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Abstract 

Metal-organic frameworks (MOFs) are receiving increased attention as new functional 

nanomaterials for the development of electrochemical sensors. Herein, we develop an 

electrochemical platform for non-enzymatic hydrogen peroxide detection built with a composite 

of two-dimensional cobalt MOF nanosheets and Nafion (2D-Co-MOF@Nafion). The feasibility 

of the 2D-Co-MOF@Nafion composite as active material for high performance hydrogen 

peroxide sensor was investigated by using cyclic voltammetry and chronoamperometry. Its 

voltammetric response reveals an efficient charge transport through the MOF composite, and 

rapid electron exchange between the MOF and the electrode. Notably, these MOF nanosheets 

exhibit enzyme-like activity for the non-common catalytic oxidation of hydrogen peroxide, 

leading to an electrochemical sensor with rapid quantitative detection, outstanding sensitivity, 

selectivity, stability, and durability at the desirable neutral pH. In particular, for a cobalt metal 

loading of 1.2 nanomol, the sensor yields amperometric H2O2 detection with characteristic 

electrocatalytic parameters of 𝑖𝑚𝑎𝑥 = 5.7 mA cm
-2

 and 𝐾𝑀 = 13 mM. Moreover, linear ranges of 

up to either 1 mM or 10 mM are achieved, with sensitivities as high as 570 ± 5 A cm
-2

 mM
-1

 or 

395 ± 10 A cm
-2

 mM
-1

 for the low and high concentration ranges, respectively. The particular 

coordination chemistry of the MOF consisting of a regular arrangement of multiple Co(II) redox 

metal sites connected by appropriate organic ligands can provide inherent enzyme-mimicking 

properties, thereby explaining the higher oxidase-like activity of the present MOF. This work 

raises the new idea of using two-dimensional cobalt-based MOFs as active nanozymes, offering 

exciting opportunities in the design of non-enzymatic electrochemical sensing devices. 
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1. Introduction 

The detection and quantification of H2O2 is important in the fields of clinical diagnostics, 

biotechnology, and industrial manufacture in environmental, food, and industrial analysis, 

because of its involvement as an oxidizing agent in many chemical, biological, pharmaceutical, 

and environmental processes. Its concentrations naturally range from micromolar to tens of 

millimolar.[1] Among other sensing techniques, electrochemical sensors show appealing 

performance in terms of low cost, fast response, ease of operation, and high sensitivity.[2] 

Electrochemical detection of H2O2 is categorized into two types, namely enzymatic and 

nonenzymatic. The use of enzymes, and in particular peroxidases, as electrocatalysts has been 

increasingly studied for the development of enzyme-based electrochemical H2O2 sensors, since 

they offer great benefits in terms of activity and specificity.[1,3,4] However, the use of these 

enzyme-based electrochemical sensors is strongly limited by their poor stability in non-optimal 

operating conditions and their inherent suicide inactivation reactions.[1,5,6] Alternatively, 

nanomaterials with enzyme-like characteristics, called “nanozymes”, are receiving increased 

attention as appealing non-enzymatic electrochemical platforms for sensing application, since 

they can overcome the limitations of enzyme-based electrochemical biosensors.[1,7–10] A wide 

variety of nanostructured materials have proven enzyme-like activity, including carbon, metals 

and metal oxides.[7,8,11–17] In recent years, many works have been devoted to the synthesis of 

nanozymes with promising results for biosensing applications. However, the catalytic activity of 

most nanozymes remain much lower than that of the natural enzymes, so the design and 

development of highly active nanozyme materials is challenging.[17]
 

Metal−organic frameworks (MOFs) are a novel class of porous materials that are emerging in 

the chemical sensing area due to their unique characteristics, such as ultrahigh specific surface 

area, regular porosity, controllable arrangement of isolated active sites and highly tunable 

structures, as well as excellent thermal and chemical stability. Besides, in a typical MOF, the 

enzyme-like catalytic capacity can originate from the added effect of metal redox couples 

binding to organic ligands that act as electron mediators.[13,18–22] These ligands mimic the 
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coordination environment of the metal centers in natural enzymes and catalyze the reduction (or 

oxidation) of substrates in a similar way. However, the research of MOFs as electrochemical 

sensors is still in an early stage and still constitutes a challenge in the bio- and chemical 

detection areas. Indeed, traditional MOFs have interconnected 3D structures that suffer from 

high mass transfer resistance, thereby diminishing the activity of MOF nanozymes.[15] One 

elegant strategy to solve this limitation is the development of related 2D materials, which 

provide more exposed electroactive sites, thus improving the electrical conductivity and 

lowering the diffusion barriers.[15,23–28] So far, few papers have been devoted to the 

fabrication of electrochemical H2O2 sensors based on cobalt MOFs, and most of them use 

oxy(hydroxide) species derived from the original MOF that operate only in the undesirable 

strong alkaline medium.[10,29–33]
 
H2O2 detection in typical bio- and chemical samples is 

carried out at circumneutral pHs, at which these cobalt oxide species are expected to decrease 

their catalytic activity. 

Herein, we develop an electrochemical sensor for the detection of H2O2 at the desirable, but not 

commonly employed, neutral pH, consisting of a two-dimensional cobalt MOF (2D-Co-MOF) 

with a nitrogen coordination environment based on layered double nanosheets, and supported on 

a graphite electrode. It takes advantage of its previously proven superior catalytic activity for 

the water electroxidation reaction.[34] Interestingly, we demonstrate that this 2D-Co-MOF 

exhibits high oxidase-like activity at neutral pH, being able to mediate the catalytic oxidation of 

H2O2, whose novel catalytic properties are ascribed to the particular active metal coordination 

with several nitrogen-metal bonds. Moreover, this metal coordination in the secondary building 

unit of the MOF is preserved in the electrode, which is a differential feature with respect to most 

electrochemical H2O2 sensors based on MOFs, since these sensors operate under strongly 

alkaline conditions where the MOFs undergo a phase transition to form cobalt oxy(hydroxide) 

species. The so-developed electrode was shown to sense H2O2 with high sensitivity and 

selectivity, fast response time, wide linear range, and high stability, thus revealing enzyme-like 
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activity. To the best of our knowledge, this electrocatalytic activity of as-synthesized Co-MOF 

for the electrooxidation of H2O2 is unprecedented. 

2. Materials and methods 

2.1. Synthesis of the Cobalt MOF 

Solvothermal conditions were employed to generate Co-MOF, using [(Co4O4)(OAc)4(py)4][35] 

as building block, following a reported procedure.[34] Briefly, this MOF was synthesized in 

autoclave at 150ºC for 9 days under autogenous pressure and static conditions using 4 

equivalents of 2,2′-bipyridine-4,4′-dicarboxylic acid (bda) and 8 equivalents of trifluoroacetic 

acid per each equivalent of [Co4O4(OAc)4(py)4] which were dissolved in pyridine. Once cooled 

at room temperature, the solution was filtered, and the collected red crystals were washed with 

acetone and dried under vacuum at room temperature. Anal. Calculated for C18H11CoN3O4: C, 

55.119; H, 2.827; N, 10.713; Co, 15.025. Found: C, 55.071; H, 3.052; N, 10.773; Co, 15.051. 

2.2. Apparatus and measurements 

All chemicals were purchased from the Sigma Aldrich Chemical Co. or ABCR and used as 

received. A CUBIX diffractometer from PANalytical equipped with a PANalytical X'Celerator 

detector in a Bragg-Bretano geometry was used to acquire the X-ray diffraction measurements 

according to the powder method. The measurement range was from 2.0º to 40º (2θ) with a step 

of 0.020º (2θ) and Cu Kα was used as X-ray radiation. Scanning electron microscopy of field 

emission (FESEM) images were acquired using an Ultra 55 (Zeiss), operating at 2.0 kV. A 

sample holder with double-sided adhesive tape was used for the preparation of the powder 

samples which were coated with platinum to avoid charging effects. A SPECS spectrometer 

equipped with a Phoibos 150MCD-9 multichannel analyzer using non monochromatic MgKα 

(1253.6 eV) irradiation was used for measuring X-ray photoelectron spectra of the catalysts. 

Spectra were recorded using an analyzer pass energy of 30 eV, an X-ray power of 100W and 

under an operating pressure of 10
-9

 mbar. Peak intensities were calculated after nonlinear 

Shirley-type background subtraction and corrected by the transmission function of the 
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spectrometer. Gaussian-Lorentzian curves were used for peak fitting.  C1s peak (284.5 eV) was 

used for referenced binding energy (BE) values during data processing of the XPS spectra using 

casa XPS software for the treatment. Raman spectra were recorded on a Renishaw in Raman 

Spectrometer (“Refelx”), equipped with a CCD detector with a 785 nm laser excitation. The 

laser power on the sample was between 5 and 50%, and a total of 20 acquisitions were taken for 

each spectrum. 

Electrochemical measurements were performed with an AUTOLAB PGSTAT 30 from Eco 

Chemie B.V. in a conventional three electrodes undivided glass cell, equipped with a gas inlet, 

and thermostated with a water jacket. The counter and reference electrodes were a Pt bar and a 

Ag|AgCl|NaCl sat. electrode, respectively. The rotating disk electrode was operated at 750 rpm. 

with an AMSFRX analytical rotator from Pine Instruments Co. All measurements were carried 

out under an argon atmosphere. Working solutions contained 0.1 M sodium phosphate buffer 

aqueous solution at pH 7. The ohmic drop was compensated using the positive feedback 

compensation implemented in the instrument. 

2.3. Preparation of the Cobalt MOF based Electrochemical Sensor 

The working electrode was a homemade pyrolytic graphite electrode constructed by fitting a rod 

of highly oriented pyrolytic graphite from Mineral Technologies into a PEEK casing, so that it 

exposed the edge of the graphite planes with a circular geometric area of 0.07 cm
2
. Before 

cobalt MOF coating, graphite electrodes were polished with abrasive P2400 sandpaper, and then 

rinsed with Millipore water and dried. To modify the electrode, a suspension of 5 mg mL
-1 

of 

cobalt MOF material in a 1% v/v Nafion solution (5 wt. % in lower aliphatic alcohols and 

15-20% water solution, from Sigma Aldrich, diluted with absolute ethanol) was prepared by 

vigorous stirring with the Vortex for 30 seconds. Then, a ~10 µL of this suspension was drop 

cast onto the graphite electrode and dried at room temperature overnight. The so-prepared 

electrode was activated in aqueous sodium phosphate buffer pH 7, by applying a potential of 

0.95 V vs. Ag|AgCl|NaCl sat. for 60 minutes.[34]
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3. Results and discussion 

3. 1.  Structural characterization of the Co-MOF@Nafion Composite  

The secondary building unit of the cobalt MOF was previously characterized by single crystal 

X-ray diffraction,[34] revealing that the Co
2+ 

atoms lie in a distorted octahedral environment 

and are six-coordinated by three oxygen atoms from three different bda
2– 

ligands, two nitrogen 

atoms of one bda
2– 

ligand, different from the three which are coordinated to the cobalt by the 

carboxylic group, and to a nitrogen atom from a pyridine ligand (Figure 1a). This material 

extends into two spatial directions, forming a layered material consisting of nanosheets of two 

single layers with an interplanar distance of 3.491Å (Figure S1), which are further packed into 

three-dimensional supramolecular structures. 

The Co-MOF was crosslinked with Nafion forming a composite material as the building block 

for the electrochemical sensor. This composite was characterized by Powder X-Ray Diffraction 

(PXRD), Raman spectroscopy, Field Emission Scanning Electron Microscopy (FESEM), 

Energy-dispersive X-ray spectroscopy (EDX) and X-ray photoelectron spectroscopy (XPS). The 

obtained results were compared with the reported ones for the original bare Co-MOF.
25

 First, 

the PXRD spectrum of Co-MOF within the composite (Figure 1b) showed that the π-stacked 

Co-MOF preserve its structure, but adopts a preferential [100] orientation in the composite, 

where the crystals of the MOF interact in a planar way with the Nafion. The preservation of the 

cobalt MOF structure was also confirmed by Raman spectroscopy (Figure 1c), where it can be 

observed the Raman bands associated with the axially coordinated pyridine ligands (768, 1010, 

and 1283 cm
−1

), the bands associated with the bipyridine (774, 1022 and 1278 cm
−1

) and the 

ones associated with the carboxylic groups (1289, 1426, 1546 and 1615 cm
−1

), indicating that 

the cobalt centers preserve their coordination after the formation of the composite with Nafion. 
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On the other hand, FESEM images and EDX analysis (Figure 1d) clearly show that cobalt 

centers are homogeneously distributed in the composite, thus ruling out metal aggregation. 

 

 

Figure 1. Structural characterization of the Co-MOF@Nafion composite: (a) single-crystal X-ray 

diffraction structure of the secondary building unit, (b) PXRD spectrum, (c) Raman spectrum, (d) FESEM 

image and EDX analysis, and XPS spectra of Co 2p line (e), O 1s line (f) and N1s line (g). 

 

Finally, the electronic structure of this material was also analyzed by XPS (Figures 1e-g) to 

elucidate the nature of the coordination environment. The survey spectrum shows the presence 

of cobalt, oxygen, carbon, nitrogen, fluorine and sulfur. The analysis of XPS spectra of 2p 

transition metals is not a straightforward process,[37] for these 3d transition elements. The 

binding energy (Eb), which is typically used in XPS to determine the oxidation number of a 

chemical element, is considered as an informative value.[37] According to theoretical 

calculations,[38] the Co 2p1/2−Co 2p3/2 spin−orbit splitting increases when the number of the 

unpaired 3d electrons is increased, being closer to 16 eV for high-spin Co(II) and to 15 eV for 
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Co(III). For the current Co-MOF@Nafion composite, Eb(Co 2p3/2), Eb(Co 2p1/2) and ΔE1 values 

are 780.7, 796.4 and 15.7 eV, respectively (Figure 1f). Furthermore, intense satellite peaks 

(Σsat/ICo2p > 1.6) have been observed for the Co 2p3/2 spectra. Both Σsat/ICo2p and ΔE1 values 

are characteristic of the high spin cobalt(II) compounds,[39–42] indicating that the cobalt 

centers maintain the same Co(II) oxidation state in the composite. 

Interestingly, as evidenced by comparing the Raman spectra of the pristine Co-MOF before and 

after water treatment (Figure S2),[34] Co-MOF in the composite instantaneously delaminates in 

contact with an aqueous solution, triggered by the replacement of the axial pyridine ligands by 

water molecules, producing individual double nanosheets of the MOF (2D-Co-MOF). This 

depillarization process, involving the mentioned pyridine-water ligand exchange, opens metal 

sites in the MOF that are adequate for carrying catalytic reactions and, more importantly, the 

2D-Co-MOF maintains its structural features. 

3. 2. Electrochemical Performance of 2D-Co-MOF@Nafion/PG electrodes for H2O2 Detection 

Voltammetric Response. First, the electrocatalytic activity of the 2D-Co-MOF@Nafion 

nanocomposite was evaluated by cyclic voltammetry in a 0.1 M sodium phosphate buffer (SPB) 

solution at pH 7 and 25 ºC (Figure 2). In the absence of hydrogen peroxide (black line in Figure 

2), the voltametric response of the 2D-Co-MOF@Nafion-modified electrode consists of a 

quasi-reversible voltammetric wave with a midpoint potential of 0.80 ± 0.01 V (vs. 

Ag|AgCl|NaCl sat.), that can be attributed to the Co(II)/Co(III) redox conversion. Besides, the 

midpoint potential becomes systematically more positive (by ~100 mV) upon increasing the 

scan rate, reflecting differences in the MOF environment across the film (Figures S3 in SI). 

Information on electron transfer kinetics can be obtained from the dependence of the 

voltammetric peak potential separation (ΔEp) on the potential scan rate (see Figures S3 in SI). 

The independence of ΔEp on the scan rate at low scan rates agrees with the expected behavior 

for a fast charge transport across a multilayer.[43,44] However, at high scan rates, the redox 

conversion approaches the linear ΔEp vs. ln v behavior expected for a kinetically controlled 
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electron transfer of a homogeneous redox thin layer, which can be attributed to the electron 

exchange of the adjacent catalyst close to the electrode surface. A value of the apparent 

heterogeneous electron transfer rate constant 𝑘𝑠
𝑎𝑝𝑝

 of 7.5 s
-1

 was determined from the Butler-

Volmer formalism. 

 

 

Figure 2. (a) Cyclic voltammograms recorded at 0.01 V s
-1

 after successive additions of hydrogen 

peroxide to the cell solution and (b) its corresponding calibration plot at 0.90 V of a pyrolytic graphite 

electrode coated with 2D-Co-MOF@Nafion composite. Other experimental conditions, 0.1 M SPB pH 

7.0 and 25 ºC. 

 

Furthermore, integration of the area under the anodic voltammetric peak recorded at low 

potential scan rates provides the amount of electroactive cobalt centers (~ 1.1 ± 0.3·10
-9

 mol), 

whose magnitude indicates that a large population of cobalt centers is in effective electrical 

contact with the electrode and, likewise, reveals an effective charge transport across the 
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composite. Indeed, it has previously been proven that the laminar morphology of the MOF in 

the composite provides outstanding ionic migration and electron transfer across the film.[34] 

Additionally, the obtained electrochemical impedance spectra (Figure S4) measured at 0.92 V 

with an AC perturbation of 5 mV in the frequency range between 100 kHz and 0.1 Hz for the 

modified electrode is consistent with the expected responses for the redox conversion of a 3D 

film controlled by the electron diffusion across the film, under conditions where both the ionic 

migration and the electron exchange between the electrode and the nearby redox centers are 

fast. 

Notably, upon addition of hydrogen peroxide, the 2D-Co-MOF@Nafion-based electrode 

produces well developed peak-shaped electrocatalytic waves (Figure 2), characteristic of 

substrate diffusion control, thereby consistent with a highly efficient electron transport across 

the MOF film. Redox mediation of the catalytic H2O2 oxidation by the 2D-Co-MOF has been 

further corroborated by comparing the voltammetric responses of the 2D-Co-MOF@Nafion 

electrode and the solely Nafion-based electrode in the presence of hydrogen peroxide (Figure 

S5).  

The corresponding calibration plot, obtained from the voltammetric currents at 0.90 V after 

successive additions of hydrogen peroxide to the cell solution, closely matches the typical 

saturation curve for a Michaelis–Menten reaction scheme. This is characterized by an initial 

linear dependence of the catalytic current with the hydrogen peroxide concentration and tends to 

a limiting value for a sufficiently high substrate concentration. Interestingly, the sensor exhibits 

a very wide linear range, which is consistent with a large number of catalytic metal centers in 

the composite. Moreover, these results reveal an efficient electrocatalytic activity of the 

2D-Co-MOF to mediate the hydrogen peroxide oxidation through the redox conversion of the 

metal nodes. To the best of our knowledge, this catalytic “oxidase” activity of a cobalt-based 

MOF is unprecedented, and can be explained by the particular coordination chemistry of the 

MOF consisting of a regular arrangement of multiple Co(II) redox metal sites connected by 

appropriate organic ligands, which mimics to some extent the redox cofactor environment of the 
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enzymes. In addition, the electrochemical stability of the sensor has been assessed by recording 

five consecutives cyclic voltammograms in the absence or in the presence of 1mM hydrogen 

peroxide (Figure S6). It can be observed that, in both cases, the voltammetric response remains 

unchanged, thus proving a good scanning stability of the modified electrode. 

Amperometric Response. To investigate the feasibility of the 2D-Co-MOF@Nafion-based 

electrode as practical hydrogen peroxide amperometric sensors, chronoamperometric 

measurements were performed at an applied potential of 0.9 V. The current response was 

recorded during successive additions of hydrogen peroxide to the cell solution every 100 s at a 

rotation speed of 750 rpm. A typical chronoamperogram is depicted in Figure 3a. It reveals that 

the current quickly reaches a steady state value after each addition, and it increases with the 

hydrogen peroxide concentration in a wide range.  
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Figure 3. (a) Chronoamperometric curve recorded at 0.90 V and 750 rpm after successive additions of 

hydrogen peroxide to the cell solution, within the hydrogen peroxide concentration range of 0-12 mM, of 

a pyrolytic graphite electrode coated with 2D-Co-MOF@Nafion composite with 1.20·10
-9

 mol of 

electroactive cobalt centers. (b) The dependence of the electrocatalytic current on hydrogen peroxide 

concentration of a pyrolytic graphite electrode coated with 2D-Co-MOF@Nafion composite with 

different amount of electroactive cobalt centers. Open symbols are experimental values, and lines are 

theoretical fits computed from eq. 1 with the parameter values collected in the SI. Other experimental 

conditions, 0.1 M SPB pH 7.0 and 25 ºC. 

 

Moreover, chronoamperometric experiments varying the MOF surface coverage on the 

electrode were performed, and their calibration plots are illustrated in Figure 3b. It turns out that 

both the linear response range and the limiting current increase with the amount of electroactive 

cobalt centers in the MOF, reflecting that the cobalt loading has a strong effect on the sensing 

operational parameters of the electrochemical sensor. We have found that this behavior can be 

reproduced by using the Michaelis-Menten equation: 

𝑖𝑐𝑎𝑡 =
𝑖𝑚𝑎𝑥  c𝐻2𝑂2

𝐾𝑀 + c𝐻2𝑂2

                                                                       (1) 

where 𝐾𝑀 is the Michaelis constant and 𝑖𝑚𝑎𝑥 is the maximum electrocatalytic current for the 

hydrogen peroxide oxidation. Satisfactory fits were obtained by using the characteristic 

parameters derived from the double-reciprocal plots of the normalized catalytic current vs. 

hydrogen peroxide concentration for each cobalt loading (Figure S7). The intercepts and slopes 

provide the 𝑖𝑚𝑎𝑥 and 𝐾𝑀/𝑖𝑚𝑎𝑥 values (Table S1), respectively. 

Moreover, the dependence of the electrocatalytic current, normalized by the amount of 

electroactive cobalt centers, on the hydrogen peroxide concentration is shown in Figure 4. The 

corresponding calibration curve (steady-state catalytic current vs. H2O2 concentration) is 

characterized by an excellent linearity in the wide range of 5 μM-10 mM with a coefficient 

determination of r
2
 = 0.997. The sensitivity of the sensor estimated from the slope of the 

calibration curve was 0.501 ± 0.003 A cm
-2

 mM
-1

 µmol
-1 

of electroactive cobalt centers. For an 

improved sensitivity, the calibration curve can be fitted in two similar linear regions (amplified 

in Figure 4). Thus, in the hydrogen peroxide concentration range from 5 μM to 1 mM, the 
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obtained linear regression equation was y = 0.684 x + 0.00984 (with r
2
 = 0.996), whereas in the 

hydrogen peroxide concentration range of 1 mM to 10 mM the linear regression equation was 

y = 0.474 x + 0.290 (with r
2
 = 0.998). It should be noted that the small error associated with the 

estimation of the sensitivity normalized to the amount of electroactive cobalt for eight different 

electrodes, clearly reflects a very good reproducibility of the current MOF-based 

electrochemical sensor. 

 

 

 

Figure 4. (a) The dependence of the electrocatalytic current normalized by the amount of electroactive 

cobalt centers on hydrogen peroxide concentration of a pyrolytic graphite electrode coated with 

2D-Co-MOF@Nafion composite. Inset plots shows a close look with the hydrogen peroxide 

concentration from 0 mM to 1 mM (bottom) and from 1 mM to 10 mM (top). Solid lines are the best 

linear least-square fits to the data. Other experimental conditions: 0.1 M SPB, pH 7.0, 25 ºC and electrode 

rotation rate 750 rpm. 

 

In addition, given that the maximum surface coverage of electroactive cobalt centers reached in 

this work was 1.2 nmol, the corresponding sensitivities were as high as 570 ± 5 A cm
-2

 mM
-1

 

and 395 ± 10 A cm
-2

 mM
-1

 for the low and high concentration ranges, respectively. Comparison 

of the operating parameters of the so-fabricated hydrogen peroxide sensor with those previously 

reported for electrochemical sensors based on genuine or derived cobalt MOF materials reveals 

superior sensing performance (see Table S3). 
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The selectivity of this sensor was assessed by measuring the influence of some easily oxidizable 

compounds present in the physiological and environmental samples on the electrocatalytic 

current of H2O2. In particular, we monitored the steady state electrocatalytic current after 

successive addition of 0.5 mM glucose, ascorbic acid (AA), oxalic acid (OA) and uric acid (UA) 

to a solution containing 1 mM H2O2 (Figure 5a). As can be observed the current remained 

unchanged after addition of all these species, revealing a good selectivity of the MOF even in 

the presence of common interferences, likely induced by the selective interaction between the 

substrate and the cobalt center. The latter is consistent with a Co-H2O2 binding equilibrium as 

an intermediate step in the catalytic mechanism. 

 

 

Figure 5. (a) Chronoamperometric curve recorded at 0.90 V for a pyrolytic graphite electrode coated with 

2D-Co-MOF@Nafion composite after the indicated additions of hydrogen peroxide, glucose, oxalic acid 

(OA), uric acid (UA) and ascorbic acid (AA) to the cell solution. (b) Calibrations curves for three 

successive chronoamperometric experiments using the same 2D-Co-MOF@Nafion-modified electrode. 

Other experimental conditions: 0.1 M SPB, pH 7.0, 25 ºC and electrode rotation rate 750 rpm. 
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The repeatability of the sensor was also assessed by measuring three successive calibration 

curves for H2O2 with the same electrode (Figure 5b). Their similarity reveals a good reusability 

of the sensor (Figure 5b). 

Furthermore, the effect of the applied potential on the Co-MOF-mediated hydrogen peroxide 

electrocatalytic oxidation was also assessed to elucidate the rate determinant step of the overall 

electrocatalytic reaction. Figures 6a and 6b depict the chronoamperograms recorded as a 

function of both the applied potential and substrate concentration and their corresponding 

calibration plots at pH 7.0, respectively. It can be seen that the catalytic current increases with 

both the applied potential and the hydrogen peroxide concentration until it reaches a saturation 

limit at sufficiently positive potentials. Accordingly, the corresponding calibration plots 

(electrocatalytic current normalized by the electrode surface area and the amount of cobalt 

active sites versus hydrogen peroxide concentration) at different applied potentials show a 

biphasic behavior, which can be reproduced quantitatively with eq 1 and the 𝑖𝑚𝑎𝑥 and 𝐾𝑀 

values determined from the corresponding double-reciprocal plots (Figure S8 and Table S2). In 

the relatively low hydrogen peroxide concentration range (< 1 mM), the catalytic oxidation rate 

depends linearly on the hydrogen peroxide concentration but is nearly potential insensitive. This 

behavior is consistent with an overall catalytic reaction limited by the chemical step involving 

the substrate, likely the formation of the Michaelis-Menten intermediate complex. In the 

relatively high hydrogen peroxide concentration range (> 1 mM), the catalytic current tends to 

the saturation limit, which strongly depends on the applied potential. This behavior agrees with 

a preceding electrochemical limiting step, where the overall electrocatalytic current is 

determined by the number of active Co(III) centers, which in turn are modulated by the applied 

potential (reaction 1). For applied potentials higher than 0.98 V, the calibration plots are 

virtually the same, indicating that the electrocatalytic rate for hydrogen peroxide oxidation is 

limited by the proper catalytic reaction (reactions 2-7). 
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Figure 6. (a) Chronoamperometric curve recorded within the potential range of 0.82 - 1.00 V and 

potential within the hydrogen peroxide concentrations range of 0.08 – 4.5 mM. (b) Their corresponding 

calibration plots of the normalized electrocatalytic currents as a function of the hydrogen peroxide 

concentration as a function of applied potential. Open symbols are experimental values, and lines are 

theoretical fits computed from eq. 1 with the parameter values collected in the SI. Other experimental 

conditions: 0.1 M SPB, pH 7.0, 25 ºC and electrode rotation rate 750 rpm. 

 

Based on these results, two plausible mechanisms for the electrocatalytic oxidation of hydrogen 

peroxide mediated by the electrogenerated Co(III) is proposed. The first step involves the 

electrochemical oxidation of Co(II) MOF to form the catalytically active Co(III) redox state 

(reaction 1).  
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        𝐶𝑜2+                ⟶          𝐶𝑜3+ + 𝑒− (𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒)                                  (1) 

From a mechanistic point of view, the saturation of the electrocatalytic current at sufficiently 

high H2O2 concentrations suggests the formation of an adduct between the electrogenerated 

Co(III) centers and the hydrogen peroxide molecule (reaction 2): 

𝐶𝑜3+ + 𝐻2𝑂2   ⇄    𝐶𝑜3+ · 𝑂2𝐻2                                                               (2) 

Then, oxidation of the bound H2O2 would involve a subsequent heterogeneous electron transfer 

(reaction 3): 

𝐶𝑜3+ · 𝑂2𝐻2    ⟶    𝐶𝑜2+ + 𝑂2 + 2𝐻+  + 𝑒−(𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒)                (3) 

or the alternative homogeneous pathway assisted by the generation of reactive oxygen species 

(reaction 5-8) [45]: 

𝐶𝑜3+ · 𝑂2𝐻2   ⟶    𝐶𝑜2+ + 𝑂2
•− + 2𝐻+                                                  (4) 

𝐶𝑜3+ · 𝑂2𝐻2   ⟶    𝐶𝑜2+ + 𝐻𝑂2
• + 𝐻+                                                 (5) 

𝐻𝑂2
•   ⟶    𝑂2

•− + 𝐻+                                                                    (6) 

𝐶𝑜3+ + 𝑂2
•−   ⟶    𝐶𝑜2+ + 𝑂2                                                                  (7) 

𝐶𝑜3+ · 𝑂2𝐻2 + 𝑂2
•−     ⟶    𝐶𝑜2+ + 𝑂2  + 𝐻2𝑂2                                                  (8) 

It should be noted that evidence for the formation of a Co
3+

·O2H2 adduct has recently been 

reported by Lehene et al for the nitrogen-coordinated cobalt-containing cobalamin.[46] 

Furthermore, Nichols et al. have proposed an intermediate Co(III)-hydroperoxide species in the 

electrocatalytic oxygen reduction mediated by a bipyridine-based Co(III)(N2O2) complex.[47]  

The structural stability of the 2D-CoMOF in the presence of hydrogen peroxide was further 

assessed by ex-situ structural characterization of the cobalt MOF composite after exhaustive 

electrooxidation of hydrogen peroxide in an aqueous solution containing 5 mM of hydrogen 

peroxide. The corresponding PXRD, Raman and XPS spectra (Figure S9) reveal that the 2D-

Co-MOF@Nafion composite maintains its structure, the coordination sphere, and electronic 

structure, reflecting the high robustness of the as-synthesized MOF. 

Finally, the practical applicability of 2D-Co-MOF@Nafion based electrode was tested with 

commercial lens cleaning solutions spiked with 0.1M H2O2, and with a commercial disinfectant 

sample (6% wt and diluted with buffer to a final concentration of 0.1M H2O2). The 
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amperometric i–t response was recorded by injecting the standard and real samples in the 

solution cell, each addition corresponding to an increase of the H2O2 concentration of 500 μM 

(Figure S10). The practical analytical parameters are collected in Table S4. It was found that the 

sensor exhibits average recoveries of 97% and 103%, and RDS of 3.2% and 6.1% for the 

disinfectant and lens solutions, respectively, reflecting the potential applicability and high 

accuracy of this MOF-based electrode for the detection of H2O2.  

 Conclusions 

In summary, a novel electrochemical platform based on cobalt MOF nanosheets deposited onto 

a graphite electrode has been developed for hydrogen peroxide sensing. This electrochemical 

sensor operates through the electrocatalytic oxidation of H2O2 mediated by the cobalt centers of 

the MOF. The dependence of the electrocatalytic current on the hydrogen peroxide 

concentration follows a Michaelis-Menten pattern, which reveals an unprecedented catalytic 

“oxidase” activity of the current MOF. This can be tentatively ascribed to the particular 

coordination chemistry of the cobalt centers in the MOF, where they are linked to oxygen- and 

nitrogen-containing organic ligands, similar to those found in the enzyme prosthetic groups. The 

fast electron transport across the film is exploited to improve the electrocatalytic activity of the 

sensor by increasing the population of cobalt centers. An in-depth structural characterization of 

the Co-MOF, before and after extensive hydrogen peroxide electrooxidation, reveals its high 

structural stability. Thus, this material satisfies two requirements for its use as a building block 

in H2O2 sensing, namely an efficient and stable electrocatalytic activity. 

Overall, this work shows that Co-MOF nanosheets are a promising material for application in 

electroanalysis, because of the large number of cobalt centers arranged periodically in the space 

that undergo fast redox conversion with good accessibility to the electrolyte solvent. 
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1. Representation of the Double-Nanosheet Layer of the Cobalt MOF 

 

 

Figure S1. Representation of the calculated plane for each layer of the Co-MOF and measured distance 

between the 2 layer core. 
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2. Effect of water treatment on the Raman spectrum of the cobalt MOF 

 

 

Figure S2. Raman spectra of the Co-MOF before (black) and after treatment with H2O for 5 minutes 

giving rise to 2D-Co-MOF (red).  

 

In the presence of water (red spectrum), the loss of the Raman bands associated with the axially 

coordinated pyridine ligands (768, 1010 and 1283 cm
-1

) is evidenced, and the insensitivity of the 

bands associated with the bipyridine (774, 1022 and 1278 cm
-1

) and carboxylic groups (1289, 

1426, 1546 and 1615 cm
-1

) indicates that the cobalt centers preserve their coordination to the 

bda and carboxylic ligands after treatment with water. 

 

 

 

 

 

 

 

 

 

 

 

3. The effect of the potential scan rate on the voltammteric response of the 

2D-Co-MOF@Nafion/PG electrode  
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Figure S3. (a) and (b) Cyclic voltammograms of a pyrolytic graphite electrode modified with 

2D-Co-MOF@Nafion recorded at various potential scan rates in an aqueous solution containing 

0.1 M sodium phosphate buffer pH 7 at 25 ºC. (c) Midpoint potentials and (d) peak potential 

separation as a function of the potential scan rate. Solid line in Figure S3(d) is the theoretical fit 

computed from the Butler Volmer formalism with a 𝑘𝑠
𝑎𝑝

 value of ~1.5 s
-1

. 
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4. Electrochemical Impedance  Spectroscopy of the 2D-Co-MOF@Nafion/PG electrode  

 

 

 

Figure S4. Nyquist and Bode plots recorded at 0.92V with a pyrolytic graphite electrode modified with 

the 2D-Co-MOF@Nafion composite in a solution containing 0.1 M SPB at pH 7 and 25 ºC. 

 

 

The figure below shows the corresponding Nyquist and Bode plots. At the high-frequency 

limit, the Nyquist plot is characterized by a low Z’ value, which reveals an efficient ionic 

migration rate across the MOF, and by a negligible depressed semicircle, which reveals a low 

charge-transfer resistance. Moreover, at the low-frequency range, the plot is characterized by a 

straight line with a slope of ~ 3.5, which is typical of a finite diffusion-controlled electron 

transfer. On the other hand, in the low frequency range, the Bode plot is characterized by a 

phase angle greater than 45 ºC and a linear decrease of |Z| with the frequency; whereas in the 

high frequency range, the phase angle approaches to zero and |Z| is slightly affected by the 

frequency; both features being indicative of a resistive behavior. Overall, these are the expected 

responses for the redox conversion of a 3D film controlled by the electron diffusion across the 

film, under conditions where both the ionic migration and the electron exchange between the 

electrode and the nearby redox centers are fast. 
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5. Quantification of the electrocatalytic current from the voltammetric response of the 

2D-Co-MOF@Nafion/PG electrode 

 

 

Figure S5. Illustration of the procedure used to quantify the electrocatalytic response of the 

2D-Co-MOF@Nafion composite. (Left panel) Cyclic voltammograms recorded at 0.01 V s
-1

 of a 

pyrolytic graphite electrode coated with 2D-Co-MOF@Nafion composite in the absence (black line) or in 

the presence of a 4 mM hydrogen peroxide solution (grey line). Green line is the corresponding cyclic 

voltammogram of a pyrolytic graphite electrode coated only with Nafion recorded in the 4 mM hydrogen 

peroxide solution. (Right panel) The corresponding voltammogram obtained by subtracting the 

voltammograms recorded in the 4 mM hydrogen peroxide solution with the 2D-Co-MOF@Nafion-

modified electrode and the electrode modified only with Nafion (for clarity, only anodic scan is shown). 

 

 

 

 

 

 

 

 

 

 

 

 

 

6. Electrochemical Scanning Stability of the 2D-Co-MOF@Nafion/PG electrode 
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Figure S6. Five consecutives cyclic voltammograms recorded at 0.01 V s
-1

 of a pyrolytic graphite 

electrode coated with 2D-Co-MOF@Nafion composite in the presence of 0 mM (left panel) or 1mM 

(right panel) hydrogen peroxide concentration.Other experimental conditions, 0.1 M SPB pH 7.0 and 25 

ºC. 
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7. Quantification of the Michaelis-Menten catalytic parameters for the electrocatalytic 

oxidation of hydrogen peroxide  

 

 

Figure S7. Double-reciprocal plots of the normalized catalytic current vs. hydrogen peroxide 

concentration depicted from the data of Figure 3b. 

 

 

Table S1. Effect of Cobalt loading on the Michaelis-Menten catalytic parameters for the electrocatalytic 

oxidation of hydrogen peroxide 

Cobalt loading /nmol imax/µA KM/mM 

0.58 67 4 

0.73 125 6 

0.94 270 13 

1.20 400 13 
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Figure S8. (a) Double-reciprocal plots of the normalized catalytic current vs. hydrogen peroxide 

concentration depicted from the data Figure 6. 

 

 

Table S2. Effect of applied potential on the Michaelis-Menten catalytic parameters for the 

electrocatalytic oxidation of hydrogen peroxide. 

Applied Potential /V (imax/FAГCo) / s
-1

 KM/mM 

0.82 1.3 2.8 

0.84 2.2 4.8 

0.86 3.1 7.0 

0.88 3.6 7.8 

0.90 4.2 9.1 

0.92 4.5 9.7 

0.94 4.7 10.0 

0.96 4.9 10.3 

0.98 5.1 10.7 

1.00 5.1 10.7 
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8. Characterization of 2D-Co-MOF@Nafion composite after successive addition of 

hydrogen peroxide 

 

 

Figure S9. Characterization of 2D-Co-MOF@Nafion composite before (top) and after successive 

addition of hydrogen peroxide (bottom) by powder X-ray diffraction (a), Raman spectroscopy (b) and X-

ray photoelectron spectroscopy of Co 2p line (c), O 1s line (d) and N 1s line (e). 

 

 

 

 

 

 

 

 

 

 

 

 

Table S3. Comparison of the operational parameters of Co-MOF-based electrochemical sensors for 

hydrogen peroxide detection. 
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Electrode Solution Reaction 
Linear Range  

(mM) 

Sensitivity 

 (µA cm
-2 

mM) 

LOD 

(µM) 
Ref. 

2D-CoMOF 
0.1 M SPB, 

pH = 7.0 
oxidation 

0.005-1 

1-12 

570 

395 
38.1 

This 

work 

Co/DOBDC 
0.1 M SPB,  

pH = 7.2 
reduction 0.001–0.8 - 0.5 [1] 

Co-NP@MOF-

808 

0.05 M SPB,  

pH = 7.3 
oxidation 0.01-0.45 382.27 1.3 [2] 

MOF Derived       

NCST-1 0.1 M NaOH reduction 0.005–18 52.55 6.86 [3] 

Co-MOF 0.1 M NaOH reduction 0.005–9 83.10 3.76 [4] 

Co-MOF 0.1 M KOH oxidation 0.0005–0.832 551 0.69 [5] 
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9. Amperometric Hydrogen Peroxide Detection in Real Samples 

 

 

Figure S10. Chronoamperometric curve for the Co-MOF@Nafion-modified pyrolytic graphite electrode 

recorded at 0.90 V and 750 rpm after successive additions of the indicated samples (with 0.1M H2O2) to 

the initial cell solution containing 1 mM H2O2, 0.1 M SPB at pH 7, so that each addition corresponds to 

an increase of the H2O2 concentration in the cell of 500 µM. 

 

 

Table S4. Comparison of the operational parameters of Co-MOF-based electrochemical sensors for 

hydrogen peroxide detection in real samples. 

 

aRelative standard deviation estimated from three separated samples. 

  

Solution Added (µM) Found (µM) Recovery (%) RSD (%)
a 

Disinfectant 500 484 97 3.2 

Lens Cleaning 500 516 103 6.1 
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