patients should test their blood glucose
levels several times a day [5]. Due to the huge demand for self-moni-
toring glucose levels, a wide variety of glucose sensors have been
developed, based on acoustic, mass, optical, and electrical sensing
principles [6–9]. Of these, electrochemical sensors for glucose detec-
tion have been attracting particular attention, which entail both
enzyme-based and enzyme-free detecting platforms, due to simple,
fast, and real-time operation, low detection limit, and miniaturized
apparatus [10]. Since the first enzyme-based glucose electrochemical
sensor by Clark and Lyons in 1962 [11], significant progress has been
made, especially, with regards of sensitivity and selectivity [12]. One
major limitation of such glucose sensors is that the enzyme activity can
be significantly affected by the environmental changes, such as tem-
perature, humidity, and pH [13]. To mitigate this issue, development
of enzyme-free sensors represents an attractive alternative, due to the
high sensitivity and diversity, good stability, and low cost [14].

In enzyme-free electrochemical sensors, functional nanocomposites
are commonly used as the electrode catalysts. For instance, precious
metal-based nanomaterials, such as Pt and Au, have shown high cat-
alytic efficiency toward glucose oxidation [15,16]; yet widespread
application is impeded by their high cost and easy deactivation [14].
Thus, significant research has been devoted to nonprecious metals-
based catalysts for enzyme-free glucose detection, such as Ni, Co,
Cu, Mn, Fe, and their alloys, due to their low cost, good selectivity
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and remarkable stability [3,17]. Among these, Co-based nanocompos-
ites are of particular interest, which exhibit appropriate adsorption
interaction between the Co sites and oxygen-containing groups, and
hence high catalytic activity towards glucose detection [1]. The elec-
trocatalytic activity can be further enhanced when the metals are
atomically dispersed into a carbon skeleton, forming single atom cata-
lysts (SACs) [18–20]. A range of carbon derivatives have been used as
the structural scaffold, such as graphene [21], carbon nanotubes [22],
carbon nitride [23], and porous carbon [24], primarily due to their
high electrical conductivity, and ready doping with select heteroatoms
for the stabilization of SACs [25–28]. In such SACs, the exact atomic
configuration of the metal sites dictates the electrocatalytic activity,
and porosity of the composites impacts the accessibility of the catalytic
active sites and mass transfer of important reactant species [29,30].
Carbon aerogels represent a unique option, which can be readily
derived from biomass hydrogels via controlled pyrolysis [18,31].

In the present study, N-doped carbon aerogels (NCA) embedded
with Co single atoms (denoted as NCA-Co) were prepared pyrolytically
by using low-cost gelatin hydrogels as the precursors. The obtained
NCA-Co nanocomposites exhibited unique structural characteristics,
such as microporous defects and nanowrinkles, where Co single atoms
were anchored and stabilized. Theoretical studies suggested that these
SAC sites facilitated the adsorption and oxidation of glucose. In fact,
electrochemical measurements showed high activity towards glucose
detection, with a detection limit of 0.1 μM and a wide linear range
from 0.5 μM to 6 mM, excellent stability, high selectivity and repro-
ducibility. Additionally, the NCA-Co based sensor exhibited a remark-
able performance in the detection of glucose in artificial saliva and
human serum samples, indicating great potential for practical
applications.
2. Experimental section

2.1. Chemicals

Gelatin, cobalt(II) acetate tetrahydrate (Co(Ac)2▪4H2O), ferrous
chloride tetrahydrate (FeCl2▪4H2O), nickel(II) acetate tetrahydrate
(Ni(Ac)2▪4H2O), zinc(II) acetate tetrahydrate (Zn(Ac)2▪4H2O), and
SiO2 nanoparticles were purchased from Aladdin Reagents (Shanghai,
China). Sodium hydroxide (NaOH), 1,10-phenanthroline monohydrate
(PM), acetylene black, 5% Nafion solution, and glucose were obtained
from Sigma Aldrich (America). All other reagents were of analytical
grade, and ultrapure water (MillQ, 18.2 MΩ cm) was used throughout
this study.

2.2. Characterization

Scanning electron microscopy (SEM) and transmission electron
microscopy (TEM) images were acquired on a Hitachi S-4800 field-
emission SEM and FEI Talos F200S field-emission electron microscope,
respectively. Inductively coupled plasma-optical emission spectrome-
try (ICP-OES) analysis was performed with a SPECTRO BLUE SOP
instrument. X-ray diffraction (XRD) patterns were collected with a
D/max 2550 X-ray powder diffractometer. X-ray photoelectron spec-
troscopic (XPS) measurements were conducted with an ESCALAB
250Xi instrument. Nitrogen adsorption/desorption isotherms were
acquired with a Micromeritics ASAP2460 instrument. X-ray absorption
spectroscopy (XAS) measurements were performed in the Shanghai
Synchrotron Radiation Facility in the fluorescence mode at room tem-
perature (298 K).

2.3. Sample preparation

NCA-Co nanocomposites were prepared by following a procedure
reported previously [18,28,31]. In brief, 24 mg of PM was dispersed
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in 200 μL of Co(Ac)2▪4H2O (0.2 M) under sonication to produce an
orange CoðPMÞ2þ3 solution. Separately, 60 mg of gelatin, 30 mg of
SiO2, and 2.7 mL of water were mixed in a screw-cap vial under mag-
netic stirring in a 60 °C water bath for 10 min, into which were then
added 200 μL of the 0.2 M CoðPMÞ2þ3 and 80 μL of 1.0 M Zn(Ac)2 solu-
tion. The obtained hydrogels (denoted as GSi-Zn/Co-PM) were subject
to freezing-thawing three times, before being pyrolyzed at 900 °C for
3 h in a tube furnace under a constant flow of 97% Ar + 3% H2 at
the heating rate of 5 °C min−1. After being cooled down naturally to
room temperature, the product was etched by HF to remove SiO2

nanoparticles, affording NCA-Co.
NCA-Fe and NCA-Ni were prepared in the same manner except that

FeCl2▪4H2O and Ni(Ac)2▪4H2O were used instead as the meal source.
Metal-free carbon aerogel (NCA) was also prepared in the same man-
ner but without the addition of any metal-PM complex.

2.4. Preparation of glucose sensors

1 mg of the NCA-Co powders obtained above was dispersed into a
1 mL solution that contained 475 μL of H2O, 475 μL of ethanol, and
50 μL of a 5% Nafion solution. 10 μL of the produced ink was dropcast
onto the surface of a clean glassy carbon electrode (GCE, 3 mm in
diameter) and dried in air. The modified GCE was used as the working
electrode, a saturated calomel electrode (SCE) as the reference elec-
trode, and a platinum wire as the auxiliary electrode. All electrochem-
ical measurements were performed with a CHI 440 electrochemical
workstation.

2.5. Detection of glucose

Cyclic voltammetry (CV) was used to test the electrochemical oxi-
dation activity, and chronoamperometry to detect glucose at the
applied potential of +0.3 V, with glucose of various concentrations
added to a 0.1 M NaOH aqueous solution. The test of each sample
was repeated three times, from which the standard deviation was esti-
mated. To evaluate the performance of the NCA-Co sensor in the deter-
mination of glucose in practical samples, an artificial saliva solution
was prepared, which contained 9 g L−1 NaCl, 0.4 g L−1 KCl, 0.2 g
L−1 NaHCO3, and 0.2 g L−1 CaCl2·6H2O [32]. Clinical serum samples
were also obtained from Huangjiahu School Hospital of Hubei Univer-
sity of Traditional Chinese Medicines, where proteins were precipi-
tated out by the addition of 2 mL of acetonitrile to 1 mL of the
serum. The supernatants were collected by centrifugation for 15 min
and dried at 50 ℃ in nitrogen, before being re-dissolved in 1 mL of
a phosphate buffer solution (PBS). 5 μL of the obtained solution was
then diluted with 4950 μL of 0.1 M NaOH for glucose detection.

3. Results and discussion

3.1. Structural characterization

The preparation of NCA-Co nanocomposites is schematically illus-
trated in Fig. 1a, where three-dimensional gelatin-zinc hydrogel was
employed as the precursor, with the Co-PM complex and SiO2

nanoparticles as the metal source and porogen, respectively. From
Fig. 1b, the freeze-dried hydrogel precursors can be seen to exhibit a
honeycomb structure with rich macropores. By subsequent pyrolysis
and acid etching, the hydrogels were effectively transformed into por-
ous carbon aerogels embedded with Co single atoms (NCA-Co). This is
indeed confirmed in TEM measurements (Fig. S1a), where the
obtained carbon aerogel can be seen to possess a continuous, porous
carbon skeleton free of metal or metal oxide nanoparticles. A similar
morphology was observed with the metal-free NCA sample (Fig. S2).
Furthermore, from the STEM image in Fig. 1c, one can see a number
of isolated white spots (red circles), suggesting the formation of atom-



Fig. 1. (a) Schematic of the preparation of NCA-Co aerogels derived from biomass hydrogels. (b) SEM of the GSi-Zn/Co-PM hydrogel precursor. (c) STEM image and
(d) elemental maps of NCA-Co composites. (e) Nitrogen adsorption/desorption isotherm of NCA-Co composites. Inset is the corresponding pore size distribution.
High-resolution XPS scans of the (e) Co 2P, and (f) N 1s electrons of NCA-Co composites. Black curves are experimental data and colored peaks are deconvolution
fits.
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ically dispersed metal species in the carbon matrix. Indeed, elemental
mapping analysis based on energy-dispersive X-ray spectroscopy (EDS,
Fig. 1d and S3) shows that Co, along with N and O, was distributed
rather evenly across the carbon matrix without apparent agglomera-
tion. These observations are consistent with results obtained previ-
ously in the preparation of NCA aerogels embedded with isolated Fe
atoms [18].

From Fig. 1e and inset, the NCA-Co aerogels can be seen to exhibit
a nitrogen adsorption/desorption isotherm with a type IV hysteresis
loop, and possess a hierarchical pore structure with a high surface aera
of 827.2 m2 g−1, consisting primarily of mesopores (5 to 10 nm) and
micropores (0.5 to 2 nm), in agreement with results from TEM mea-
surements (Fig. S1b). These porous defects are anticipated to facilitate
the anchoring of single metal atom sites, especially at the pore edges.
Additionally, XRD measurements yield only two broad peaks at
2θ = 24.91° and 43.66° (Fig. S4), due to the (002) and (101) diffrac-
3

tions of graphitic carbon (PDF card #65-6212), respectively, suggest-
ing successful graphitization of the hydrogel into aerogel; and the
fact that no other diffraction feature can be resolved is consistent with
the atomic dispersion of Co into the carbon skeleton. In XPS measure-
ments of the NCA-Co sample (Fig. S5), the C 1s, N 1s, O 1s, and Co 2p
electrons can be readily resolved at ca. 284, 400, 530 and 780 eV,
respectively; and from the integrated peak areas, the elemental compo-
sition can be estimated to be ca. 88.2 wt% C, 6.0 wt% O, 4.6 wt% N
and 1.2 wt% Co (Table S1). Note that the Co content was consistent
with that obtained from ICP-OES measurements (Table S1). From
the high-resolution scan of the O 1s spectrum in Fig. S6, two peaks
can be resolved at 531.41 and 532.62 eV, due to C@O and CAO/
OAH, respectively [28].

Notably, the absence of Co-O species at ca. 530 eV is consistent
with results from TEM and XRD measurements where no metal oxide
nanoparticles were detected. For the Co 2p spectrum (Fig. 1f), decon-
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volution yields a doublet at 780.27 and 795.40 eV, along with satellite
peaks at 784.50 and 801.20 eV, which can be assigned to Co(II) [33];
and in the N 1 s spectrum (Fig. 1g), three N species can be identified at
401.03 eV for graphitic N, 398.23 eV for pyridinic N, and 398.85 eV
for metal-N (M−N) [33]. This suggests that Co atoms are most likely
chelated with N atoms in the form of CoNx embedded in the carbon
aerogel skeleton. Intriguingly, the ratio between N in M−N moieties
(0.9 at%) and Co (0.25 at%) in the NCA-Co sample is estimated to
be 3.6:1 (Tables S1 and S2), suggesting that the Co atoms were dis-
persed in the carbon aerogel in the forms of ca. 60% CoN4 and 40%
CoN3.

The chemical state and coordination environment of the Co centers
in NCA-Co were then investigated by X-ray absorption near-edge struc-
ture (XANES) and extended X-ray absorption fine structure (EXAFS)
measurements. From Fig. 2a, one can see that the Co K-edge of NCA-
Co is close to that of CoO, but deviates markedly from that of Co foil
[34], suggesting a Co center with a valence state of about +2 [35].
From the R-space EXAFS profile (Fig. 2b), NCA-Co can be seen to exhi-
bit a main peak at about 1.4 Å and a shoulder at 2.3 Å, which can be
respectively assigned to the Co-N coordination of the first shell and Co-
C coordination of the second shell [36]. From the fitting results of the
EXAFS data (Fig. 2c and S7, Table S3), the Co-N coordination number
was estimated to be 3.6 for NCA-Co, suggesting a mixture of CoN4 and
CoN3 moieties, in good agreement with results from XPS measure-
ments (Fig. 1f-g). Taken together, these results suggest three possible
metal sites, namely, CoN4 in the basal plane, as well as CoN4 and
CoN3 on the edge of nanopores.
Fig. 2. (a) Co K-edge XANES and (b) R-space EXAFS spectra of NCA-Co, Co foil, and
site. (d) Adsorption energy of glucose over OH-adsorbed CoN4 on the basal plane,

4

3.2. Theoretical investigations

In alkaline media, the Incipient Hydroxyl Oxide Adatom Model
(IHOAM) is commonly used to describe the interaction of glucose
molecules with active sites [37,38], where OH species adsorb onto
the metal sites. To examine whether this IHOAM can be used for
SAC metal sites, NCA-Fe and NCA-Ni carbon aerogels were also synthe-
sized in the same fashion and their interactions with glucose was ana-
lyzed and compared with that of NCA-Co [39]. Fig. S8 shows the
optimal structures of these single metal sites within the basal plane
of the carbon scaffold. From the calculated adsorption energy of glu-
cose in Fig. S9 (details in the Supplementary Information) and the
detection sensitivity of glucose (the response signal per 100 μM of glu-
cose) in Fig. S10, one can see that the adsorption energy shows a pos-
itive correlation with the sensitivity (Fig. S11), and the Co atom sites
exhibit the optimal adsorption energy and best electrochemical activ-
ity. These results confirm the excellent applicability of IHOAM to sin-
gle metal sites.

Notably, in addition to basal CoN4 sites (Fig. S8a), NCA-Co also
contains CoN4 and CoN3 moieties at the nanopore edges (Fig. 3a-3c),
as suggested by the above XAS studies (Fig. 2). The adsorption of glu-
cose onto the metal sites were then examined (Figs. S12 and S13).
From Table S4, one can see that the Co-O bond length is 1.884 Å for
basal CoN4, which increases to 1.964 Å for CoN4 and 1.891 Å for
CoN3 at the nanopore edge. Such a discrepancy of the Co-O bond
length suggests that the formation of microporous defects and reduced
coordination of the metal atoms impact the charge density of the Co
atom and hence the interaction with glucose. Glucose molecules can
adsorb onto the metal sites by hydrogen bonding interaction, as shown
in Fig. 3d-f [40]. Note that the calculated adsorption energy is all neg-
CoO. (c) EXAFS and fitting curves for NCA-Co. Inset is the structure of a CoN4

CoN3 and CoN4 on the nanopore edge (CoN3-NP and CoN4-NP).



Fig. 3. Top views of the optimized structures of (a) basal CoN4, (b) CoN4 and (c) CoN4 at the nanopore edge. Adsorption of a glucose molecule over OH-adsorbed
(d) basal CoN4, (e) CoN4 and (f) CoN3 on the nanopore edge.
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ative and varies in the following order, basal CoN4

(−1.047 eV) < nanopore-edge CoN3 (−0.811 eV) < nanopore-edge
CoN4 (−0.634 eV) (Fig. 2d), and the last two actually resemble those
of highly active noble metal sites (ca. −0.7 eV) [37,40]. That is, the
metal sites on the edge of nanopores likely made a dominant contribu-
tion to the high electrocatalytic activity of glucose detection, as
observed below [41].
3.3. Electrochemical behaviors and glucose detection

To demonstrate the application of the NCA-Co aerogels for non-
enzymatic glucose sensing, the nanocomposites were deposited onto
a GCE surface and examined by electrochemical measurements.
Fig. 4a shows the cyclic voltammograms (CVs) of the bare GCE, NCA
modified GCE (designated as NCA/GCE), and NCA-Co modified GCE
(designated as NCA-Co/GCE) in 0.1 M NaOH at the scan rate of
0.05 V s−1. One can see that NCA-Co/GCE exhibited only a featureless
response in the absence of glucose. Yet, with the addition of 5 mM glu-
cose, whereas there remained no obvious voltametric feature at the
GCE and NCA/GCE electrodes, a pair of voltametric peaks appeared
at +0.35 and +0.28 V. This is due to the redox reaction of glucose
[42], indicating the unique catalytic activity of NCA-Co/GCE in the
oxidation of glucose in NaOH. The discrepancy of the catalytic activity
can also be observed in chronoamperometric measurements. From
Fig. 4b, one can see that at the applied potential of +0.3 V, the bare
GCE exhibited essentially zero current response with the successive
additions of 100 μM glucose, the NCA/GCE electrode showed a slight
increment of ca. 0.05 μA upon each addition, whereas the current
increment (ca. 1 μA) was almost 20 times greater with the NCA-Co/
GCE electrode. This indicates that the CoNx moieties played the key
role in the electrocatalytic oxidation of glucose [43].

To obtain the optimal performance for glucose detection, the NaOH
concentration and the applied potential were optimized at 0.1 M and
0.3 V, respectively (Fig. S14 and S15). Fig. 4c depicts the oxidation
current profile upon the injections of various concentrations of glucose
into a 0.1 M NaOH solution. The i-t segment for the addition of
0.5–50 μM glucose was magnified and shown in the inset to Fig. 4c.
One can observe that the oxidation current increment increases as
the concentration of added glucose increases from 0.5 μM to 6 mM.
Within the glucose concentration range of 0.5 to 1000 μM, the oxida-
tion current increment exhibits a good linear relationship with the glu-
cose concentration (Fig. 4d and 4e), which can be fitted by the
equation of I (μA) = 0.0078C + 0.0496 (C represents the glucose con-
centration, μM) with the regression coefficient of R2 = 0.997. A differ-
5

ent linear correlation can be found at higher glucose concentrations of
1 to 6 mM (Fig. 4f), I (μA) = 0.001C + 6.4 (R2 = 0.990). The low
detection limit was estimated to be 0.1 μM (S/N = 3), much lower
than a range of enzyme-free glucose sensors reported in the literature
(Table 1). The wide linear range of this NCA-Co/GCE sensor was likely
ascribed to the three-dimensional porous N-doped carbon structure
which facilitated the accessibility of the catalytically active sites,
whereas the low detection limit was due to CoNx moieties that were
electrocatalytically active towards glucose oxidation.

3.4. Reproducibility, stability and selectivity

The reproducibility of the NCA-Co/GCE sensor toward glucose
detection was then evaluated. Firstly, 5 NCA-Co/GCE electrodes were
prepared in the same manner and their chronoamperometric responses
toward glucose were separately tested and compared. From Fig. S16,
one can see that the relative standard deviations (RSDs) among the
5 electrodes is only 3.19%, indicating excellent reproducibility of
the NCA-Co/GCE platform. Fig. 5a shows the test results of an NCA-
Co/GCE electrode stored in air at room temperature for up to a week.
It can be seen that even after a week’s storage, the current response
toward the 100 μM glucose still retained 92.8% of the initial value,
indicating remarkable stability of the fabricated electrode.

The selectivity of the NCA-Co/GCE electrode toward glucose detec-
tion was also studied. Most interfering substances co-existing with glu-
cose in human blood can be easily oxidized, but their normal
physiological levels are significantly lower than the glucose concentra-
tion [49]. We opted to add 100 μM of glucose and 200 μM of various
interfering substances (i.e., L-histidine, L-alanine, L-ascorbic acid, urea,
dopamine, L-glutamic acid, and quinidine) to exaggerate the impacts.
Interestingly, despite the abnormally high concentrations of the inter-
fering substances, their additions introduced only a negligible incre-
ment of the current response, in comparison to that with glucose
(Fig. 5b). Furthermore, the addition of high concentration NaCl
(50 mM) and NH4Cl (50 mM) also produced only minimal impacts.
Taken together, these results highlight the excellent selectivity of
NCA-Co/GCE towards glucose sensing.

3.5. Analysis of practical samples

Significantly, the NCA-Co/GCE sensor also exhibited an excellent
performance in detecting glucose in practical samples, such as artificial
saliva and human serum samples. Two different concentrations of glu-
cose (5 and 100 μM) were added to the artificial saliva, and the glucose



Fig. 4. (a) Cyclic voltammograms in 0.1 M NaOH at the scan rate 50 mV s−1 of NCA-Co/GCE in the absence and presence of 5 mM glucose, NCA/GCE and bare
GCE in the presence of 5 mM glucose. (b) Chronoamperometric profiles of different modified electrodes at the applied potential of +0.3 V with the successive
additions of 100 μM glucose into 0.1 M NaOH. (c) Chronoamperometric curve of the NCA-Co/GCE electrode upon the successive addition of glucose at various
concentrations (0.5, 1, 2, 10, 20, 50, 100, 150, 200, 300, 400, 500, 600, 800, 1000, 2000, 3000, 4000, 5000, 6000 μM) into a 0.1 M NaOH solution at the applied
potential of +0.3 V. Inset is the magnified segment for the glucose concentration range of 0.5 to 100 μM. (d) Current signals at different glucose concentrations
(Table S5) and the corresponding linear correlation between the oxidation current increment and glucose concentration in the range of (e) 0.5–1000 μM and (f)
1000–6000 μM.

Table 1
List of electrochemical glucose sensors in terms of electrode materials, linear range and limit of detection in chronoamperometric analysis.

Electrode Materials Linear range Limit of Detection (μM) Potential (vs Ag/AgCl) Electrolyte Ref.

NCA-Co carbon aerogel 0.5 μM–6 mM 0.1 +0.30 V 0.1 M NaOH This work
Co2N0.67 nanosheets 10 μM–8 mM 0.1 +0.55 V 0.1 M NaOH [14]
Cu-Co/RGO 1 μM–4 mM 0.15 +0.40 V 0.1 M NaOH [2]
CoPc/graphene 10 μM–5 mM 0.67 +0.70 V 0.1 M NaOH [1]
Ag-CuO nanoparticles 10 μM–28 mM 0.76 +0.60 V 0.1 M NaOH [10]
Ni-MOF 5 μM–7.4 mM 1.5 +0.55 V 0.1 M NaOH [44]
Ni 1D/C60 10 μM–11 mM 4.3 +0.57 V 0.1 M NaOH [17]
Cu2O@ZIF-67 10 μM–16.3 mM 6.5 +0.55 V 1 M KOH [45]
Cu nanowires-MOFs-GO 20 μM–26.6 mM 7.0 +0.30 V 0.1 M PBS [46]
AuCu alloy NPs 250 μM–10 mM 16.62 +0.60 V 0.1 M NaOH [47]
Cu@C core–shell nanocube 40 μM– 40 mM 21.35 +0.60 V 0.4 M NaOH [48]
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concentrations were quantitatively assessed by the NCA-Co/GCE sen-
sor at 4.86 and 98.9 μM, corresponding to a recovery value of 97.2%
and 98.9%, respectively, with an RSD of 2.86% and 5.40% (Table S6
and Fig. 4c).

Further tests were carried out with clinical human serum samples
in 0.1 M NaOH. From the results in Table S7 and Fig. 4d, one can
see that the RSDs of the 8 human serum samples were all under 5%,
and the measurement results were all very close to those obtained with
a commercial glucometer, with a recovery rate between 94% and
105%. These results indicate good potential of the NCA-Co/GCE sensor
for practical applications (Table S8).
6

4. Conclusions

In this study, carbon aerogels embedded with Co single atoms
(NCA-Co) were prepared by a facile pyrolysis procedure using biomass
hydrogel as the precursor. With a highly porous structure, the NCA-Co
composite showed an apparent electrocatalytic activity towards glu-
cose oxidation, due to the formation of CoN4 and CoN3 moieties on
the edge of micropores. This unique property can be exploited for
the non-enzymatic detection of glucose, with a low detection limit of
0.1 μM, wide linear range, and excellent good stability. In addition,
the NCA-Co/GCE platform exhibited high selectivity and excellent
reproducibility, and demonstrated an excellent performance in the
detection of glucose in practical samples, such as artificial saliva and



Fig. 5. (a) Chronoamperometric profiles of the NCA-Co/GCE electrode stored in ambient for up to a week with the addition of 100 μM glucose. (b)
Chronoamperometric response of the NCA-Co/GCE electrode upon the addition of different substances (glucose, Glu; L-histidine, L-his; L-alanine, L-ala; L-ascorbic
acid, L-asc; urea; dopamine, Dop; L-glutamic acid, L-glu; and quinidine, Qui). Determination of (c) glucose in artificial saliva and (d) clinical human serum samples
by NCA-Co/GCE.
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human serum samples, in comparison to results from a commercial
glucometer. Results from this study highlight the significance of car-
bon aerogels with atomically dispersed metal atoms in the develop-
ment of glucose sensors.
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