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Polyoxometalate-like sub-nanometer molybdenum(VI)-oxo 
clusters for sensitive, selective and stable H2O2 sensing
Rongji Liu,*a,b Yuyang Luo,c Yuanhao Zheng,c Guangjin Zhang,b Carsten Streb*a,d

Polyoxometalate-like molybdenum(VI)-oxo clusters ([Mo-oxo]n, n 
= 1-20) deposited on high surface-area carbon are developed as a 
biosensor for non-enzymatic electrochemical H2O2 detection. The 
sensor exhibits excellent electrocatalytic performance with a low 
detection limit, wide linear range, excellent sensitivity and 
stability. The composite can be stably deposited on screen-printed 
electrodes which combine microlitre analyses, long shelf-life and 
re-usability.

Hydrogen peroxide (H2O2) is a well-known oxidant, bleaching 
agent and antiseptic, and is a key compound in pulp- and 
paper-bleaching, bio-medicine, environmental science and 
food industries.1 However, due to its high reactivity, H2O2 
holds potential hazards in technological and biological 
environments. To this end, the design of (bio)sensors which 
quantify H2O2 with high sensitivity, wide detection range and 
good selectivity is a major current research theme. In 
particular the design of enzyme-free electrochemical sensors 
offers significant advantages including low cost, high stability 
and long-term usage.2 
This has led to the use of noble metals including monometallic 
Ag,3,4 Au,5,6 Pt7 and Pd8 based systems as well as bimetallic 
sensors,9,10 which demonstrated high activity for 
electrochemical H2O2 sensing. However, the high costs of 
these metals has led to alternative solutions where metal-free 
conductive carbon based materials,11,12 or transition metal 
oxides and sulphides,13–19 have been used as low-cost H2O2 
(bio)sensors. Despite this progress, there are still unsolved 
challenges relating to stability and selectivity. Thus, urgent 
work is required to translate progress in materials design into 

accessing advanced, technologically relevant H2O2 biosensor 
materials. One main challenge in the field is electrochemical 
sensitivity, i.e. accessing the maximum number of 
electrochemically active sites on a given electrode surface. To 
this end, single atom catalysts, metal clusters and metal oxide 
clusters have recently been studied as promising candidates 
for this task.20–22 However, the development of noble-metal-
free metal or metal oxide clusters for H2O2 biosensors is still 
challenging as many systems lack the sensitivity and long-term 
stability required for technological use. 
One compound class which could offer access to designer 
materials for electrochemical sensors are polyoxometalates 
(POMs). POMs are early transition metal oxo clusters whose 
structure and electrochemistry can be tuned on the molecular 
level. This has led to their use as electrochemical (bio)sensors 
for the quantitative detection of H2O2 and other 
biomolecules.23–27 However, in the bulk, POMs are typically 
insulators, so to make them amenable for electrochemical 
sensing, POMs have to be stably linked to electrically 
conductive substrates.28–30 Major current challenges in POM-
on-electrode deposition are the homogeneous and molecular 
distribution of POMs together with their mechanically and 
chemically stable linkage to prevent leaching under operation. 
In addition, simple deposition routes are urgently required to 
access scalable and technologically relevant composites. 
Herein, for the first time, we demonstrate the use of 
polyoxomolybdate-like sub-nanometer molybdenum(VI)-oxo 
clusters ([Mo-oxo]n, n = 1-20) supported on N, P-doped 
conductive mesoporous carbon as a highly efficient and highly 
stable enzyme-free H2O2 biosensor. Briefly, the composite 
(hereafter: 1) was synthesized in a facile, scalable top-down 
route and has recently been reported by some of us as 
efficient oxygen reduction reaction catalyst (details see ESI).31 
The Mo loading of composite 1 is 10.4 wt% as determined by 
inductively coupled plasma optical emission spectroscopy (ICP-
OES). Here, we prepared biosensor electrodes by loading 1 (0.3 
mg cm-2 based on geometric surface area) onto a glassy carbon 
rotating disk electrode (RDE).
First, we examined the electrochemical response of 1 to 
different concentrations of H2O2. To this end, cyclic 
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voltammetry (CV) was performed using 1 deposited on a RDE 
as working electrode, a platinum foil as counter-electrode and 
saturated calomel electrode (SCE) as reference electrode 
(details see ESI). All studies were performed in aqueous 
solution containing 0.1 M aqueous phosphate buffer solution 
(PBS, pH 7.0) as electrolyte. As shown in Figure 1a, the H2O2-
free electrolyte shows a typical double-layer capacitance 
characteristic. Increasing concentrations of H2O2 ([H2O2] = 0 - 
15 mM) result in increasing cathodic currents as well as a shift 
of the reduction peak potential to more negative values. The 
calibration curve (Fig. 1b) indicates that the peak current at -
0.3 V vs. SCE increases linearly with the H2O2 concentration in 
the range studied. This allowed us to evaluate the use of the 1-
modified RDE as H2O2 biosensor. To this end, we examined the 
chronoamperometric (CA) response of the electrode to H2O2 at 
-0.3 V vs. SCE at 1600 rpm (Fig. 1c,d). Stepwise increase of the 

currents with increasing H2O2 concentration is observed with a 
current response of approx. 2 s. Even at low concentrations of 
50 nM, the current increase is observed with a signal-to-noise 
ratio of ~3.5 (Fig. 1e). The calibration curve shown in Figure 1f 
indicates that the H2O2 sensor based on 1 exhibits a broad 
linear response range (LRR) from 50 μM to 5 mM, with the 
corresponding linear regression equation of I (mA) = -0.09604 
[H2O2] (mM) - 0.00227 (R2=0.99). In the low concentration 
range (from 50 nM to 50 µM), the linear response is observed 
(Figure 1g) with the corresponding linear regression equation 
of I (µA) = - 0.12187 C (µM) − 2.21667 (R2=0.999). Even in the 
very low concentration range (from 50 nM to 250 nM), a linear 
response is observed (inset of Figure 1h) with the 
corresponding linear regression equation of I (µA) = - 
2.77808×10-4 C (nM) − 2.1933 (R2=0.98). 

Fig. 1 Electrochemical study of the H2O2 detection by 1 deposited on a rotating disk electrode (RDE). a) CVs of the 1-modified RDE (0.3 mg/cm2) in 0.1 M aqueous PBS (pH = 7) at 50 
mV s-1; [H2O2] = 0 to 15 mM. b) The corresponding calibration plot based on Fig. 1a, currents determined at -0.3 V vs. SCE. c) Chronoamperometric response of the 1-modified RDE 
upon H2O2 addition (at -0.3 V vs. SCE in 0.1 M aqueous PBS, pH = 7). d) Magnified view of the red rectangular range in c. e) Magnified view of the blue rectangular range in d. f-h) 
The corresponding calibration plots extracted from c, d and e, respectively.

Next, we assessed the sensitivity and lower limit of detection 
(LOD) of the 1-modified electrode as two key parameters of 
electrochemical sensors. For this, the following equations were 
used:32

sensitivity =
𝑘
𝐴 

LOD =
𝑆/𝑁 ∙ 𝜎

𝑘  

where k is the linear regression slope, A is the geometric 
surface area of the working electrode, σ is the standard 
deviation of y-intercept of regression line, S/N is the signal-to-
noise ratio and usually the value is 3. When applied to our test 
electrode, we obtained a sensitivity of 2.2 mA mM-1 cm-2 and a 
LOD of 0.23 µM. The H2O2 detection performance of 1 
compares favourably with literature-known biosensors based 
on noble and non-noble metal/metal oxide clusters,21,22,33–36 
the detailed comparisons are shown in the ESI, Table S1. In 

particular, 1 shows a one of the broadest linear response 
ranges and a one of the lowest LOD, highlighting the viability 
of the proposed sensor composite design in 1. It also compares 
favourably with a related composite based on hierarchically 
porous α-MoO3 and graphene oxide, showing broader LRR, 
higher sensitivity and lower LOD.16 For further comparison, we 
also studied two reference samples, i.e. 2 (nitrogen-doped 
mesoporous carbon (NMC)) and 3 (commercial MoO3 
nanoparticles physically mixed with NMC) as H2O2 sensors, 
experimental details see ESI. As shown in Figure S1, both 
samples showed lower sensing activity with more negative 
peak potential and lower current density than composite 1. 
For many technological applications, e.g. in biological systems, 
the sensor selectivity is another key factor. Particularly, 
sensors should show negligible response to other redox-active 
contaminants which could be present in the analyte matrix. To 
explore this behaviour, we exposed a 1-modified electrode to 
a range of model contaminants, i.e. methanol, ethanol, 
glucose and ascorbic acid (AA). Figure 2 shows the current 
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response of a 1-modified electrode when these contaminants 
as well as H2O2 (50 μM each) were added to an aqueous PBS 
buffer (pH 7).6 We note that the addition of H2O2 to the 
analyte leads to an instantaneous and significant 
amperometric response (~ 3 A). Subsequent addition of 
ethanol, methanol, glucose and AA did not cause apparent 
amperometric changes, we only note a minor current decrease 
upon AA addition. In a sensor application, this could be clearly 
differentiated from the observed response to H2O2. Addition of 
a second aliquot of H2O2 at the final stage results in the 
identical response as observed for the first aliquot (~ 3 A). In 
sum, this proof of concept demonstrates that 1 can act as 
interference-stable and selective (bio)sensor for H2O2.

Fig.2 Selectivity of 1. The contaminants ethanol, methanol, glucose, ascorbic acid (AA) 
and the H2O2 analyte (50 μM each) were added to an aqueous PBS buffer solution (pH 
7), the working electrode was kept at a potential of -0.3 V vs SCE.

Next, we studied the charge transport and analyte diffusion 
behaviour of 1 using the Randles−Sevcik equation (eq. 1) to 
assess the H2O2 diffusion coefficient.37 

 eq. 1𝐼𝑝 = 2.69 × 105 𝑛
3
2𝐴𝐷𝐻2𝑂2

1
2 [𝐻2𝑂2]𝛾

1
2 

where Ip is the peak current, n is the number of electrons 
transferred (here: 2), A is the geometric surface area of the 
electrode (cm2), DH2O2 is the H2O2 diffusion coefficient (cm2 
s−1), [H2O2] is the bulk concentration of the redox probe (mol 
cm−3), and γ is the scan rate (V s−1).

Fig. 3 H2O2 diffusion coefficient determination. a) CVs of the 1-modified RDE electrode 
(loading (1): 0.3 mg/cm2) in 0.1 M aqueous PBS buffer (pH = 7) containing 1 mM H2O2 at 
different scan rates (γ = 50, 80, 100, 150, 200, 250, 300, 400, and 500 mV s-1). b) Plot of 
electrocatalytic anodic (Ipa) and cathodic peak current (Ipc) at 0 V vs γ1/2.

To this end, CVs of the 1-modified electrode at various scan-
rates were recorded in a 0.1 M aqueous PBS (pH = 7) solution 
containing 1 mM H2O2. As shown in Figure 3a, both anodic and 
cathodic currents increase with increasing scan rates, and the 
current at 0 V vs. SCE were proportional to the square root of 

the scan rate (Figure 3b), indicating that the redox reaction of 
H2O2 on the electrode is diffusion-controlled. This allowed us 
to calculate the diffusion coefficient DH2O2 to be 3.4 × 10−4 cm2 

s−1, which is higher than the reported PtNi NWs/rGO electrode 
(3.24 × 10−5 cm2 s−1),38 which could indicate the faster H2O2 
reduction in our molybdenum(VI)-oxo clusters system.
Finally, to demonstrate the technological readiness level and 
scalability of 1-modified electrodes, we fabricated 1-modified 
portable, disposable screen-printed electrodes (SPE, DropSens 
DRP-110 electrodes). The system uses carbon as working 
electrode (diameter = 4 mm, catalyst loading = 0.3 mg cm-2) 
and counter electrode, while silver is used as reference 
electrode (details see ESI). Due to the compact size and 
electrode integration, microfluidic lab-on-a-chip applications 
could be envisaged. 
As proof of principle, we performed CV and CA measurements 
(Figure S2 and S3) using 50 μL of aqueous H2O2 solution ([H2O2] 
= 0 - 100 mM) deposited SPE surface. The electrodes showed 
fast response times (~ 2 s) and high stability for H2O2 sensing. 
Long-term durability and reusability tests demonstrate that 
the identical SPE showed similar sensing performance after 
storage in air for 2 months after the initial test (Figure S4).
In conclusion, we demonstrate the first example of sub-
nanometre Mo-oxo clusters deposited on conductive porous 
carbon as a versatile H2O2 sensor suitable for technological 
deployment, e.g. when deposited on mass-produced screen-
printed electrodes. The sensor shows high stability and 
selectivity, is resistant against many common interfering 
contaminants and can be re-used. The work therefore lays the 
foundation for the development of this new materials class for 
electrochemical sensor development.
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