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1. Experimental Details

1.1 Materials

Benzenehexathiol (BHT) was purchased from BLD Pharmatech, Ltd. and the other 

chemicals were obtained from Sigma-Aldrich. All of them were used without purification.

1.2 Synthesis of Metal-BHT Films

The thin film of Cu-BHT was prepared by a liquid–liquid interfacial self-assembly method. 

Self-assembly occurred at the interface between the aqueous Cu2+ solution and C6H5Cl solvent 

containing BHT. 15 mL of chlorobenzene containing BHT (0.1 mM) was added to an 80 mL 

beaker and HCl (10 mL) was added slowly to form an oil–water interface. Afterwards, 5 mL of 

an aqueous solution containing Cu(NO3)2·3H2O (0.3 mм) was introduced slowly to HCl using 

a syringe to produce pH values of 2, 1, and 0 in the aqueous phase. The pH value was controlled 

to ≤ 2 to obtain complete large-area thin films. The reaction proceeded unperturbed for 1 h 

under ambient conditions and a light grey transparent thin film was formed at the water/organic 

interface visible to the naked eyes. Two transfer processes based on the Langmuir–Schaefer 

transfer method were carried out to obtain the upside-upward and downside-upward films on 

different substrates. To get the upside-upward film, the substrate was pre-settled at the bottom 

of the beaker before adding the liquids. After the formation of the Cu-BHT film, the substrate 

was lifted vertically through the interface and the thin film was then deposited onto the substrate, 

as shown in Figure S1a. The downside-upward film was obtained by slowly immersing the 

substrate to approach the Cu-BHT film at the interface. The Cu-BHT film adsorbed 

spontaneously onto the substrate upon contact as shown in Figure S1b.
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Figure S1. Schematic diagram illustrating the transfer methods to obtain a) Upside-upward film 

and b) Downside-upward film on the substrate.

The thin films of Ag-BHT and Ni-BHT were prepared by a similar process and AgNO3 

and Ni(NO3)2·6H2O were used in the synthesis of Ag-BHT and Ni-BHT, respectively. NaCl 

was added to the aqueous solution phase (0.05 mм) to provide counter cations and maintain the 

charge balance of the porous structure of Ni3BHT. The reactions for Ni-BHT and Ag-BHT 

proceeded for 3 h and 1 h, respectively. All the obtained metal-BHT thin films were carefully 

washed with deionized water for three times and then dried under ambient conditions.

1.3 Design and Fabrication of the Screen-Printed Sensor

The practical portable sensor (dimension: 4 × 1.0 × 0.05 cm) was fabricated by screen 

printing of a flexible PET substrate. The circuit was designed by AutoCAD as shown in Figure 

S2. The PET substrate was cleaned ultrasonically and successively with acetone, ethanol, and 

ultrapure water for 5 minutes. A three-electrode pattern was printed by successive deposition 

of different commercial inks. The Ag/AgCl conductive ink was printed on the PET substrate to 
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obtain the reference electrode and connecting pads, and conductive carbon ink was deposited 

onto PET to produce the working and counter electrodes. The printed layers were cured at 70 °C 

for 10 min after each printing step. The working electrode had a circular shape with a diameter 

of 3 mm. The Cu-BHT film was transferred to cover the screen-printed substrate by the 

Langmuir–Schaefer method. The photoresist made of LOR3A and S1813 was coated onto the 

working electrode before oxygen plasma etching. The excess Cu-BHT was etched to leave a 

circular Cu-BHT film covering the working electrode only. During the measurement, 50 µL of 

the solution was dropped onto the screen-printed sensor to ensure good coverage of the three-

electrode configuration. In real-time sensing, the integrated circuit was customized for signal 

transduction, processing, and data transmission. A transimpedance amplifier was employed to 

enlarge the response current and a low-pass filler was used to filter ambient noise. Finally, the 

signal was transmitted from the PC to multiple mobile terminals by Bluetooth. The portable 

sensor head could also be immersed into the solution to monitor H2O2 continuously.

Figure S2. Schematic diagram showing the fabrication flow of the portable sensor (WE: 

Working electrode, CE: Counter electrode, and RE: Reference electrode).
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1.4 Electrochemical Sensing

The electrochemical sensing properties were determined by cyclic voltammetry (CV), 

cathodic linear sweep voltammetry (LSV), amperometric current-time (i-t) curves, and 

electrochemical impedance spectroscopy (EIS) based on a three-electrode configuration using 

an electrochemical workstation (Model Zennium Pro, Zahner, Germany). The scanning rate in 

CV and LSV was 50 mV/s. Calibration of the reversible hydrogen electrode (RHE) of Ag/AgCl 

was performed based on the equation: E (RHE) = E (Ag/AgCl) + 0.0591pH + 0.197 with the 

phosphate buffer saline (PBS, 0.4 м Na2HPO4/NaH2PO4, pH = 7.2) being the electrolyte. 

Electrochemical impedance spectroscopy (EIS) was conducted at the open circuit potential 

coupled with AC perturbation of 5 mV between 106 and 10-2 Hz. CV measurements in the non-

Faradic potential range of 0.52-0.60 V vs. RHE at different scanning rates of 10, 20, 30, 40, 50, 

and 60 mV s-1 were carried out to calculate the electrochemically active surface area (ECSA) 

based on the obtained double-layer capacitance values. The double layer capacitance (Cdl) was 

calculated from the linear slope by plotting the current density difference (ja-jc)/2 at 0.56 V 

versus the scanning rate.

1.5 Sensitivity and Detection Limit 

The sensitivity and detection limit of the electrochemical sensor were calculated by 

Equations S1 and S2, respectively:

kSensitivity
A

 Equation S1

/S NDetection Limit
k


 Equation S2
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where k is the slope of the regression line, A is the area of the working electrode, σ is the 

residual standard deviation of the linear regression, and S/N is the signal-to-noise ratio of the 

electrochemical workstation with the common value of 3. The units of sensitivity and detection 

limit are µA mм−1 cm−2 and µм, respectively.

1.6 Anti-Interference, Repeatability, and Stability

The chronological amperometric method was adopted to study the effects of interference 

from common interfering species such as methanol (MeOH), ethanol (ET), glucose (GLU), 

sucrose (SUC), ascorbic acid (ASC), acetaminophen (APAP), uric acid (UA), dopamine (DA), 

NaCl, and KCl on H2O2 sensing. The concentration of the interfering agents is five times (0.5 

mmol/L) that of H2O2 (0.1 mmol/L). The repeatability was evaluated according to the relative 

standard deviation (RSD) derived from three electrochemical sensors prepared by a similar 

method. The sensors were stored in the ambient environment (25 °C, 30% relative humidity) 

and tested every 5 days to measure the long-term stability.

1.7 Feasibility Demonstration

Commercial milk (Partially Skimmed Milk Drink 1.5% Fat, Denner Switzerland), 

commercial apple juice (Juice Made from 90% Apple Concentrate, Denner Switzerland), and 

rainwater were used to assess the commercial practicality of the sensor. Rainwater was collected 

outdoors at Asylstrasse 11, 8032 Zürich and stored at 4 ºC before use. Ultrapure water, 

commercial H2O2, and the above real samples were mixed with a mass ratio of 1:1:1 and 

injected into PBS (100 mL) for testing. An electrolytic cell for in situ production of H2O2 
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reported in our previous publication1 was employed to further demonstrate the continuous 

monitoring performance of the fabricated novel Cu-BHT sensor. A peristaltic pump was used 

to circulate the H2O2-containing electrolyte between electro-generating and electro-sensing 

systems. The amperometric current-time (i-t) curves were obtained at −0.12 V vs. RHE and the 

H2O2 concentration was also determined by the colorimetric titanate method at 408 nm for 

comparison.2

1.8 Material Characterizations

The phases of the 2D MOF films were identified by X-ray diffraction (XRD, Model X'pert 

Pro MPD, PANalytical) with Cu Kα radiation and X-ray photoelectron spectroscopy (XPS, 

Model ESCALAB 250Xi, Thermo Fisher) was conducted with Al Kα radiation. High-resolution 

optical imaging was performed on an optical microscope (Model SteREO Discovery.V20, Zeiss) 

and the morphology was observed by scanning electron microscopy (SEM, Model VEGA3, 

Tescan) at 15 kV and transmission electron microscopy (TEM, Model Talos F200X, FEI 

Tescan VEGA3) at 200 kV. Raman scattering spectroscopy (Model inVia Reflex, Renishaw) 

was performed using a 633 nm/17.5 mW HeNe laser and Fourier-transform infrared 

spectroscopy equipped with a platinum attenuated total reflectance accessory (ATR-IR, Model 

ALPHA II, Bruker) was employed to analyze the organic functional groups. The absolute-

energy position of the Fermi level and valence band edge of the sample surface were determined 

by contact potential difference (CPD) measurements using a Kelvin probe (KP, KP020, KP 

Technology) and ambient photoelectron spectroscopy (APS, Model APS01, KP Technology), 

respectively.3, 4 Thermogravimetric analysis (TG) was carried out on a thermal analyzer (Model 
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STA 449 F5 Jupiter, NETZSCH) under flowing nitrogen at a heating rate of 20 °C/min. The 

transparency of the films was evaluated by UV-Vis spectrophotometry (Model CCs200/M, 

ThorLabs). The nitrogen adsorption-desorption tests were performed at 77 K on a porosity 

analyzer (Model TriStar II Plus, Micromeritics) and the Brumauer-Emmett-Teller (BET) 

method was adopted to calculate the specific surface areas. The metal concentrations were 

determined by inductively-coupled plasma mass spectrometry (ICP-MS, Model iCAP Q, 

Thermo Scientific) after dissolving the different metal-BHT samples in concentrated nitric 

acids and diluting them with ultrapure water. The S and C concentrations were determined with 

the aid of an organic elemental analyzer (Model Vario EL cube, Elementar) and the electrical 

conductivity was measured at room temperature by the four-probe van der Pauw method.5

2. Simulation and Calculation Details

2.1 Density Functional Theory (DFT) Method and Models

DFT calculations were conducted with the Vienna ab initio simulation package (VASP).6 

The ion-electron interactions were calculated by the projector augmented wave (PAW) 

method.7 A generalized gradient approximation in the Perdew-Burke-Ernzerhof (PBE) form8 

was used and a cutoff energy of 450 eV was set for the plane-wave basis set. The convergence 

criteria for residual force and energy were set as 0.01 eV/Å and 10−5 eV, respectively. Brillouin-

zone (BZ) integration was performed on a gamma k-point mesh with Gaussian smearing of 0.05 

eV.9 To derive the density of states and band structure, the accuracy was improved by using a 

2 × 2 × 1 Monkhorst-Pack k-point mesh. A vacuum space of 20 Å was used to avoid interactions 

between two periodic units. The perfect Cu-BHT primitive cell is shown in Figure S3 with in-
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plane lattice constants of a = 26.24 Å, b = 26.21 Å, and c = 20.00 Å, which are in agreement 

with previous theoretical and experimental results.10-12 Six defective models with double Cu 

vacancies shown in Figure S4 were taken into account for the 3 × 3 Cu-BHT supercell to reflect 

the abundant Cu vacancies in the systems.

Figure S3. Construction of the perfect 3×3 Cu-BHT supercell.
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Figure S4. Potential defective models with double Cu vacancies and corresponding total energy: 

a) Defect-1, b) Defect-2, c) Defect-3, d) Defect-4, e) Defect-5, and f) Defect-6.

Electrochemical sensing of H2O2 is a catalytic reduction reaction via a 2e− transfer 

process:13-15

* + H2O2 → *H2O2 Equation S4

*H2O2 + H+ + e− → *OH + H2O Equation S5

*OH + H+ + e− → * + H2O Equation S6

*H2O2 and *OH represent the H2O2 molecule and OH radical adsorbed on the surface of the 

Cu-BHT film. It is clear that efficient adsorption is a prerequisite to the H2O2 reduction reaction. 

The adsorption behavior of H2O2 on Cu-BHT was investigated. The adsorption energy (Ead) 

was calculated by Equation (S7):
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Ead = E(slab+H2O2) − EH2O2 − Eslab Equation S7

where E(slab+H2O2), EH2O2, and Eslab indicate the total energy of the entire system, H2O2 molecule, 

and Cu-BHT substrate, respectively. A negative Ead means stable adsorption of H2O2 on the 

Cu-BHT substrate and a more negative Ead implies a stronger adsorption capacity.

According to the computational hydrogen electrode (CHE) model proposed by Nørskov et 

al.,16,17 the Gibbs free energy change (∆G) for each elemental step was calculated by the 

following Equation (S8).

∆G = ∆E + ∆EZPE − T∆S Equation S8

where ΔE is the reaction energy obtained by DFT calculation and ΔEZPE and TΔS (T = 298.15 

K) are the change in the zero-point energy and entropy, respectively, acquired from the 

vibrational frequency calculation of the intermediates. The limiting potential (UL) is determined 

by Equation (S9).

UL = −∆Gmax/e Equation S9

where ΔGmax is the maximum free energy change in the reaction, i.e., the potential-determining 

step (PDS).18

2.2. Finite Element Method (FEM) Simulations

The distribution of H2O2 on the surface of the working electrode was simulated by the 

COMSOL 5.5 Multiphysics finite element-based solver. The model contained a single 2D 

domain representing a 125 μm-wide and 1000 μm-high unit cell of the solution above the 

working electrode. The real geometry was a periodic repetition of this unit cell in the x-direction. 
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The cell and electrode were assumed to extend sufficiently far out-of-plane of the model so that 

2D approximation was suitable. The top of the unit cell was a bulk boundary where the analyte 

concentration was assumed to have a default value of 50 mmol/L. At the bottom of the unit cell, 

the y = 0 axis was the working electrode and insulator boundaries. A large quantity of inert salt-

supporting electrolytes was present to increase the conductivity of the electrolyte without 

interfering with the reaction chemistry. Under these conditions, the resistance of the solution 

was sufficiently low so that the electric field was negligible. A constant electrolyte potential фl 

= 0 was assumed. An electroanalytical interface was implemented in the chemical species 

transport equations to describe the diffusion of the chemical species and the domain equation 

was Fick’s second law which was reduced to (Dici) = 0 in the steady state. This stationary 

model was applied to the calculation under a steady-state current at a constant applied potential. 

The surface H2O2 concentration was fixed at 0 to reflect the extreme mass transfer condition in 

a 50 μL analyte droplet when H2O2 was completely exhausted by the chemical reaction.
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2.3. Supplemental Data

Figure S5. Formation of the metal-BHT film at the interface between the aqueous solution and 

organic solvent: a) Scheme of the formation process, b) Photograph of Cu-BHT, c) Photograph 

of Ni-BHT, and d) Photograph of Ag-BHT.
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Figure S6. SEM images showing self-assembly of the Cu-BHT film.
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Figure S7. SEM images showing a), b), and c) Upside surface of Cu-BHT facing the aqueous 

phase, and d), e), and f) Downside surface of Cu-BHT facing the organic phase.
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Figure S8. Scheme of the Cu-BHT film formation at the aqueous/organic interface.
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Figure S9. Raman scattering spectra of BHT and Cu-BHT prepared at different pH.
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Figure S10. ATR-IR spectra of BHT and Cu-BHT.
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Figure S11. Thermogravimetric results of the Cu-BHT samples prepared at different pH.
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Table S1. Elemental concentrations of the Cu-BHT films prepared at different pH.

pH Cu wt% S wt% C wt%

2 26.8 52.8 20.4

1 36.9 45.8 17.3

0 41.1 42.5 16.4
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Figure S12. XPS survey spectra of the Cu-BHT samples prepared at different pH.
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Figure S13. Thickness of the Cu-BHT films prepared at different pH (three duplicated samples 

for each pH and error bars indicating the thickness variation of each film at four different 

positions).
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Figure S14. Calculated band structures and projected density of states for a), b) Perfect Cu-

BHT structure and c), d) Defective Cu-BHT structure with Cu vacancies.
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Figure S15. Relationship between conductivity and rising temperature: a) Conductivity (σ) as 

a function of increasing temperatures for Cu-BHT thin films and b) Linear relationship between 

log (σ) and reciprocal temperature.



25

Figure S16. a) APS spectra (cube root of UV photoemission versus incident photon energy) 

and b) Band edge positions of the Cu-BHT samples prepared at different pH.
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Figure S17. High-resolution optical microscopy images of the Cu-BHT films prepared on 

transparent glass at a) pH = 2, b) pH = 1, and c) pH = 0.
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Figure S18. a) Photograph and b) UV-Vis spectra of the Cu-BHT films on the transparent PET 

substrate.
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Figure S19. a), b) XRD pattern and corresponding defect-free structure of monolayer Ni-BHT 

(blue spheres representing Ni atoms) and c), d) XRD pattern and defect-free structure of 

monolayer Ni-BHT (purple spheres representing Ag atoms).
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Table S2. Elemental concentrations of the Ni-BHT films prepared at different pH.

pH Ni wt% S wt% C wt% Na wt%

2 20.8 55.7 20.7 2.8

1 22.9 54.1 20.4 2.6

0 24.6 52.9 20.1 2.4
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Table S3. Elemental concentrations of the Ag-BHT films prepared at different pH.

pH Ag wt% S wt% C wt%

2 43.7 40.9 15.4

1 52.8 34.1 13.1

0 61.2 28.3 10.5
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Figure S20. CV measurements in the non-Faradic potential range at different scanning rates 

and calculated ECSA based on the double-layer capacitance (Cdl): a), b) Cu-BHT synthesized 

at pH = 2, c), d) Cu-BHT synthesized at pH = 1, and e), f), Cu-BHT synthesized at pH = 0.
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Figure S21. a) Nyquist plots of Cu-BHT synthesized at different pH and b) Charge-transfer 

resistances derived from the Nyquist plots.

Table S4. Fitted elements in the equivalent circuit in Figure S19.

pH
Solution 

resistance Rs (Ω)

Charge transfer

resistance Rct (Ω)

Capacitance C (μF 

cm-2)
Goodness of fit χ2

2 4.2 85.2 79.3 6.432 × 10–5

1 4.2 101.7 69.9 3.674 × 10–5

0 4.2 125.8 56.5 5.741 × 10–5
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Figure S22. a) CV curves for different H2O2 concentrations and b) Calibration of the cathodic 

peak current density with H2O2 concentration.
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Figure S23. a), b), and c) CV curves in absence of H2O2, and d) transition mechanism between 

[Cu(S2)2]0 and [Cu(S2)2]− (S2 = dithiolene).
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Figure S24. a) CV curves at different scanning rates from 50 to 600 mV s-1 with 0.1 mм H2O2 

and b) Calibration plot of the cathodic peak current density versus square root of the scanning 

rates.
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Figure S25. Calibration of the steady-state current density for the full H2O2 concentration range 

(100 nм–50 mм) for Cu-BHT synthesized at a) pH=2, b) pH=1, and c) pH=0.
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Figure S26. Calibration of the steady-state current density with different H2O2 concentrations: 

a) −0.7 V vs. Ag/AgCl and b) −0.8 V vs. Ag/AgCl.
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Figure S27. a), b) Amperometric current response of the Cu-BHT synthesized at pH = 1 to 

H2O2 and corresponding calibration plot for different H2O2 concentrations, c), d) Amperometric 

current response of the Cu-BHT synthesized at pH = 0 to H2O2 and corresponding calibration 

plot for different H2O2 concentrations, and e), f) Amperometric current response of the 

commercial platinum on carbon (Pt/C, Pt loading of 5 wt.%) to H2O2 and corresponding 

calibration plot for different H2O2 concentrations.
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Figure S28. Conductivity retention rate and RSD of Cu-BHT film as a function of preservation 

time under ambient conditions (Error bars indicating the maximum differences of three 

duplicate samples).
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Figure S29. a) XRD patterns, b) High-resolution XPS spectra of Cu 2p, and c) High-resolution 

XPS spectra of S 2p acquired from the Cu-BHT film after the stability test.
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Figure S30. Conductivity retention rate and sensing accuracy of Cu-BHT sensors synthesized 

at pH =2 after being immersed in strong acid solutions (1 and 2 mol L-1 HCl) or strong alkaline 

solutions (1 and 2 mol L-1 NaOH) for 1 h.
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Table S5. Comparison of the hydrogen peroxide sensing performance of different non-

enzymatic catalysts reported recently.

Materials
Sensitivity 

(µA mм-1 cm-2)

Detection 

Limit (µм)

Linear Range 

(mм)
References

Defective Cu-BHT 505.41 0.0165 0.0001−50 This work

CG:Cu composites 370.00 0.6400 0.032–0.8 (19)

CS/CuO/BP/GCE 138.00 0.0300 0.0002–0.0998 (20)

GF/Fe3O4 14.52 0.0375 0.0001–0.02 (21)

PANI/G/ITO 36.80 120.0000 1–5 (22)

Cu2O@Cu9S5 299.74 0.0288 0.0001–3.5 (23)

NdFeO3 52.60 0.8700 0.00292−10 (24)

g-C3N4/CuWO4/GCE 35.91 0.4000 0.001–5.2 (25)

PtNi-N-rGO 20.70 0.0028 0.00001–3 (26)

BNC@NC-FAs/CF 213.00 0.0500 0.0005–2.32 (27)

CuS@C/GCE 400.40 0.2200 0.05–14 (28)

rGO/Au 64.10 6.5500 0.025−3.35 (29)

MnO-Mn3O4@rGO/GCE 247.15 0.1000 0.004–17 (30)

Porous CoHCF-NSp’s 329.00 2.1000 0.002–1.13 (31)

Au-Pd@UiO-66- ZIF-L/CC 390.00 0.0212 0.001–19.6 (32)

NiO-NSs/CF 23.30 0.0130 0.2–3.75 (33)

CuCo2O4/rGO 320.30 0.0800 0.3–5.01 (34)

Cu-MOF/ MXene/GCE 468.22 0.3500 0.001–6.12 (35)
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MOF-Pt@Au/GCE 24.14 0.0860 0.0008–3 (36)

BDD|PB 140.00 - 0.0001−1 (37)

v-AuNWs 250.00 12.0000 0.04−15 (38)

2D MoS2 738.00 1.0000 0.00023−14.2 (39)

α-MoO3/GO 391.40 0.3100 0.0009−2.46 (40)

PtNPs/MWCNTs - 0.2000 0.0005–0.1 (41)

Fe3+@ɛ-MnO2 242.60 0.0500 0.00013−5.19 (42)

ZnO/Co3O4/NiCo2O4 388.00 0.1630 0.0002−2.4 (43)

1% Mn-N/C 205.70 0.0360 0.0001−50 (44)

NC@rGO 272.00 3.3000 0.005−20 (45)

MNPs@MOF/ERGO 80.23 0.1800 0.004−11 (46)

N-CNF 357.00 0.6200 0.01−0.72 (47)

Cu2O/PANI/rGO 39.40 0.5000 0.0008−12.78 (48)

NCDs/GCE - 0.0410 0.00005−2.25 (49)

PB/NGF 0.39 2.4000 0.004−1.6 (50)

2D Cu2O-rGO-P 95.00 3.7800 0.005−10.56 (51)

Ox-CNTs@CeO2 160.00 2.7000 0.0001−1 (52)

Au-Pd/MoS2 184.90 0.1600 0.0008−10 (53)

3D N-Co-CNT@NG 28.66 2.0000 0.002−7.5 (54)

NG/AgNP - 0.5600 5−47 (55)



44

Figure S31. Device assembly: a) Three-electrode configuration and b) Sensing platform for 

practical implementation.
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Figure S32. Simulated concentration distribution of H2O2 in the 50 μL analyte droplet with a 

concentration of 50 mM.
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Table S6. Detection of H2O2 in real samples.

Sample
Added

(mм)

Found

(mм)

Recovery

(%)

RSD

(%)

Recovery by 

UV-Vis

(%)

0.05 0.048 96.0 2.86 103.2

0.1 0.096 96.0 2.83 103.6

0.5 0.488 97.6 2.42 104.4
Milk

1 1.005 100.5 2.37 105.9

0.05 0.053 106.0 2.91 105.1

0.1 0.105 105.0 1.93 105.3

0.5 0.493 98.6 2.52 102.7
Apple juice

1 0.947 94.7 1.98 105.5

0.05 0.049 98.0 1.26 98.2

0.1 0.099 99.0 0.89 100.6

0.5 0.491 98.2 1.43 99.6
Rainwater

1 0.983 98.3 1.16 99.5



47

References

(1) Luo, Y.; Wu, Y.; Huang, C.; Xiao, D.; Zhang, L.; Ma, S.; Qu, J.; Zheng, S.; Chu, P. K., 

Graphite felt incorporated with MoS2/rGO for electrochemical detoxification of high-arsenic 

fly ash. Chem. Eng. J. 2020, 382, 122763.

(2) Welcher, F. J.; Furman, N. H.; Scott, W. W., Standard methods of chemical analysis. Krieger 

Pub Co: 1963.

(3) Baikie, I. D.; Grain, A. C.; Sutherland, J.; Law, J., Ambient pressure photoemission 

spectroscopy of metal surfaces. Appl. Surf. Sci. 2014, 323, 45-53.

(4) Chnani, A.; Strehle, S., Hematite Nanowire and Nanoflake-Decorated Photoelectrodes: 

Implications for Photoelectrochemical Water Splitting. ACS Appl. Nano Mater. 2021, 5, 1016-

1022.

(5) van der Pauw, L. J., A method of measuring the resistivity and Hall coefficient on lamellae 

of arbitrary shape. Philips Techn. Rev. 1958, 20, 220-224.

(6) Kresse, G.; Furthmüller, J., Efficient iterative schemes for ab initio total-energy calculations 

using a plane-wave basis set. Phys. Rev. B 1996, 54 (16), 11169-11186.

(7) Blöchl, P. E., Projector augmented-wave method. Phys. Rev. B 1994, 50 (24), 17953-17979.

(8) Perdew, J. P.; Burke, K.; Ernzerhof, M., Generalized Gradient Approximation Made Simple. 

Phys. Rev. Lett. 1996, 77 (18), 3865-3868.

(9) Monkhorst, H. J.; Pack, J. D., Special points for Brillouin-zone integrations. Phys. Rev. B 

1976, 13 (12), 5188-5192.

(10) Chen, X.; Lu, Y.; Dong, J.; Ma, L.; Yi, Z.; Wang, Y.; Wang, L.; Wang, S.; Zhao, Y.; Huang, 

J., Ultrafast In Situ Synthesis of Large-Area Conductive Metal–Organic Frameworks on 



48

Substrates for Flexible Chemiresistive Sensing. ACS Appl. Mater. Interfaces 2020, 12 (51), 

57235-57244.

(11) Li, F.; Zhang, X.; Liu, X.; Zhao, M., Novel conductive metal–organic framework for a 

high-performance lithium–sulfur battery host: 2D Cu-benzenehexathial (BHT). ACS Appl. 

Mater. Interfaces 2018, 10 (17), 15012-15020.

(12) Chen, X.; Dong, J.; Chi, K.; Wang, L.; Xiao, F.; Wang, S.; Zhao, Y.; Liu, Y., Electrically 

Conductive Metal–Organic Framework Thin Film‐Based On‐Chip Micro‐Biosensor: A 

Platform to Unravel Surface Morphology‐Dependent Biosensing. Adv. Funct. Mater. 2021, 31 

(51), 2102855.

(13) Li, Z.; Liu, R.; Tang, C.; Wang, Z.; Chen, X.; Jiang, Y.; Wang, C.; Yuan, Y.; Wang, W.; 

Wang, D., Cobalt nanoparticles and atomic sites in nitrogen‐doped carbon frameworks for 

highly sensitive sensing of hydrogen peroxide. Small 2020, 16 (15), 1902860.

(14) Luo, Y.; Wu, D.; Li, Z.; Li, X.-Y.; Wu, Y.; Feng, S.-P.; Menon, C.; Chen, H.; Chu, P. K., 

Plasma functionalized MoSe2 for efficient nonenzymatic sensing of hydrogen peroxide in ultra-

wide pH range. SmartMat 2022, 3 (3), 491-502.

(15) Li, Z.; Jiang, G.; Wang, Y.; Tan, M.; Cao, Y.; Tian, E.; Zhang, L.; Chen, X.; Zhao, M.; 

Jiang, Y.; Luo, Y.; Zheng, Y.; Ma, Z.; Wang, D.; Fu, W.; Liu, K.; Tang, C.; Jiang, J., Detecting 

residual chemical disinfectant using an atomic Co–Nx–C anchored neuronal-like carbon 

catalyst modified amperometric sensor. Environ. Sci. Nano 2022, 9 (5), 1759-1769.

(16) Peterson, A. A.; Abild-Pedersen, F.; Studt, F.; Rossmeisl, J.; Nørskov, J. K., How copper 

catalyzes the electroreduction of carbon dioxide into hydrocarbon fuels. Energy Environ Sci. 

2010, 3 (9), 1311-1315.



49

(17) Nørskov, J. K.; Rossmeisl, J.; Logadottir, A.; Lindqvist, L.; Kitchin, J. R.; Bligaard, T.; 

Jonsson, H., Origin of the overpotential for oxygen reduction at a fuel-cell cathode. J. Phys. 

Chem. B 2004, 108 (46), 17886-17892.

(18) Guo, X.; Gu, J.; Lin, S.; Zhang, S.; Chen, Z.; Huang, S., Tackling the activity and 

selectivity challenges of electrocatalysts toward the nitrogen reduction reaction via atomically 

dispersed biatom catalysts. J. Am. Chem. Soc. 2020, 142 (12), 5709-5721.

(19) Alencar, L. M.; Silva, A. W.; Trindade, M. A.; Salvatierra, R. V.; Martins, C. A.; Souza, 

V. H., One-step synthesis of crumpled graphene fully decorated by copper-based nanoparticles: 

Application in H2O2 sensing. Sens. Actuators B Chem. 2022, 360, 131649.

(20) Wang, K.; Sun, Y.; Xu, W.; Zhang, W.; Zhang, F.; Qi, Y.; Zhang, Y.; Zhou, Q.; Dong, B.; 

Li, C., Non-enzymatic electrochemical detection of H2O2 by assembly of CuO nanoparticles 

and black phosphorus nanosheets for early diagnosis of periodontitis. Sens. Actuators B Chem. 

2022, 355, 131298.

(21) Hu, X.-B.; Shang, N.; Chen, X.-H.; Jin, Z.-H.; He, M.-Y.; Gan, T.; Liu, Y.-M., Culture 

and in situ H2O2-mediated electrochemical study of cancer cells using three-dimensional 

scaffold based on graphene foam coated with Fe3O4 nanozyme. Microchim. Acta 2022, 189 (3), 

1-8.

(22) Verma, S.; Mal, D. S.; de Oliveira, P. R.; Janegitz, B. C.; Prakash, J.; Gupta, R. K., A facile 

synthesis of novel polyaniline/graphene nanocomposite thin films for enzyme-free 

electrochemical sensing of hydrogen peroxide. Mol. Syst. Des. Eng. 2022, 7, 158-170.

(23) Li, W.; Liu, J.; Chen, C.; Zhu, Y.; Liu, N.; Zhou, Y.; Chen, S., High catalytic performance 

non-enzymatic H2O2 sensor based on Cu2O@ Cu9S5 yolk-shell nanospheres. Appl. Surf. Sci. 



50

2022, 587, 152766.

(24) Rajaitha, M.; Hajra, S.; Padhan, A. M.; Panda, S.; Sahu, M.; Kim, H. J., An electrochemical 

sensor based on multiferroic NdFeO3 particles modified electrode for the detection of H2O2. J. 

Alloys Compd. 2022, 165402.

(25) Habibi, M. M.; Mousavi, M.; Shadman, Z.; Ghasemi, J. B., Preparation of a nonenzymatic 

electrochemical sensor based on g-C3N4/MWO4 (M: Cu, Mn, Co, Ni) composite for the 

determination of H2O2. New J. Chem. 2022, 46, 3766-3776.

(26) Yu, Y.; Peng, J.; Pan, M.; Ming, Y.; Li, Y.; Yuan, L.; Liu, Q.; Han, R.; Hao, Y.; Yang, Y., 

A nonenzymatic hydrogen peroxide electrochemical sensing and application in cancer 

diagnosis. Small Methods 2021, 5 (5), 2001212.

(27) Zhang, Y.; Lv, Q.; Chi, K.; Li, Q.; Fan, H.; Cai, B.; Xiao, F.; Wang, S.; Wang, Z.; Wang, 

L., Hierarchical porous carbon heterojunction flake arrays derived from metal organic 

frameworks and ionic liquid for H2O2 electrochemical detection in cancer tissue. Nano Res. 

2021, 14 (5), 1335-1343.

(28) Ma, X.; Tang, K.-l.; Lu, K.; Zhang, C.; Shi, W.; Zhao, W., Structural Engineering of 

Hollow Microflower-like CuS@C Hybrids as Versatile Electrochemical Sensing Platform for 

Highly Sensitive Hydrogen Peroxide and Hydrazine Detection. ACS Appl. Mater. Interfaces 

2021, 13 (34), 40942-40952.

(29) Patella, B.; Buscetta, M.; Di Vincenzo, S.; Ferraro, M.; Aiello, G.; Sunseri, C.; Pace, E.; 

Inguanta, R.; Cipollina, C., Electrochemical sensor based on rGO/Au nanoparticles for 

monitoring H2O2 released by human macrophages. Sens. Actuators B Chem. 2021, 327, 128901.

(30) Li, Y.; Tang, L.; Deng, D.; He, H.; Yan, X.; Wang, J.; Luo, L., Hetero-structured MnO-



51

Mn3O4@rGO composites: Synthesis and nonenzymatic detection of H2O2. Mater. Sci. Eng. C 

2021, 118, 111443.

(31) Banavath, R.; Srivastava, R.; Bhargava, P., Nanoporous Cobalt Hexacyanoferrate 

Nanospheres for Screen-Printed H2O2 Sensors. ACS Appl. Nano Mater. 2021, 4 (5), 5564-5576.

(32) Zheng, J.; Zhao, P.; Zhou, S.; Chen, S.; Liang, Y.; Tian, F.; Zhou, J.; Huo, D.; Hou, C., 

Development of Au–Pd@UiO-66-on-ZIF-L/CC as a self-supported electrochemical sensor for 

in situ monitoring of cellular hydrogen peroxide. J. Mater. Chem. B 2021, 9 (43), 9031-9040.

(33) Liu, M.; An, M.; Xu, J.; Liu, T.; Wang, L.; Liu, Y.; Zhang, J., Three-dimensional carbon 

foam supported NiO nanosheets as non-enzymatic electrochemical H2O2 sensors. Appl. Surf. 

Sci. 2021, 542, 148699.

(34) Jiang, L.; Zhao, Y.; Zhao, P.; Zhou, S.; Ji, Z.; Huo, D.; Zhong, D.; Hou, C., Electrochemical 

sensor based on reduced graphene oxide supported dumbbell-shaped CuCo2O4 for real-time 

monitoring of H2O2 released from cells. Microchem. J. 2021, 160, 105521.

(35) Cheng, D.; Li, P.; Zhu, X.; Liu, M.; Zhang, Y.; Liu, Y., Enzyme‐free Electrochemical 

Detection of Hydrogen Peroxide Based on the Three‐Dimensional Flower‐like Cu‐based Metal 

Organic Frameworks and MXene Nanosheets. Chin. J. Chem. 2021, 39 (8), 2181-2187.

(36) Wang, H.; Chen, W.; Chen, Q.; Liu, N.; Cheng, H.; Li, T., Metal-organic framework 

(MOF)-Au@ Pt nanoflowers composite material for electrochemical sensing of H2O2 in living 

cells. J. Electroanal. Chem 2021, 897, 115603.

(37) Komkova, M. A.; Pasquarelli, A.; Andreev, E. A.; Galushin, A. A.; Karyakin, A. A., 

Prussian Blue modified boron-doped diamond interfaces for advanced H2O2 electrochemical 

sensors. Electrochim. Acta 2020, 339, 135924.



52

(38) Lyu, Q.; Zhai, Q.; Dyson, J.; Gong, S.; Zhao, Y.; Ling, Y.; Chandrasekaran, R.; Dong, D.; 

Cheng, W., Real-Time and In-Situ Monitoring of H2O2 Release from Living Cells by a 

Stretchable Electrochemical Biosensor Based on Vertically Aligned Gold Nanowires. Anal. 

Chem. 2019, 91 (21), 13521-13527.

(39) Shu, Y.; Zhang, W.; Cai, H.; Yang, Y.; Yu, X.; Gao, Q., Expanding the interlayers of 

molybdenum disulfide toward the highly sensitive sensing of hydrogen peroxide. Nanoscale 

2019, 11 (14), 6644-6653.

(40) Li, B.; Song, H.-Y.; Deng, Z.-P.; Huo, L.-H.; Gao, S., Novel sensitive amperometric 

hydrogen peroxide sensor using layered hierarchical porous α-MoO3 and GO modified glass 

carbon electrode. Sens. Actuators, B 2019, 288, 641-648.

(41) Guo, X.; Cao, Q.; Liu, Y.; He, T.; Liu, J.; Huang, S.; Tang, H.; Ma, M., Organic 

Electrochemical Transistor for in Situ Detection of H2O2 Released from Adherent Cells and Its 

Application in Evaluating the In Vitro Cytotoxicity of Nanomaterial. Anal. Chem. 2020, 92 (1), 

908-915.

(42) Song, H.; Zhao, H.; Zhang, X.; Xu, Y.; Cheng, X.; Gao, S.; Huo, L., 3D hierarchical hollow 

hydrangea-like Fe3+@ɛ-MnO2 microspheres with excellent electrochemical performance for 

dopamine and hydrogen peroxide. Biosens. Bioelectron. 2019, 133, 250-257.

(43) Xue, B.; Li, K.; Gu, S.; Zhang, L.; Lu, J., Ni foam-supported ZnO nanowires and 

Co3O4/NiCo2O4 double-shelled nanocages for efficient hydrogen peroxide detection. Sens. 

Actuators, B 2018, 262, 828-836.

(44) Li, Z.; Jiang, Y.; Liu, C.; Wang, Z.; Cao, Z.; Yuan, Y.; Li, M.; Wang, Y.; Fang, D.; Guo, 

Z.; Wang, D.; Zhang, G.; Jiang, J., Emerging investigator series: dispersed transition metals on 



53

a nitrogen-doped carbon nanoframework for environmental hydrogen peroxide detection. 

Environ. Sci.: Nano 2018, 5 (8), 1834-1843.

(45) Li, Z.; Jiang, Y.; Wang, Z.; Wang, W.; Yuan, Y.; Wu, X.; Liu, X.; Li, M.; Dilpazir, S.; 

Zhang, G., Nitrogen-rich core-shell structured particles consisting of carbonized zeolitic 

imidazolate frameworks and reduced graphene oxide for amperometric determination of 

hydrogen peroxide. Microchim. Acta 2018, 185 (11), 1-9.

(46) Li, C.; Wu, R.; Zou, J.; Zhang, T.; Zhang, S.; Zhang, Z.; Hu, X.; Yan, Y.; Ling, X., 

MNPs@anionic MOFs/ERGO with the size selectivity for the electrochemical determination 

of H2O2 released from living cells. Biosens. Bioelectron. 2018, 116, 81-88.

(47) Lyu, Y.-P.; Wu, Y.-S.; Wang, T.-P.; Lee, C.-L.; Chung, M.-Y.; Lo, C.-T., Hydrothermal 

and plasma nitrided electrospun carbon nanofibers for amperometric sensing of hydrogen 

peroxide. Microchim. Acta 2018, 185 (8), 371.

(48) Liu, J.; Yang, C.; Shang, Y.; Zhang, P.; Liu, J.; Zheng, J., Preparation of a nanocomposite 

material consisting of cuprous oxide, polyaniline and reduced graphene oxide, and its 

application to the electrochemical determination of hydrogen peroxide. Microchim. Acta 2018, 

185 (3), 172.

(49) Fu, L.; Wang, A.; Lai, G.; Lin, C.-T.; Yu, J.; Yu, A.; Liu, Z.; Xie, K.; Su, W., A glassy 

carbon electrode modified with N-doped carbon dots for improved detection of hydrogen 

peroxide and paracetamol. Microchim. Acta 2018, 185 (2), 87.

(50) Zhang, Y.; Huang, B.; Yu, F.; Yuan, Q.; Gu, M.; Ji, J.; Zhang, Y.; Li, Y., 3D nitrogen-

doped graphite foam@Prussian blue: an electrochemical sensing platform for highly sensitive 

determination of H2O2 and glucose. Microchim. Acta 2018, 185 (2), 86.



54

(51) Cheng, C.; Zhang, C.; Gao, X.; Zhuang, Z.; Du, C.; Chen, W., 3D Network and 2D Paper 

of Reduced Graphene Oxide/Cu2O Composite for Electrochemical Sensing of Hydrogen 

Peroxide. Anal. Chem. 2018, 90 (3), 1983-1991.

(52) Bracamonte, M. V.; Melchionna, M.; Giuliani, A.; Nasi, L.; Tavagnacco, C.; Prato, M.; 

Fornasiero, P., H2O2 sensing enhancement by mutual integration of single walled carbon 

nanohorns with metal oxide catalysts: The CeO2 case. Sens. Actuators, B 2017, 239, 923-932.

(53) Li, X.; Du, X., Molybdenum disulfide nanosheets supported Au-Pd bimetallic 

nanoparticles for non-enzymatic electrochemical sensing of hydrogen peroxide and glucose. 

Sens. Actuators, B 2017, 239, 536-543.

(54) Balamurugan, J.; Thanh, T. D.; Karthikeyan, G.; Kim, N. H.; Lee, J. H., A novel 

hierarchical 3D N-Co-CNT@NG nanocomposite electrode for non-enzymatic glucose and 

hydrogen peroxide sensing applications. Biosens. Bioelectron. 2017, 89, 970-977.

(55) Li, Y.; Zhang, P.; Ouyang, Z.; Zhang, M.; Lin, Z.; Li, J.; Su, Z.; Wei, G., Nanoscale 

Graphene Doped with Highly Dispersed Silver Nanoparticles: Quick Synthesis, Facile 

Fabrication of 3D Membrane-Modified Electrode, and Super Performance for Electrochemical 

Sensing. Adv. Funct. Mater. 2016, 26 (13), 2122-2134.


