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ABSTRACT: Conventional nanomaterials in electrochemical non-enzymatic sensing face huge challenge due to their com-
plex size-, surface- and composition- dependent catalytic properties and low active site density. In this work, we designed 
a single-atom Pt supported on Ni(OH)2 nanoplates/nitrogen-doped graphene (Pt1/Ni(OH)2/NG) as the first example for 
constructing a single-atom catalyst based electrochemical non-enzymatic glucose sensor. The resulting Pt1/Ni(OH)2/NG 
exhibited a low anode peak potential of 0.48 V and high sensitivity of 220.75 μA mM-1 cm-2 towards glucose, which are 45 
mV lower and 12 times higher than those of Ni(OH)2, respectively. The catalyst also showed excellent selectivity for several 
important interferences, short response time of 4.6 s, and high stability over 4 weeks. Experimental and density functional 
theory (DFT) calculated results reveal that the improved performance of Pt1/Ni(OH)2/NG could be attributed to stronger 
binding strength of glucose on single-atom Pt active centers and their surrounding Ni atoms, combined with fast electron 
transfer ability by the adding of the highly conductive NG. This research sheds light on the applications of SACs in the field 
of electrochemical non-enzymatic sensing. 

Diabetes is a serious metabolic disease with a long-term 
high glucose concentration in blood,1,2 which can cause se-
rious complications, such as kidney failure, blindness and 
heart disease.3-5 It is required to develop highly effective 
sensors for the quick and accurate monitoring for glucose. 
A common method for glucose detecting is electrochemi-
cal enzymatic biosensing, which is susceptible to external 
environments (pH and temperature) due to the instability 
of enzymes.6,7 Therefore, non-enzymatic nanomaterial-
based electrochemical sensors, such as metals,8,9 metal ox-
ides,10,11 and hydroxide,12,13 were developed extensively. 
However, the poor catalytic activity and selectivity of most 
nanomaterials limited their practical applications. More 
importantly, it is very difficult to investigate the catalytic 
sites at the atomic scale and understand the characteristics 
of the catalysts due to the complex structures and compo-
sitions of nanomaterials.14,15 Therefore, highly effective 

electrocatalysts with well-defined active centers are criti-
cally required for developing new generation of electro-
chemical non-enzymatic glucose sensors.16,17  

Single-atom catalysts have metal atoms dispersed on 
solid supports as well-defined catalytic active centers.18,19 
The well-defined catalytic active sites  have enabled the 
clarification of the relationship between catalytic perfor-
mance and the active site structure.20,21 However, the coop-
erative catalytic effect between the single atoms and the 
supports is often overlooked. In addition, the SACs with 
high activity and 100% utilization of metal atoms are prom-
ising for a variety of catalytic applications,22-25 especially in 
electrocatalysis.26-33 However, there are seldom reports 
about SACs in electrochemical biosensing,20,34 especially no 
study about electrochemical non-enzymatic glucose sens-
ing to our best knowledge.  



      

 

In order to develop the SACs in electrochemical non-
enzymatic glucose sensing and understand the cooperative 
catalytic mechanism between single atoms and their 
supporters, the Pt1/Ni(OH)2/NG is designed for 
electrochemical non-enzymatic glucose sensing in this 
work. The Pt single atoms were confirmed by aberration-
corrected high angle angular dark field-scanning 
transmission electron microscopy (AC-HAADF-STEM) 
and extended X-ray absorption fine structure (EXAFS). The 
Pt1/Ni(OH)2/NG exhibits high sensitivity of 220.75 μA mM-

1 cm-2, excellent selectivity, short response time of 4.6 s and 
high stability in electrochemical non-enzymatic glucose 
sensing. The cooperative catalytic mechanism between Pt 
single atoms and the Ni(OH)2/NG is investigated in detail 
to interpret the superior sensing performance of 
Pt1/Ni(OH)2/NG sensor by experimental results and DFT 
calculations. 

The synthetic process of Pt1/Ni(OH)2/NG is shown in 
Figure S1. First, small Ni(OH)2 nanoparticles are uniformly 
grown on the NG by hydrolysis of Ni(Ac)2 at 80 °C in a 
mixed N,N-dimethyl-formamide (DMF)/H2O solution 
(Figure S2a). Then the Ni(OH)2 nanoparticles gradually 
evolve into hexagonal Ni(OH)2 nanoplates (Figure S2b) 
under the hydrothermal condition at 180 °C. After that, the 
Pt1/Ni(OH)2/NG is finally obtained by adsorption of Pt pre-
cursors on Ni(OH)2/NG in ethanol and annealing at 100 °C 
under 10% H2/N2 atmosphere. The loading amount of Pt on 
Ni(OH)2/NG is 0.36 wt% determined by inductively cou-
pled plasma optical emission spectra (ICP-

OES) analysis. The energy dispersive X-ray (EDX) spectros-
copy analysis showed 0.32 wt% loading amount of Pt in 
Pt1/Ni(OH)2/NG, similar with ICP-OES result (Figure S3).  

The Pt1/Ni(OH)2/NG is first characterized by X-ray 
diffraction (XRD). As observed in Figure 1a, it displays 
characteristic diffraction peaks at 19.6°, 33.4°, 38.8°, 52.2°, 
59.2° and 62.7 °, which are indexed to (001), (100), (101), 
(102) and (111) planes of the Ni(OH)2 phase (JCPDS No. 03-
0177),35 respectively. The peak at 26.4° corresponds to the 
(002) plane of NG (Figure 1b).35 No characteristic peaks of 
Pt are detected, implying the absence of Pt nanoparticles. 
As shown in Figure 1c and Figure S4a, the hexagonal 
Pt1/Ni(OH)2 nanoplates are observed and show no obvious 
change compared to Ni(OH)2/NG and pure Ni(OH)2 

(Figure S4b-c). The average side length of hexagonal 
Ni(OH)2 nanoplates in Pt1/Ni(OH)2/NG is ca. 183 nm. The 
mapping images of EDX show the homogeneous 
distributions of C, N, O, Ni and Pt elements in 
Pt1/Ni(OH)2/NG (Figure S5).  

Transmission electron microscopy (TEM) is conducted 
to further investigate the morphology and structure of 
Pt1/Ni(OH)2/NG. A hexagonal morphology of Ni(OH)2 
nanoplates in Pt1/Ni(OH)2/NG is observed in Figure 1d, 

Figure 1. XRD patterns (a) and enlarged XRD patterns (b, 

from red dashed frame area in Figure 1a)  of NG, Ni(OH)2, 

Ni(OH)2 /NG, Pt1/Ni(OH)2/NG; ♥ and ♦ represent the charac-

teristic peaks of Ni(OH)2 and NG, respectively. SEM (c), TEM 

(d), HRTEM (e) and AC-HAADF-STEM (f) images of  

Pt1/Ni(OH)2/NG. Figure 2. The FT-EXAFS spectra of (a) and XANES spectra (b) 

of Pt1/Ni(OH)2/NG, PtO2, and Pt foil at Pt LIII-edge. (c) The FT-

EXAFS curves between the experimental and fitted data. (d) 

Schematic illustration of the Pt single atom replacing a Ni atom 

in Ni(OH)2/NG. High-resolution XPS spectra of Ni 2p region (e) 

and Pt 4f region (f). 



      

 

which is consistent with SEM images. And the lattice fringe 
spacings of 0.268 and 0.148 nm correspond to the (100) and  
(111) planes of Ni(OH)2 in high-resolution TEM (HRTEM) 
image in Figure 1e, respectively. The AC-HAADF-STEM 
was used for studying the dispersibility of Pt atoms on the 
Ni(OH)2/NG. The bright spots in Figure 1f are 
corresponding to the isolated Pt atoms on Ni(OH)2/NG 
without the observation of Pt clusters or nanoparticles, 
indicating successful synthesis of Pt single atoms.  

The existence of Pt single atoms is further confirmed by 
X-ray absorption spectroscopy. The fourier-transform 
EXAFS (FT-EXAFS) spectra of Pt1/Ni(OH)2/NG show one 
main peak located at ~1.6 Å, attributing to the Pt-O path 
and sharply contrasting with that to the Pt-Pt bonds (~2.6 
Å) in the spectra of Pt foil or PtO2 (Figure 2a). This result 
clearly indicates the existence of Pt single atoms in 
Pt1/Ni(OH)2/NG. The valence state of the Pt single atoms 

is determined by the linear combination fitting of its X-ray 
absorption near-edge structure (XANES) spectrum (Fig-
ure 2b) using XANES spectra of PtO2 and Pt foil. As shown 
in Figure 2b, the peak intensity of Pt1/Ni(OH)2/NG is be-
tween PtO2 (valence: +4) and Pt foil (valence: 0). The va-
lence state of Pt in Pt1/Ni(OH)2/NG is estimated to be 
about +1.6 (Figure S6). Moreover, EXAFS fitted by the the-
oretical scattering patterns (Figure 2c and Table S1) 

shows that each Pt atom is coordinated with 6.9±0.7 oxy-

gen atoms, while Ni atom is coordinated with 6.0±0.8 ox-

ygen atoms, similar to the coordination number of Pt here. 
This strongly suggests that each Pt atom substitutes a Ni 
atom in Ni(OH)2/NG in isolated single atomic sites (Fig-
ure 2d).  

The XPS is used to study the electronic interaction be-
tween Pt and Ni. In Figure 2e, the binding energies of Ni 
2p3/2 and 2p1/2 of Pt1/Ni(OH)2/NG exhibit 0.4 eV higher than 
those of pristine Ni(OH)2/NG after the introduction of Pt, 
indicating the higher valence state of Ni in 
Pt1/Ni(OH)2/NG.36 This can be attributed to the incorpora-
tion of Pt single atoms with lower valence state (+1.6 va-
lence from XANES).37 Additionally, the 4f peaks of Pt shift 
positively compared to the standard Pt and negatively 
compared to the standard PtO2 (Figure 2f). This confirms 
that the valence state of Pt in Pt1/Ni(OH)2/NG is between 
the valence of 0 and +4, in well agreement with the XANES 
results. Besides the peaks of Pt4f in Figure 2f, the two 
strong peaks at 67.8 and 71.5 eV are corresponding to the 
peak of Ni3p and its satellite peak, respectively.38 

Cyclic voltammetry (CV) is used to study the electro-
chemical behaviors of Pt1/Ni(OH)2/NG towards electro-
chemical glucose sensing. Figure 3a shows the current re-
sponses of different electrodes in the presence or absence 
of glucose at a scan rate of 50 mV/s. The glassy carbon elec-
trode (GCE) and Pt1/NG do not show any redox peak. And 
other catalysts show a pair of redox peaks, which are 
caused by the redox pair of Ni(II)/Ni(III) in alkaline me-
dium.39 The oxidation peak potential of Ni(II)/Ni(III) in 
Pt1/Ni(OH)2/NG is 0.460 V, much lower than those of 
Ni(OH)2/NG (0.485 V), Pt1/Ni(OH)2 (0.489 V) and 
Ni(OH)2 (0.513 V). After the addition of 1 mM glucose, the 
GCE shows no oxidation activity for glucose, while the 
Pt1/NG shows a weak oxidation current for glucose without 
oxidation peak (Figure S7). And the anodic peak potential 
of Pt1/Ni(OH)2/NG is 0.480 V, lower than those of 
Ni(OH)2/NG (0.506 V), Pt1/Ni(OH)2 (0.505 V) and Ni(OH)2 
(0.525 V). Meantime, Pt1/Ni(OH)2/NG exhibits the highest 
anodic peak current (174 μA), 2.35, 3.79 and 6.21-folds 
higher than those of the Ni(OH)2/NG (74 μA), Pt1/Ni(OH)2 
(45.9 μA) and Ni(OH)2 (28 μA), respectively. As a control, 
the Pt nanoparticles (PtNPs) on Ni(OH)2/NG (0.49 wt%, 
ICP-OES analysis) were also synthesized for electrochemi-
cal oxidation of glucose (Figure S8 and Figure S9). From 
cyclic voltammetry in Figure 3a and Figure S9, the 
Pt1/Ni(OH)2/NG exhibited much lower oxidation poten-
tial (0.480 V) to glucose than those of PtNPs/Ni(OH)2/NG 
(0.521 V). These results show that the 

Figure 3. (a) The CV curves of GEC (grey), Pt1/NG (navy blue), 

Ni(OH)2 (green), Pt1/Ni(OH)2 (light blue), Ni(OH)2/NG (blue), 

Pt1/Ni(OH)2/NG (red) at a scan rate of 50 mV/s in 0.1 M NaOH 

with the absence (dotted line) and presence (solid line) of 1 mM 

glucose. (b) CV curves for Pt1/Ni(OH)2/NG in 0.1 M NaOH at 

different scan rates from 10 to 100 mV/s and (inset: the corre-

sponding plots of current density vs the square root of scan 

rate). (c) (c) Amperometric responses of Ni(OH)2, 

Ni(OH)2/NG, Pt1/Ni(OH)2/NG in 0.1 M NaOH at 0.5 V. (inset: 

the enlarged plot in the range from 400 to 1000 s). (d) the cor-

responding calibration curve of current response vs glucose 

concentration. (e) Amperometric responses of Pt1/Ni(OH)2/NG 

with the successive addition of 1 mM glucose, 0.1 mM DA, 0.1 

mM Suc, 0.1 mM Fru, 0.1 mM Asp, 0.1 mM Lac, 0.1 mM AA, 0.1 

mM UA, 0.1 mM NaCl and 1 mM glucose at 0.5 V in 0.1 M NaOH. 

(f) Nyquist plots of NG, Ni(OH)2, Ni(OH)2, Pt1/Ni(OH)2/NG. 



      

 

adding of single-atom Pt and high conductivity of NG 
could promote the electrochemical oxidation of Ni(II) to 
Ni(III)OOH, which results in the high electrocatalytic ac-
tivity of Pt1/Ni(OH)2/NG towards glucose with lower oxi-
dation potential and higher current response.40 To further 
study the electrochemical behavior of Pt1/Ni(OH)2/NG, the 
cyclic voltammograms of Pt1/Ni(OH)2/NG modified elec-
trode at various scan rates (10 ~ 100 mV/s) were investi-
gated (Figure 3b). In Figure 3b inset, a good linear rela-
tionship between peak current and the square root of scan 
rates can be observed, suggesting that the redox reaction 
on the electrode is a typical surface diffusion control.41 

On the basis of the high electrocatalytic activity of 
Pt1/Ni(OH)2/NG towards glucose, a SACs sensor based on 
Pt1/Ni(OH)2/NG is developed for amperometric detecting 
of glucose. The amperometric response of Pt1/Ni(OH)2/NG 
modified electrode with the successive addition of glucose 
is conducted at an applied potential of 0.5 V in 0.1 M NaOH 
shown in Figure 3c. The anodic current of Pt1/Ni(OH)2/NG 
increases linearly with glucose concentration over the 
range from 0.01 mM to 2.18 mM with best linearity 
(R2=0.992) and the highest sensitivity (220.75 μA mM-1 cm-

2) compared to Ni(OH)2/NG (R2 of 0.989, 110.47 μA mM-1 
cm-2) and Ni(OH)2 (R2 of 0.980 and the sensitivity of 17.13 
μA mM-1 cm-2) in Figure 3d. In addition, Pt1/Ni(OH)2/NG 
shows a faster response time of ca. 4.6 s than Ni(OH)2/NG 
(ca. 7.1 s) and Ni(OH)2 (ca. 9.3 s) in Figure S10.  

The selectivity of Pt1/Ni(OH)2/NG electrochemical sen-
sor is also important for a sensor. Various inorganic and 
organic substances, such as dopamine (DA), sucrose (Suc), 
fructose (Fru), aspartic acid (Asp), lactose (Lac), ascorbic 

acid (AA), uric acid (UA), NaCl, coexist with glucose in the 
blood, which seriously interferes with the determination of 
glucose.42,43 Figure 3e shows amperometric responses of 
Pt1/Ni(OH)2/NG at 0.50 V in 0.1 M NaOH with successive 
addition of 1 mM glucose and 0.1 mM various interfering 
species. The Pt1/Ni(OH)2/NG shows a remarkable current 
response to glucose with negligible response to these inter-
fering species, and meantime keeps great current response 
in the presence of these interfering species. These results 
demonstrate the excellent selectivity of Pt1/Ni(OH)2/NG 
for glucose sensing. Further, the stability of 
Pt1/Ni(OH)2/NG sensor was also examined. The am-
perometric response towards glucose only decreases by 
2.15% after 28 days (Figure S11), indicating the outstanding 
long-term stability of Pt1/Ni(OH)2/NG sensor. In addition, 
the morphology of Pt1/Ni(OH)2/NG is still kept well with 
hexagon nanoplates of Pt1/Ni(OH)2 without formation of 
Pt nanoparticles, indicating the excellent structural stabil-
ity of the catalyst (Figure S12). It is worth noting that the 
Pt1/Ni(OH)2/NG shows the superior performance com-
pared to most of the reported nanomaterials-based sensors 
in terms of selectivity, sensitivity, and long-term stability 
(Table S2).  

Electrochemical impedance spectroscopy (EIS) is carried 
out to further understand the intrinsic activities of 
Pt1/Ni(OH)2/NG, Ni(OH)2/NG and Ni(OH)2 (Figure 3f). 
The charge transfer resistances (Rct) of Pt1/Ni(OH)2/NG 
(5.9 KΩ) and Ni(OH)2/NG (7.0 KΩ) are much lower than 
that of Ni(OH)2 (37.1 KΩ). This indicates that the improved 
conductivity of Pt1/Ni(OH)2/NG is mainly attributed to the 
adding of highly conductive NG, which can facilitate the 
electron transfer ability of Pt1/Ni(OH)2/NG, and promote 
the electrochemically sensing performance towards glu-
cose.  

To achieve a deeper understanding of the 
electrocatalytic mechanism of Pt1/Ni(OH)2/NG towards 
glucose, density functional theory (DFT) calculations are 
performed. The theoretical models of Ni(OH)2 and 
Pt1/Ni(OH)2 are presented in Figure 4a, the latter of which 
is built by replacing one Ni atom in Ni(OH)2 with a Pt atom 
(Figure 4a-ii). The Bader charge analysis (Figure 4c) 
points out that the Ni atoms surround the Pt single atom 
lose more electrons (1.202) than those in pristine Ni(OH)2 
(1.195), suggesting more positive charge on Ni atoms 
induced by Pt single atom. This result agrees well with the 
XPS analysis, indicating the strong electronic interactions 
between single-atom Pt and Ni(OH)2. The binding 
energies of glucose molecule (ΔEglucose*) on Ni(OH)2 and 
Pt1/Ni(OH)2 surface are also calculated. As shown in 
Figure 4b and 4d, the optimal adsorption site of glucose 
for Ni(OH)2 is on the Ni site with the binding energy of -
0.89 eV, while the most stable adsorption site of glucose 
for Pt1/Ni(OH)2 is on the Pt site with the binding energy of 
-2.02 eV. The much stronger glucose adsorption strength 
on single-atom Pt indicates that the Pt single atoms are the 
active centers to greatly enhance catalytic activity of 
Pt1/Ni(OH)2/NG for glucose oxidation reaction.44,45 

Figure 4. (a) The structural models of Ni(OH)2 (i) and Pt1/Ni(OH)2 

(ii). (b) The optimized structure models of the adopted glucose ad-

sorption sites of Ni(OH)2 (i) and Pt1/Ni(OH)2 (ii and iii). The light 

blue, purple, gray, red and white balls represent Ni, Pt, C, O, and H 

atoms, respectively. (c) The Bader charge analysis. ΔQ = Q (Ni in 

Ni(OH)2 or Pt1/Ni(OH)2) - Q (the number of valence electrons for Ni), 

Q is the calculated Bader electron number of Ni atoms. The negative 

value in ΔQ represents the number of electron loss of the atoms. (d) 

The corresponding binding energies of glucose on Ni(OH)2 and 

Pt1/Ni(OH)2. 
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Besides, the Ni sites surrounding Pt single atom in 
Pt1/Ni(OH)2 also exhibit stronger binding energy of 
glucose (-1.43 eV) than those in pristine Ni(OH)2. 
Combining experimental and DFT calculation results, it 
can be concluded that the Pt single atom not only acts as 
an important active center for adsorption of glucose, but 
also actives the surrounding Ni atoms for enhancing the 
electrochemical non-enzymatic glucose catalysis and 
sensing. Therefore, the high activity of Pt1/Ni(OH)2/NG 
for glucose oxidation can be attributed to the synergistic 
catalytic effect of Pt single atoms, Ni(OH)2 and NG. 

In summary, the Pt1/Ni(OH)2/NG SACs have been 
successfully fabricated. The Pt single atoms anchored on 
the Ni(OH)2/NG and their strong electronic interactions 
with Ni(OH)2 are confirmed by EXAFS, AC-HAADF-STEM 
and XPS. The resulting Pt1/Ni(OH)2/NG shows much 
better performance than Ni(OH)2  towards 
electrochemical non-enzymatic glucose sensing with high 
sensitivity (220.75 μA mM-1 cm-2), outstanding selectivity 
for eight interferences (DA, sucrose, fructose, aspartic acid, 
lactose, AA, UA and NaCl), fast response (ca. 4.6 s) and 
excellent long-term stability (only 2.15% current decrease 
after 28 days). From experimental results and DFT 
calculations, the superior sensing performance of 
Pt1/Ni(OH)2/NG is mainly attributed to the synergistic 
catalytic effect of Pt single aotms and their surrounding Ni 
atoms. Moreover, the highly conductive NG is also greatly 
helpful to improve the sensing performance by enhancing 
the electron transfer ability of Pt1/Ni(OH)2/NG. To the best 
of our knowledge, the Pt1/Ni(OH)2/NG is the first example 
of SACs for constructing electrochemical non-enzymatic 
glucose sensing. This work not only presents a vivid 
example of the cooperative catalytic mechanism between 
the single atoms and the supporters in the catalytic 
process, but also suggests the potential to develop a new 
generation of electrochemical biosensor based on SACs in 
the future. 
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