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Abstract 

               An efficient and simple way has been described to prepare gold and silver bimetallic alloy 

nanoparticles (Au-AgNPs) in an organic framework with a metal-free core. The growth of alloy Au-

AgNPs was monitored by UV-Visible spectroscopy (UV–Vis) and confirmed by various spectral, 

microscopic and electrochemical techniques. The FE-SEM and TEM results revealed that the COF had a 

uniform flake-like morphology, and an alloy-based Au-AgNPs had a flower-like structure. The results of 

X-ray photoelectron spectroscopy (XPS) and XRD indicated Au-AgNPs are metallic in nature and highly 

crystalline. The surface of glassy carbon electrode (GCE) was then modified with Au-AgNPs-COF, which 

was subsequently employed for enzyme-free electrochemical reduction of H2O2. Electrocatalytic cyclic 

voltammetry performance of the different modified electrodes was in the following order: COF (-14.82 

µA) ˂ AgNPs-COF (-26.95 µA) ˂ AuNPs-COF (-31.78 µA) ˂ Au-AgNPs-COF (-46.15 µA). The Au-AgNPs-

COF/GCE displayed an excellent electrocatalytic activity to H2O2, over a dynamic range of 2.0 nM–1.0 

mM with an LOD of 0.44 nM (S/N = 3). Furthermore, the present sensor showed appreciable selectivity, 

stability, and reproducibility against the reduction of H2O2. Practicality was demonstrated in fetal bovine 

serum (FBS), cat blood serum (CBS) and in living cells (RAW 264.7). 

Keywords: 

 Organic framework; Alloy nanoparticles; Enzyme free; Fetal bovine serum; Living cells 

1. Introduction 

  Recent decades have seen an extensive research on advanced functional materials 

because of their excellent/tunable physical and chemical properties.1 There are two major 

frameworks including metal organic frameworks (MOFs), and porous organic frameworks 

(POFs) have been demonstrated in recent years2-5, and among the various functional materials, 

covalent organic frameworks (COFs) have proven to be a remarkable substrate functional 

material for many potential applications.1,6 The COF-based materials are joined with boroxine  

-B-O-B, boronate ester -B-OC, imide (-C=N-), triazine, and azo (-N=N) based bonding linkages 

using reticular principle chemistry.1,6,7 COFs have been gained much attention due to their 

outstanding properties, such as low density, high surface area, well-defined pore structures, and 

excellent chemical and thermal stability.6,7 COFs have significant potential applications, including 

drug carriers, catalysis, adsorption, and chemical sensors, respectively.6-8 Despite these 

outstanding physical and chemical properties, they show limited electrical conductivity which 

hinders their large-scale applications in electrocatalytic sensors. 
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  In order to develop electrically conductive COFs, carbon nanotubes (CNTs), graphene 

oxide (GO), metal oxides (MOx), polymer films (PFs), and metal nanoparticles (MNPs) can be 

potentially used.9-17 Among them, metal nanoparticles have received huge significant attention 

because of their remarkable properties, including optical, electrical, thermal, biocompatibility, 

and high active surface area.14,15,18,19 Bimetallic nanoparticles (BMNPs) have many advantages 

over monometallic nanoparticles due to their synergic and alloy effects that together offered 

enhanced electrocatalytic properties.20,21 Bimetallic NPs can be intertwined through core-shell, 

intermetallic, clusters and alloy structures (ASs).22 The ASs and core-shell (CS) designs have 

recently received more attention.23,24 The morphology of bimetallic alloy and core-shell 

nanoparticles depends on molar composition, metal selection/reducing agent, solvent, and 

contact time, respectively.23 The outstanding combinational properties of Ag and AuNPs are 

potential materials for biosensing.25 Generally, mono- and bimetallic NPs have high surface 

energies, which makes them easy to aggregate. By using a solid suitable support, this energy can 

be minimized and the particles are stabilized/controlled.26 In this direction, COFs can be a useful 

anchoring material due to their well-ordered crystallinity, excellent fillers, and large pores.1,6,7 

  In biosensors, enzymes are normally used as receptors to determine H2O2 by 

quantitatively. However, enzymes are costly, fragile, require a lengthy manufacturing process, 

and are not stable.27,28 Chemists are interested in developing biomimetic materials with an 

enzymatic properties without the aforementioned limitations.29 As a result, considerable 

attention is being paid to develop nanomaterials for non-enzymatic H2O2 sensors. H2O2 is an 

important reactive oxygen species (ROS) and is produced by cellular metabolism.29,30 It has a 

significant role in regulating renal functions, cell death, DNA damage, cell proliferation, and 

signal transduction at acceptable physiological levels (1-700 nM).31,32 However, it is toxic at 

higher concentrations. In addition, an imbalanced levels of H2O2 are closely associated with age-

related disorders such as Alzheimer's and Parkinson's diseases.33,34 Furthermore, H2O2 have 

been strongly linked to cardiovascular disease, atherosclerosis, diabetes, neurodegenerative 

disorders, and abnormal growth of tumor cells.35,37 A reliable, quantitative H2O2 assay in 

biological cellular systems is required. Sensors of many types have been produced, but 

researchers are currently looking for sensitive, selective, non-enzymatic sensor targeting 

biological samples and live cells.38-44 

  In this paper, a simple synthetic material strategy is presented for fabricating in-situ 

bimetallic alloy Au-AgNPs nanostructures on a COF functional material via galvanic replacement 
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reaction between AgNPs and Au3+. The alloy behavior of Au-AgNPs were optimized by varying 

the concentration of metal precursors and reaction time. The growth of the bimetallic alloy 

structure was studied using UV-Visible spectroscopy, FE-SEM, and TEM, respectively. The non-

enzymatic H2O2 sensing potential of the material was then evaluated. The Au-AgNPs-COF/GCE 

demonstrated excellent electrocatalytic reduction of H2O2. It has been found that this newly 

developed sensing system is capable of performing sub-nanomolecular detection. It was 

successfully used to quantify concentrations of H2O2 in FBS, CBS, and live RAW 264.7 cells in 

real-time. 

 

Scheme 1. Scheme illustrating the synthesis of alloy Au-AgNPs-COF. 

 

Scheme 2. Schematic representation of the formation of alloy Au-AgNPs on COF. 
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2. Experimental methods 

2.1. Growth of bimetallic alloy Au-AgNPs on COF 

  A detailed description of the materials and methods, instrumentations, and synthesis of 

COF can be found in the electronic supplementary material (ESI) (SI.1-3) (Scheme 1). In order to 

obtain highly dispersed COF, about 0.2 mg/mL of COF was dispersed in 20 mL of deionized 

water (DI H2O) by ultrasonication for 30 min (>20 kHz). Then, 5 mM aqueous solution of AgNO3 

was added to the reaction mixture and continuous stirred. Afterwards, freshly prepared aqueous 

solution (DI H2O) of NaBH4 (10 mM) was added drop by drop until the formation of AgNPs, the 

mixture developed a yellow coloration.25 Following, the addition of HAuCl4.3H2O in different 

molar concentration ratios (detail molar concentration given in Figure S1 (ESI)), the reaction 

mixture was stirred continuously for another 30 min. The color of the mixture solution changed 

from yellow to reddish brown, and the mixture was stirred for another 30 min.25, 33 The mixture 

was then centrifuged and the clear solution was collected. This clear solution was analyzed by 

UV-Vis spectroscopy. The precipitated Au-AgNPs-COF composite material was washed several 

times with DI water and dried at 80ᵒC.  

2.2 . Growth of live cells RAW 264.7 

  RAW 264.7 cells were cultured in a 2.5 cm2 vessel containing CO2 (5%) medium. In the 

cell bath were Dulbecco's adapted Eagle's medium, 1% antibiotics (100 U mL-1 and 100 g/mL-1 

for penicillin and streptomycin (LOT1989515; Gobco, NY)) and 10% FBS at 37°C. Then, cells 

were scraped over the cell scraper after development and the live cells (RAW 264.7) were 

collected by centrifugation at 1600 rpm for 15 min. Live cells were then removed from the 

scraper. The developed cells were washed with phosphate buffered saline (PBS) for several 

repeated times. Finally, cells were counted with a hemocytometer and a pellet of 1×106 live cells 

were used for analysis.31 RAW 264.7 cells were cultured in a cell culture laboratory at NTUT, 

Taipei Tech, Taiwan, and the experimental protocols were approved by the Institutional Ethic 

Committee (IEC). For electrochemical analysis, the RAW 264.7 live cells were transferred to an 

electrochemical working cell. The modified GC electrode (Alloy Au-AgNPs-COF), reference 

electrode (Ag/AgCl) and counter electrode (Pt wire) were inserted into the electrochemical cell. 

The cells were effectively induced to produce H2O2 via lipopolysaccharide (LPS) injections. 
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3. Results and discussion 

3.1. Investigating growth of alloy Au-AgNPs-COF 

  The growth of bimetallic alloy Au-AgNPs in COF has been monitored using UV-vis spectroscopy. 

Surface plasmon resonance (SPR) absorption bands of AgNPs and AuNPs can be seen in the visible 

region (Figure S1). Similarly, SPR bands at 401.5 nm and 533.1 nm are assigned to AgNPs (Figure S1A) 

and AuNPs (Figure S1B), respectively.25,45 Furthermore, the mole concentration ratio of precursors and 

the composition of Au-AgNPs were adjusted in order to control the growth.25,45 In this experiment, 

AgNPs (AgNO3 (5 mM)) were kept constant, while the amount of molar ratio HAuCl4.3H2O was varied as 

follows: AgNPs: HAuCl4.3H2O (1: 0.0; 1: 0.025, 1: 0.030, 1: 0.035, 1: 0.040, and 1: 0.045) (detail molar 

concentration ratio given in Figure S1 (ESI)) (Figures S1C and D). The sharp peak at 401.5 nm 

corresponds to AgNPs without any Au0 (curve a). As a result of the addition of HAuCl4.3H2O (1: 0.025), 

the intensity of AgNPs was decreased, and the control peak (AgNPs) was red shifted (404.5 nm). This is 

due to the formation of AuNPs (curve b).25 When adjusting the composition of HAuCl4.3H2O (1: 0.030, 1: 

0.035, and 1: 0.040), AgNPs peak was shifted to again positive regions and intensity was significantly 

decreased, which confirms the formation of bimetallic Au-AgNPs (405.7 nm (curve c), 412.5 nm (curve 

d), and 414.3 nm (curve e)). Finally, the molar concentration of HAuCl4.3H2O again increased (1: 0.045) 

(curve f) a broad and new peak was detected at 507.1 nm. The mutual diffusion of two distinct 

absorption peaks of metal nanoparticles (AgNPs and AuNPs) and its accompanying photographs have 

clearly revealed the system has presence of bimetallic nanoparticles (Figure S1E).  

3.2. Growth mechanism of alloy Au-AgNPs-COF 

  The bimetallic alloy-based Au-AgNPs grow in the following way on COF.25,33 (Scheme 

2). Initially, Ag0 is responsible for controlling and reducing the formation of Au0 from Au3+ 

ions. Using replacement (galvanic) reaction, there is no need for external electric fields, as is the 

case with traditional methods. Au3+/Au0 (+0.99 V vs. NHE) has a higher reduction potential than 

Ag+/Ag0 (+0.80 V vs. NHE), which drives the galvanic replacement. The surface of AgNPs acts as a 

strong reducing agent with electron carriers for the reduction of Au3+ into Au0.25,46 Once the 

reaction starts, holes are likely to form on the surface of AgNPs.25 At the same time, Ag is 

oxidized and releases electrons, allowing the reduction of Au3+ into Au0 (nucleation). During this 

process, Ag+ can penetrate the surface and electrons can be transferred through it 

(growth). Equations 1 and 2 show the general stoichiometric reaction pathway of alloys and 

core-shell bimetallic nanoparticles via electron transfer process.25,47,48 
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3.3. Morphological elucidation and elemental composition 

 The synthesized bimetallic nanocomposites (Au-AgNPs-COF) were examined by FE-SEM 

and TEM for their morphological characteristics. The FE-SEM and TEM images of COF showed 

uniform flake-like structures (Figures S2a-d). Both kinds of morphological structures are 

remarkably similar.   

 

Figure 1. FE-SEM images of AgNPs-COF (a and b), AuNPs-COF (c and d), and Au-AgNPs-COF (e 

and f) with higher magnifications (inset). 

Figure 1 shows the FE-SEM images of AgNPs-COF, AuNPs-COF, and Au-AgNPs-COF with higher 

magnifications. AgNPs were observed to have a spherical shape on the surface of COF (Figures 

1a and b). COFs covered with AuNPs exhibited a uniform spherical shape, and highly ordered 

and dense particle populations (Figures 1c and d). The FE-SEM image of Au-AgNPs-COF showed 

a uniform flower-like morphological structures (Figures 1e and f). The enhanced particle sizes of 

bimetallic morphological structures are a result of the effective combination of AuNPs and 

AgNPs. Higher magnification image showed that the Ag-AuNPs may have alloy structure, which 

is found well-ordered and uniform on the entire COF region. The nature of bimetallic 

nanoparticles has been confirmed once again by TEM. 

1 µm 

b 

1 µm 

c 

1 µm 

a 

1 µm 

d 

1 µm 

e 

1 µm 

f 

AgNO3 + NaBH4            Ag + 1/2H2 + 1/2B2H6 +NaNO3     (1) 

3Ag0 + AuCl4− → Au0 + 3Ag+ + 4Cl−                                          (2) 
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  The TEM images of AgNPs-COF, AuNPs-COF, and Au-AgNPs-COF are shown in Figure 2. 

The spherical shape of AgNPs is evident in the flake-like structure of COF (Figures 2a and b). 

Based on the histogram profile of image J, the average particle size of AgNPs is about 19.53 nm 

(No. of particles = 25). In contrast, AuNPs coated on COF surfaces showed a uniform spherical 

shape, and the nanoparticles obtained were similar manner. As calculated in Figures 2c and d, 

the particle size of AuNPs is 11.28 nm. Finally, the bimetallic NPs trapped in COF surfaces are 

interesting due to their well-defined flower-like morphological structure on the surface of the 

flake-like structure of COF (Figures 2e and f). It was found that the particle size of the bimetallic 

alloy increased dramatically from 19.53 nm (AgNPs) and 11.28 nm (AuNPs) to 171.56 nm and it 

may be due to surface effect of COF. In the higher magnification results, it is evident that the 

bimetallic nature of the nanoparticles is confirmed (Figure 2f). Further, it was observed that a 

large proportion of the nanoparticles are bimetallic alloy (inset), but very few are core-shell 

structures. From the FE-SEM and TEM results confirm that the morphological system has a 

bimetallic alloy nature.   

 

Figure 2. TEM images of AgNPs-COF (a and b), AuNPs-COF (c and d), and Au-AgNPs-COF (e and 

f) with higher magnifications (inset).  

 Furthermore, TEM lattice images and SAED patterns were used to investigate crystallinity 

of the synthesized nanomaterial. The TEM image of AgNPs-COF showed well-defined and 

ordered lattice spacing, and discrete dots in the SAED pattern, indicating crystallinity of AgNPs 

(111) (Figures 3a and d). The AuNPs-COF showed excellent lattice spacing and distinct 

a 

100 nm 

b 

100 nm 

c 

100 nm 

d 

100 nm 

e 

100 nm 

f 

100 nm 
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diffraction patterns, indicating the presence of crystalline AuNPs (111) (Figures 3b and e). Two 

different lattice spacing patterns (AuNPs (111) and AuNPs (111)) were observed for bimetallic 

Au-AgNPs-COF, indicating that the composite comprises of two types of metal NPs (Figures 3c 

and f). The points are clearly distinguishable in the SAED pattern of Au-AgNPs-COF, and more 

discrete than AgNPs-COF and AuNPs-COF, indicating the enhanced crystalline nature of the 

metals in the composite structure. The EDX, elemental mapping, and line scanning results of COF 

and its bimetallic nanocomposites can be found in the ESI (Figures S3 and S4; SI. 4). 

 

Figure 3. TEM lattice images of AgNPs-COF (a), AuNPs-COF (b), and Au-AgNPs-COF (c) and SAED 

patterns of AgNPs-COF (d), AuNPs-COF (e), and Au-AgNPs-COF (f). 

3.4. FT-IR characterization  

   Next, as synthesized materials were analyzed using FT-IR spectroscopy (Figure S5). The 

FT-IR spectra of p-xylylenediamine, terephthalaldehyde, and COF are given in the ESI (Figures S5 

and Table S1). 49-51 FT-IR spectrum of COF showed notable peak locations of 670, 825, 1100, 

1295, 1414, 1508, 1554, 1644, 2845, 3042 and 3345 cm-1 (Figure S5c). The less intense, and 

broad peaks at 670, 825, 1100, and 1295 cm-1 are assigned to the different types of -CH 

vibrations, including aromatic, in-plane bending, aromatic deformation, and stretching 

vibrations, respectively.49 The –CH stretching vibration at 1414 cm-1 is shifted down from 1383 

cm-1. The strong band appeared at 1508 cm-1 as a result of aromatic skeletal vibration.51 The 

absence of 1687 cm-1 is due to the successful formation of framework structure via imine 

d = 0.24 nm 

 

2 nm 

Au (111) 

b 

(311) 
(220) 

(200) 

(111) 

d 

d = 0.23 nm 

2 nm 

Ag (111) 

a 

(111)  

 

 

(200)  

 

 

(220)  

 

 

(311)  

 

 

e 

(111) 

(200) 

(220) 

(311) f 

d = 0.24 nm 

 

d = 0.23 nm 

 

2 nm 

Au (111) Ag (111) 
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functional group.50,51 The binding vibration of imine clearly indicates the successful formation of 

organic framework. The broad peaks at 2845 and 3042 cm-1 are characteristic –CH stretching 

vibrations.51 The –NH stretching vibration is observed at 3345 cm-1. Finally, there are fewer 

notable changes with the introduction of metal nanoparticles into COF (Figures S6a, b and Table 

S2). Aromatic –CH vibration observed at 643 cm-1 from 670 cm-1. The stretching vibration of Au-

AgNPs-COF has shifted from 1644 cm-1 to 1637 cm-1 (COF). Furthermore, –C=C, –NH stretching 

and bending vibrations were also shifted from the base peak of COF. According to the FT-IR 

results, after nanoparticles are introduced into COF, considerable stretching and bending 

vibrations are seen, which could be the result of an interaction between active functional sites in 

COF and bimetallic nanoparticles (Au-AgNPs). 

3.5. Crystal structure and thermal properties 

  The XRD patterns of COF, AgNPs-COF, AuNPs-COF and Au-AgNPs-COF are shown in 

Figure S7. The 2θ angle at 19.92ᵒ, and 24.12ᵒ can be assigned to (hkl) planes of (001), and (202) 

respectively, which are characteristic point of COF (curve a).50,52 The AgNPs-COF shows notable 

2θ peaks at 19.92ᵒ, 24.12ᵒ, 38.22ᵒ, 44.37ᵒ, 64.37ᵒ and 77.52ᵒ corresponding to (001), (202), 

(111), (200), (220) and (311), respectively. The peaks at 38.22ᵒ (111), 44.37ᵒ (200), 64.37ᵒ 

(220), and 77.52ᵒ (311) confirm the presence of AgNPs and crystalline nature (JCPDS No. 04-

0783) (curve b).37,38,53 The XRD pattern of AuNPs-COF 2θ peaks at 19.92ᵒ, 24.12ᵒ, 38.17ᵒ, 44.67ᵒ, 

64.62ᵒ, and 77.72ᵒ, corresponding to (001), (202), (111), (200), (220), and (311) for AuNPs-COF, 

respectively.23-25,33 The obtained peaks at 38.37ᵒ (111), 44.67ᵒ (200), 64.72ᵒ (220) and 77.72ᵒ 

(311) are characteristic peaks of AuNPs and also highly crystalline in behavior (JCPDS No. 04-

0784).17,25 Finally, the Au-AgNPs-COF showed notable 2θ peaks at 19.77ᵒ (001), 24.07ᵒ (202), 

38.17ᵒ (111), 44.22ᵒ (200), 64.22ᵒ (220), and 77.47ᵒ (311) which are characteristic of the 

bimetallic nanocomponents (curve c).41,42 In absence of two different 2θ value in bimetallic 

composite nanoparticles are clearly reveled that system have an alloy nature. Figure S8 (ESI SI.5) 

describes the detailed thermal properties of COF and its nanocomposites.  

3.6. Nature of bonding 

  X-ray photoelectron spectroscopy (XPS) was used to characterize the chemical 

composition, bonding environment, and electronic states of a synthesized bimetallic alloy 

nanocomposite. In the XPS of Au-AgNPs-COF with alloy, carbon, nitrogen, oxygen, silver, and 

gold are found (Figure 4a). The deconvoluted spectrum of Au4f showed two obvious peaks at 
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84.1 and 87.2 eV, corresponding to Au4f7/2 and Au 4f5/2, respectively (Figure 4b).33 The 

deconvoluted spectrum of C1s displayed peaks at 282.9, 284.1, 285.7, and 287.3 eV 

corresponding to -C=C, -C-C, -C=N, and -C-N, respectively (Figure 4c).50 Ag3d exhibited two 

distinct binding energies observed at 368.3 and 374.2 eV, which correspond to Ag3d5/2 and 

Ag3d3/2, respectively (Figure 4d).33 The spin orbit coupling of energy difference between the two 

peaks of AgNPs and AuNPs is 5.9 and 3.1 eV, indicating that both are metallic states. Peaks at 

397.5, 399.4 and 400.4 eV, corresponding to -HN=NH, -NH, and =NH-, respectively (Figure 4e). 

The deconvoluted spectrum of O1s has a peak at 531.6 eV, confirming the lattice oxygen (Figure 

4f).  

 

Figure 4. XPS spectra of Au-AgNPs-COF. Survey spectrum (a), deconvoluted spectrum of Au4f 

(b), C1s (c), Ag3d (d), N1s (e), and O1s (f). 

 

3.7. Redox and interfacial electron charge transport properties 

  Redox behavior of nanoparticles, and electrochemical impedance studies (EIS) were 

conducted. The detailed electrode fabrication processes are given in the ESI (Scheme S1; SI.6).  

The CVs of AgNPs-COF, AuNPs-COF and Au-AgNPs-COF modified on GCEs in 0.2 M PBS (pH 7.0), 

are shown in Figure S9. The AgNPs-COF/GCE showed a sharp oxidation peak at +0.31 V and a 

corresponding reduction peak at +0.08 V, which confirm to the redox behavior of Ag+/Ag0 

(Figure S9a).25,33,53 AuNPs-COF/GCE demonstrated an oxidation peak at +0.92 V and a reduction 

peak at +0.46 V, which is consistent with the oxidation/reduction behavior of Au oxide (Figure 

S9b).25,33 The Au-AgNPs-COF/GCE exhibits peaks at +0.31 and +0.92 V, which correlate with the 

oxidation behavior of Ag+ and Au oxide. Accordingly, the subsequent reduction peaks at +0.46 

a b Au4f C1s c 

Ag3d d N1s e O1s f 
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and +0.08 V should be due to the reduction of Au oxide and Ag0, respectively (Figure S9c).25,33 

The redox currents response of Au-AgNPs were lower than those of individual base peaks of 

AuNPs and AgNPs, which can be explained by the fact of bimetallic alloy formation.25,33 

  Interfacial electron transfer resistance is an important parameter of a modified electrode 

that can be measured with EIS. The Nyquist plots of COF, AgNPs-COF, AuNPs-COF, Au-AgNPs-

COF modified GCEs and unmodified GCE have been performed in 0.1 M KCl containing 5 mM 

K3/K4 [Fe(CN)6] (Figure S10). Interfacial charge transfer resistance (Rct) was estimated to be 

520, 350, 266 and 192 Ω, respectively, for unmodified, COF, AgNPs-COF, AuNPs-COF, and Au-

AgNPs-COF modified GCEs (curves a-e). The bimetallic alloy Au-AgNPs-COF/GCE exhibited a 

lowest impedance value compared to other control electrodes, indicating a facile interfacial 

electron transport at this interface between catalyst and electrolyte. The Rct of the Au-AgNPs-

COF/GCE is six times lower than that of a bare GCE. From the Rct values, the electron transfer 

rate constant (ket) can be calculated, using Equation (3).50 

                               ket = RT/n2F2ARctCo                     (3)     

where R, T, F, A, and Co have their usual meanings.50 The ket of 0.72, 1.15, 1.96, 2.38, and 4.79 × 

10-4 cm2 s-1 were estimated for bare GCE, COF/GCE, AgNPs-COF/GCE, AuNPs-COF/GCE, and Au-

AgNPs-COF/GCE, respectively. The bimetallic alloy Au-AgNPs-COF/GCE showed maximum ket 

value compared to the other electrodes, which agrees with the Rct results. Then, electrochemical 

active surface area of the electrodes was calculated using Randles-Sevcik Equation 4.50,54 

                            Ip = 2.69 × 105 AD1/2 n3/2 ν1/2 C        (4)   

where n, A, D, C and υ stand for their universal meanings.50 The electroactive surface areas were 

calculated to be 0.06, 0.13, 0.26, 0.42, and 0.63 cm2 for bare GCE, COF/GCE, AgNPs-COF/GCE, 

AuNPs-COF/GCE, and Au-AgNPs-COF, respectively. The bimetallic alloy-based Au-AgNPs-

COF/GCE showed about ten times higher active surface area than the unmodified GCE. 

Therefore, this alloy nanostructure interface can be useful for the fabrication of electrochemical 

sensors and biosensors. Then, the surface coverage of the different modified electrodes was 

calculated using Laviron Equation 5.54 

     Ipa = n2F2AυΓ/4RT                       (5) 

The calculated surface coverages of the different modified electrodes are 2.14, 3.64, 4.40 and 

9.37 ×10-9 mol cm-2 for COF, AgNPs-COF, AuNPs-COF and Au-AgNPs-COF, respectively. The 

bimetallic alloy Au-AgNPs-COF showed more than four times higher surface coverage than COF. 

Hence, this bimetallic nanostructure can be significantly used for the electrocatalytic activity.    
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3.8. Electrochemical reduction behavior of H2O2 

3.8.1. Electrocatalytic reduction of H2O2 vs. modified electrodes 

  The electrocatalytic performance of the unmodified and nanocomposite modified surface 

to reduce H2O2 was assessed by cyclic voltammograms (CVs) (Figure 5A). The CVs were 

performed with 0.3 mM H2O2 on different modified GC electrodes in 0.2 M PBS (pH 7.0) at a scan 

rate of 50 mV/s. During the scanned potential window (0.0 to +1.0 V), no reduction current 

response was observed at bare GCE (curve a). The COF/GCE showed a notable reduction peak at 

a cathodic potential (Epc) of -0.70 V with a peak current (Ipc) of –14.82 µA (curve b). For AgNPs-

COF/GCE, a broad reduction peak at an Epc of -0.59 V with Ipc of -26.95 µA (curve c). Moreover, 

the AuNPs-COF/GCE, a sharp peak was found at Epc of -0.62 V with Ipc of -31.78 µA (curve d). The 

bimetallic alloy Au-AgNPs-COF/GCE showed a well-defined sharp peak at Epc of -0.54 V with 

significant enhanced current of -46.15 µA (curve e). During the absence of H2O2 there is no 

current response was detected (curve f). 

 

Figure 5. CVs for 0.3 mM H2O2 at (a) bare GC, (b) COF, (c) AgNPs-COF, (d) AuNPs-COF and (e) 

Au-AgNPs-COF/GCEs (solid line: 1st cycle (red curve) and dotted line: 10th cycle (blue curve) in 0.2 

M PBS (pH 7.0) at a scan rate of 50 mV/s. (f) Au-AgNPs-COF/GCE in the absence of H2O2 (A). CVs 

for 0.3 mM H2O2 at Au-AgNPs-COF/GCE with different loading levels of catalyst: (a) 0.10, (b) 

0.15, (c) 0.20, (d) 0.25, (e) 0.30 and (f) 0.35 mg/mL (C).  Bar graph profile for effect of modified 

electrodes, and loading levels vs. reduction current (n=5) (B and D). CVs for 0.3 mM H2O2 at Au-

AgNPs-COF/GCE at different scan rates (10 to 100 mV/s) (curves a-j) (E). Plot of reduction 

current vs. square root of scan rates (F). 

E 

–0.8 –0.6 –0.4 –0.2 0

–60

–40

–20

0

E/V vs. Ag/AgCl (NaCl sat)

I/
µ

A

a g

b
c

d

e

f

h

i

j

C 

–0.9 –0.6 –0.3 0
–40

–30

–20

–10

0

E/V vs. Ag/AgCl (NaCl sat)

I/
µ

A a

f

b
c
d
e

F 

 

B 

 

A 

–0.8 –0.4 0

–48

–32

–16

0

E/V vs. Ag/AgCl (NaCl sat)

I/
µ

A a
b

d
c

e
f

D 



14 

 

The electrocatalytic performance of the surface modified electrodes: COF ˂ AgNPs-COF ˂ AuNPs-

COF ˂ Au-AgNPs-COF, respectively.  The electrode designed with a bimetallic alloy 

nanocomposite presented a lower overpotential of 160, 50 and 80 mV for COF/GCE, AgNPs-

COF/GCE and AuNPs-COF/GCE, indicating its superior catalytic activity over the control 

electrodes. As shown in Figure 5B, the bar graph characteristics of the catalyst modified 

electrodes vs. H2O2. Accordingly, high catalytic current and low overpotential of H2O2 may 

responsible for these effects: (1) Low interfacial electron transfer resistance (Rct), and ten times 

higher electroactive surface area of bimetallic nanocomposites. (2) Peroxidase-like enzyme 

mimicking behavior of AuNPs.55 (3) Combinational effect of active functional substrate material 

(COF) and bimetallic alloy nanoparticles (Au-AgNPs-COF). (4) High surface-to-volume ratio of 

bimetallic nanocomposites could effectively enhance the reaction rate. 

3.8.2. Effect of Au-AgNPs-COF loading on H2O2 catalysis 

  Switching of mass loading level is an important and essential analytical parameter for 

electrochemical biosensor. The CVs for 0.2 mM H2O2 at different mass loading levels of bimetallic 

catalysts are shown in Figure 5C. The 0.10 mg/mL of Au-AgNPs-COF (dispersed catalyst (7 µL)) 

on modified electrode surface showed Epc of -0.62 V and Ipc of -27.21 µA (curve a). The 

electrocatalytic reduction currents were gradually increased with increasing catalyst of 0.15, 

0.20, 0.25 and 0.30 mg/mL of dispersed Au-AgNPs-COF. The detailed information provides on 

current and peak potentials of H2O2 against tuning the catalysts are shown in ESI (Table S2). 

While increasing the level of catalyst 0.35 mg/mL (Au-AgNPs-COF) resulted in a decreased 

current performance (-33.65 A), indicating that the modified electrode surface was overloaded. 

Therefore, 0.30 mg/mL of dispersed catalyst (Au-AgNPs-COF) was optimal loading level and 

utilized for all the electrochemical sensing applications (Figure 5D).    

3.8.3. Kinetics, effect of pH and working potentials of H2O2  

  The kinetic electrochemical reduction behavior of H2O2 was investigated by tuning the 

scanning rates (Figure 5E). Although, the scan rate increased from 10 to 100 mV/s, the reduction 

peak currents response also increased with a slightly more positive potential shift. The 

relationship between the peak current and square root of the scan rate was linear, which is a 

characteristic behavior of diffusion-controlled processes of H2O2. Based on the linear plot, the 

regression equation is, Ipc (µA) = -3.61 [H2O2] (µM)–5.65; R2 = 0.9947 (Figure 5F). The possible 
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mechanism for reduction of H2O2 against the bimetallic catalyst are given in Equations 6 - 8 

below and scheme S2.24,25,5 

          

The rate-determining step is Equation 6, H2O2 is reduced to provide the sources of OHad at 

limited overpotential, and the decomposition of H2O2 is a fast rate-determining step. The 

activated product of OHad accumulates and interacts with an electrocatalyst to provide reduction 

of H2O2. In addition, the detailed results of effects of pH (supporting electrolyte) and working 

potential against reduction of H2O2 are given in the ESI (Figures S11 and S12) (ESI SI.7). 

3.8.4. Sensitivity of the sensor by DPV and amperometry i-t curve 

DPV and amperometric i-t curve (amp) platform techniques were selectively used to sensitive 

determination of bioanalyses. Figure 6A shows the DPVs for H2O2 at Au-AgNPs-COF/GCE under the 

optimal working condition. As expected, a reduction peak at -0.40 V upon the initial addition of 10 µM 

H2O2. The reduction currents were increased successively as the H2O2 concentration increased from 20 

µM to 270 µM without any measurable noise. The relationship between the reduction current and [H2O2] 

is linear with the regression equation: Ipc (µA) = -0.199 [H2O2] (µM) -0.078; R2 = 0.9962 (Figure 6B).  
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Figure 6. DPVs for 10 µM H2O2 at Au-AgNPs-COF/GCE in PBS (pH 7.0). Each addition of H2O2 

increased by 10 µM (10-270 µM) (A). Calibration plot for current vs. [H2O2] (B). Amperometric i-

t curve for H2O2 at Au-AgNPs-COF/GCE at an applied potential -0.80 V. Each addition increases 5 

µM H2O2 (a-o) at a regular interval of 50 s (C). Amperometric i-t curve for H2O2 at Au-AgNPs-

COF/GCE. Each addition increases the concentrations of (a) 2, (b) 5, (c) 10, (d) 50 nM (e) 0.1, (f) 

0.5, (g) 1.0, (h) 2.0, (i) 5.0, (j) 10.0, (k) 20.0, (l) 30.0, (m) 60, (n) 100, (o) 150, (p) 250, (q) 400, (r) 

500, (s) 750 µM, and (t) 1.0 mM H2O2 (D). Plots of reduction current vs. [H2O2] with error bar (n 

= 5) (E and F). 

The amperometric i-t curve in Figure 6C indicates the low-level sensitive detection of H2O2 on 

Au-AgNPs-COF/GC electrode surface at an applied potential of -0.80 V. The sharp and prompt current 

responses were obtained for the initial addition of H2O2 (5 µM) (curve a). As the concentrations 

increased from 10 to 75 µM H2O2, the reduction currents increased without any noise. The plot of 

current vs. [H2O2] follows a linear with the regression equation: Ipc (µA) = -0.137 [H2O2] (µM)-1.7; R2 = 

0.9996 (Figure 6D). In addition, wide concentration range of H2O2 was then monitored under a dynamic 

condition (Figures 6E and F). The reduction current increased linearly with an increase in H2O2 

concentrations from 2.0 nM to 1.0 mM. There is a linear relationship between the reduction current and 

[H2O2] with a regression coefficient of R2 = 0.8662 (Figure S13). A detection limit was calculated using 

Equation 9 below. 

LOD = 3σ/slope   (9) 

The LOD, and sensitivity of bimetallic nanoparticles modified electrode surface was calculated to 

be 0.44 nM (S/N = 3) and 230.62 µA mM-1 cm-2, respectively. Based on the developed bimetallic 

alloy nanoelectrocatalyst showed better catalytic performance for the reduction of H2O2 over the 

reported methods (Table 1).24,25,28-31,33,35-44,54 Chitosan-GQDs/Ag nanocubes on GCE, and then 

applied to monitor the enzyme-free H2O2. The developed sensor had a linear wide concentration 

range and acceptable LOD.36 GO(AgNPs-TWEEN-GO) modified by drop-casting method and 

showed high sensitivity and a fast response time.37 AgNPs-MWCNTs ionic liquid fabricated on 

GCE and then demonstrated an extended linear range concentration of H2O2 with good 

sensitivity.38  P2W18/CNTs/P2W18/AuNPs)4 ternary nanocomposite utilized for reduction of 

H2O2. The modified electrode showed excellent sensitivity 596.9 mA mM-1 cm-2.39 The AuNPs 

with graphene-chitosan composite based electrocatalyst delivered an extended linear range 

determination from 5.0 µM to 35 mM.40 Au-AgNPs fabricated on carbon surface and 

subsequently utilized for detection of H2O2 and showed an excellent sensitivity and nanomolar 

detection limit.33  Ag-AuNPs/RGO,41  hemin-supported rGO/AuNPs,29  bimetallic Au-AuNPs,42  

AgNPs-rGO,43  SWCNTs/AgNPs,44  bimetallic Au-AgNPs25  nanoelectrocatalysts were successfully 
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used for the detection of H2O2. Among the various functional material and nanocomposite 

modified sensor results, the present system had a sharp reduction peak, less overpotential, wide 

concentration range, low LOD, high sensitivity, and quick response time.  

Table 1. Comparative study between the bimetallic alloy Au-AgNPs-COF and the various 

composite nanomaterials against electrochemical reduction of H2O2. 

S. No  Catalyst Method pH Linear range 
(µM) 

LOD 
(µM) 

Real sample 

       
1 Au@PtNPs24 AMP 7.2 0.09-1 0.06 - 
       
2 Au@AgNPs25 DPV 7.2 10-120 0.12 - 
       
3 3DHGO28 CV 7.0 0.05-50 0.004 River water 

       

4 HN-RGO/AuNPs29 AMP 7.0 0.05-518 0.016 - 

       
5 HRP-MIL-100(Cr)-B30 AMP 7.4 0.5-3000 0.1 RAW 264.7  
       

6 ZnCo2O4/Co3O4
31 AMP 7.4 0.01-750 0.001 Fetal bovine serum, 

RAW 264.7  
       

7 Au-AgNPs33 AMP 7.0 0.5-2000 0.059 Human urine, 
blood serum 

       
8 Mn2CuO4

35 AMP 7.0 0.036-9300 0.013 RAW 264.7 

       
9 Chit-GQDs/AgNCs36 AMP 7.0 10-7380 0.15 - 

       

10 AgNPs/TWEEN/GO37 AMP 7.2 20-23100 8.7 Disinfectant sample 
       

11 AgNPs/MWCNTs-IL38 DPV 7.0 0.012-4.8 0.004 Human serum 
       
12 P2W18/CNTs/P2W18/Au39 AMP 2.0  1-98 0.052 - 
       
13 GNPs/GN-CS40 AMP 7.2 5-35000 1.6 Lens solution 
       

14 Ag-AuNPs-RGO41 AMP 7.2 100-10000 0.57 - 

       

15 Ag-AuNPs42 CV 7.2 300-1800 26.8 Antiseptic solution 

       
16 AgNPs/rGO43 AMP 6.5 100-10000 3.6 - 

       
17 SWCNTs/AgNPs44 AMP 7.0 10-8000 0.2 Honey 

       
18 [PB/WV-Pt-Pd]654 AMP 7.0 0.4-2650 0.1 Tap water 
       

19 Au-AgNPs-COF (this work) AMP 7.0 0.002-1000 0.44 nM Fetal &Cat bovine 
serums and RAW 
264.7 

Au@PtNPs – Core-shell gold@platinum nanoparticles; DHGO - Three-dimensional holey-graphene; 

HN-RGO - Hemin supported by reduced graphene oxide; HRP - Horseradish peroxidase; Chit-GQDs 

- Chitosan–graphene quantum dots; MWCNTs-IL - Ionic liquid functionalized multiwalled carbon 

nanotube; SWCNTs - Single-walled carbon nanotubes; PB - Prussian blue nanoparticles; Pt-Pd – Pt-

Pd alloy nanoparticles; AMP- Amperometry; DPV - Differential pulse voltammetry. 
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3.8.5. Selectivity, stability and reproducibility 

    Figure S14 shows the amperometric i-t curve of the Au-AgNPs-COF/GCE towards likely 

interferences encountered in H2O2 analysis. In the presence of 10 µM H2O2, a prompt reduction 

current response was observed (curve a). To the same working electrolyte, 10-fold excess 

concentrations (100 µM) of glucose (b), ascorbic acid (c), dopamine (d), uric acid (e), oxalic acid 

(f), cysteine (g), urea (h) and tryptophan (i) were added under the time interval of 50 sec. 

Despite this, no significant current changes were observed for the tested species. At the same 

time, addition of 10 µM H2O2 (curve a) showed a consistent current response. After that, about 

50-fold excess concentrations (500 µM) of common metal ions such as Na+ (j), Cu2+ (k), SO42- (l) 

were added and followed by tested without causing significant interference. Moreover, likely 

possible interfering species of 25-fold higher concentrations of nitric oxide (NO), hypochlorous 

acid (HOCl), and superoxide anion (O2
.-) were analyzed by amperometry i-t curve at the time 

management of 100 sec (Figure S15). Interestingly, no significant current responses were 

observed for NO (curve a) and HOCl (curve b), although a less pronounced current response was 

detected for higher amount of O2.− (curve c). Based on the above results, bimetallic alloy-based 

electrocatalyst exhibit an excellent selectivity towards H2O2 under various concentrations with 

several likely interfering species. Details of the stability, and reproducibility results of H2O2 

against Au-AgNPs-COF modified GC electrode surface are provided in ESI (Figure S16; SI.8). 

3.8.6. Practicality in fetal bovine serum, cat blood serum and live cells RAW 264.7 

  Practicality of the present sensor was demonstrated in real samples of fetal bovine serum 

(FBS) and cat blood serum (CBS). FBS (non-USA origin, sterile-filtered) was purchased from 

Sigma Aldrich, while CAT serum gel and activation was obtained from CACUSERA, Izmir-Turkey. 

These commercial (FBS and CBS) samples were directly used without any pre-processing. The 

amount of H2O2 in real samples were performed by DPV and an electrode modified with Au-

AgNPs-COF. Within the active potential window between 0.0 to -0.7 V, no current response was 

detected in absence of H2O2. Then, addition of known amounts of FBS and CBS to the electrolytic 

PBS solution, does not any peak responses were observed, due to absence of H2O2 in real 

samples. Finally, micromolar concentration of H2O2 was then spiked in the FBS or CBS containing 

solution. The current response was increased with respect to concentrations. Table S4 lists the 

added, and recovered levels of H2O2 in real samples and the recoveries ranges from 99.12 to 

99.94% (N=3) with RSD 1.83 to 2.43%, indicating the present detection method is practicable. 
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 Next, real-time quantitative determination of H2O2 from live RAW 264.7 cells were 

conducted (Figure 7a). LPS was injected into the RAW 264.7 cells, and an endogenous produce 

the H2O2. The endogenous production of H2O2 was measured by amperometric i-t technique 

using bimetallic alloy based nanoelectrocatalyst (Figure 7b). Based on the previous reports56-59, 

live cells were cultured in a cell medium and then poured into electrochemical cell container. In 

absence of stimulant (LPS) in cell medium containing 1×106 RAW 264.7 live cells, no current 

signal was observed (Figure 7b).  

 

Figure 7. Schematic representation of endogenous production of H2O2 (a). Amperometric i-t 

curve on Au-AgNPs-COF/GCE for monitoring H2O2 released from live cell RAW 264.7 (1 × 106) 

with and without injections of 10 μg mL−1 LPS stimulation in cell culture medium (n = 3) (b) and 

corresponding current responses of bar diagram (c). 

After an injection of 10 μg mL−1 of LPS into the cell medium containing living cells, the current 

response of H2O2 was increased sharply, and the steady-state current response was reached 

within eight seconds. To verify the biosensor response, control experiments were also 

performed simultaneously (Figure 7b). In order to calculate the concentration of H2O2, the 

experiment was repeated five times (n=5) at similar working parameters. Based on these 

calculations, each living cell releases approximately 9.8 × 10-14 mol of H2O2. Bar graph profile for 

current response vs. effect of components (Figure 7c). Figure S17 shows that there is no current 

responses were observed in control components of catalase and CHAPS. The current response 

was enhanced while the presence of LPS (10 µg mL-1) in RAW 264.7 (1×106).  Then, as a known 

amount of CHAPS (3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate) was added 

into the live cells and LPS containing solution, the current response was increased dramatically 

(H2O2) due to play an effective stimulant.57  
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Finally, 500 units/mL of catalase were added to the mixture of electrolyte, the current response 

was gradually decreased due to the consumption of released H2O2, according to Equation 10. In 

this case, catalase strongly inhibits and decompose the production of H2O2 into water (H2O) and 

oxygen (O2).  

4. Conclusions  

  Bimetallic alloy Au-AgNPs in COF is successfully designed and then utilized for non-

enzymatic real-time quantitative determination of H2O2 in live cell. The COF synthesis by 

refluxing at 160ᵒC for 24 h in DMF with p-xylylenediamine and terephthalaldehyde. The growth 

of bimetallic alloy nanoparticles has developed with different molar ratio of AgNO3 and 

HAuCl4.3H2O. The bimetallic alloy-based nanocomposite (Au-AgNPs-COF) modified on the 

electrode surface and then applied for the electrochemical reduction of H2O2. The catalytic 

performances of the different modified electrodes, the Au-AgNPs-COF an enhanced catalytic 

activity than control nanoparticles. Subsequently, the electrode modified with bimetallic alloy 

nanocomposite exhibits an operable in a linear wide-range concentration and low detection limit 

of 0.44 nM. The Au-AgNPs-COF/GCE shows highly sensitive and selective. Finally, the present 

electrocatalyst can be used for the quantitative determination of H2O2 in living cells RAW 264.7 

using LPS as an inducer, and the obtained results are in good agreement with the reported 

methods.  
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SI. Materials and methods   

SI.1. Chemicals and reagents 

All the chemicals and reagents are analytical grade and used directly. p-xylylenediamine 

(99.00%), terephthalaldehyde (99.00%) and N,N-dimethylformamide (DMF) (99.80%) were obtained 

from Sigma Aldrich. Sodium hydrogen phosphate (NaHPO4) (99.95%), disodium hydrogen phosphate 

(Na2HPO4) (99.95%), AgNO3 (≥99.00%), HAuCl4.3H2O (≥99.90%), NaBH4 (≥98.0%), and H2O2 (30% 

(w/w) in H2O) were purchased from Sigma Aldrich,  

SI.2. Instrumentations  

FT-IR analysis was performed by using a JASCO FT-IR 6600 plus model, Japan. The crystalline 

phase of the synthesized bimetallic nanocomposites was analyzed by XRD using a Bruker AXS D8 X-ray 

diffractometer with Cu-Kα radiation (λ = 1.5405 Å). Structural elucidation of the synthesized 

nanocomposites was described by FE-SEM (15 kV) (F E I Quanta FEG 200) and TEM (H-7600, Hitachi-

Japan) at 200 kV. The chemical environment, and electronic states were monitored using XPS (PHI 5000 

Versa Prob II, FEI Inc.). Electrochemical experiments were performed using CHI electrochemical 

workstations model CHI6111E, USA, with three electrode systems. The GC electrode modified with Au-

AgNPs-COF was used as the GC working electrode (0.3 mm), the reference electrode (Ag/AgCl (NaCl 

sat)) and the Pt wire as the counter electrode. All electrochemical experiments were performed under 

the N2 atmosphere. 

SI.3. Synthesis of covalent organic framework 

  The covalent organic framework (COF) was synthesized based on the reported procedure 

with modification.1 Typically, terephthalaldehyde (C6H4(CHO)2) (0.25 M) (99.00%) and p-

xylylenediamine (C8H12N2) (0.25 M) (99.00%) were completely dissolved in 30 mL of N,N-

Dimethylformamide (99.80%). The reaction mixture was degassed by blowing N2 and then 

heated at 160°C (heating and cooling rate = 5°C) for 24 hours under a reflux condenser. 

Following the reaction time, the mixture was cooled at atmospheric conditions and filtered. 

Afterwards, the COF was washed several times with an excess amount of DMF and EtOH 

(95.00%), followed by drying in a hot air oven (80°C) (Scheme 1). 

Reference 

1. Gomes, R.; Bhanja, P.; Bhaumik, A, A Triazine-Based Covalent Organic Polymer for 

Efficient CO2 Adsorption, Chem. Commun., 2015, 51, 10050-10053. 
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Figure S1. UV-Vis spectra of AgNPs-COF (5 mM) (A), AuNPs-COF (1 mM) (B), and Au-AgNPs-COF (C-D) 

with different molar ratio compositions of AgNPs: HAuCl4.3H2O (a) 1: 0.00, (b) 1: 0.025, (c) 1: 0.030, (d) 

1: 0.035, (e) 1: 0.040, and (f) 1: 0.045 (concentration of AgNPs (5 mM): Au3+ (0.000 (a), 0.125 (b), 0.150 

(c), 0.175 (d), 0.200 (e), and 0.225 mM (f), and comparison peaks with photographs  (E). 

 

SI.3A Possible growth factors of bimetallic alloy Au-AgNPs  

There are three important key factors that can control the SPR wavelength of bimetallic alloy 

Au–Ag nanoparticles:1,2 (i) nature of the reductant (reducing agent), (ii) contact time, (iii) and ratio of 

precursors, respectively. The formation of alloy Au–Ag nanoparticles can be divided into two stages 

including nucleation and growth. Once the reaction has been carried out, the Au3+ and Ag+ ions are 

reduced simultaneously during the nucleation stage, resulting in Au–Ag bimetallic nuclei as seeds for 

forming Au–Ag alloy nanoparticles. The obtained Au–Ag NPs at initial stages exhibit a high Au molar 

fraction and then showed a long SPR wavelength (near AuNPs) due to a high reduction rate of Au3+ ions. 

At the growth stage, the formation of Au-Ag nanoparticles is mostly determined by the mutual diffusion 

of Au and Ag elements, respect to temperature and time. 

References: 

1. Sun, L.; Lv P.; Li, H.; Wang, F.; Su, W.; Zhang, L, One-Step Synthesis of Au–Ag Alloy Nanoparticles 

Using Soluble Starch and Their Photocatalytic Performance for 4-Nitrophenol Degradation, J 

Mater Sci, 2018, 53, 15895–15906. 

2. Sun, L.; Luan, W.; Shan, Y.J, A Composition and Size Controllable Approach for Au-Ag Alloy 

Nanoparticles, Nanoscale Res. Lett, 2012, 7, 225. 
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Figure S2. FE-SEM (a and b) and TEM (c and d) images of COF with higher magnifications.  

 

 

Figure S3. EDX spectra of COF (A), AgNPs-COF (B), AuNPs-COF (C), and Au-AgNPs-COF (D).  
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SI.4. EDX, elemental mapping, and line scanning studies   

  The EDX spectrum of COF showed peaks at 0.27, 0.39, and 0.52 keV, corresponding to 

carbon, nitrogen, and oxygen, respectively (Figure S3A). AgNPs-COF exhibits notable peaks at 

0.27, 0.39, 0.52 and 2.98 keV, which correspond to carbon, nitrogen, oxygen and silver, 

respectively (Figure S3B). A typical EDX spectrum of AuNPs-COF shows characteristic peaks for 

carbon, nitrogen, and oxygen at 0.27, 0.39, and 0.52 keV, as well as two binding energies for gold 

at 2.17 and 9.71 keV, corresponding to different energy shells of Mα and Lα, respectively (Figure 

S3C). The EDX spectrum of bimetallic nanocomposite showed notable characteristic peaks at 

0.27, 0.39, 0.52 and 2.17, 2.98, and 9.71 keV, respectively, indicating the successful formation of 

the bimetallic composites (Figure S3D). The elemental mapping images of Au-AgNPs-COF, the 

red, green, blue, light blue, and pink colors correspond to carbon, nitrogen, oxygen, silver, and 

gold respectively (Figure S4A). Compositions of Ag and Au showed uniform distribution. In 

addition, the bimetallic alloy structure once again confirmed by line scanning images (Figure 

SB). The Ag and Au signals showed a similar pattern, which clearly indicated that two systems 

had been combined to form an alloy. 

A 

B 

Ag  

Au  

Figure S4. Elemental mapping (A) and line scanning (B) images of bimetallic Au-AgNPs-COF.  
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Figure S5. FT-IR spectra of p-xylylenediamine (a), terephthalaldehyde (b), and COF (c).   

 

 

Figure S6. FT-IR spectra of COF (a), and bimetallic alloy Au-AgNPs-COF (b).   
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Figure S7. XRD patterns of COF (a), AgNPs-COF (b), AuNPs-COF (c) and Au-AgNPs-COF (d) with miller 

indexes model.   
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Figure S8. TGA curves of COF (a), AgNPs-COF (b), AuNPs-COF (c) and Au-AgNPs-COF (d).   

 

SI.5. Thermal properties 

  Thermogravimetric analysis (TGA) was used to monitor the thermal stability of the 

synthesized bimetallic nanocomposite (Figure S8). COF shows five different weight losses at 

59.83ᵒC, 165.23ᵒC, 333.51ᵒC, 445.14ᵒC, and 607.42ᵒC with corresponding weight percent losses of 

2.77, 8.33, 2.83, 22.39, and 12.42% (curve a). As a result of the removal of unreacted reactants 

and adsorption of moisture from the environment, the first two weight losses occurred. Three 

additional weight losses occurred at 335.12ᵒC, 445.14ᵒC, and 607.47ᵒC, which are due to the 

disruption of the framework structure. The modified nanocomposite based frameworks showed 

two major weight losses at 361.20ᵒC (14.63%) and 447.41ᵒC (12.85%) for AgNPs-COF and 

348.52ᵒC (10.99%) and 449.49ᵒC (18.62%) for AuNPs-COF (curves b and c). The bimetallic alloy 

Au-AgNPs capped COF showed three different weight losses at 333.33ᵒC (7.56%), 437.62ᵒC 

(23.46%) and 575.25ᵒC (9.76%), respectively (curve d). As can be seen from the above TGA 

results, while introducing the Au-AgNPs into the COF has significantly affected the stability of 

base material. 
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SI.6. Fabrication of modified electrode 

 

Scheme S1. Scheme showing the electrode fabrication process of Au-AgNPs-COF/GCE 

The GC electrode was cleaned with alumina slurry using three different mesh sizes (0.5, 0.1, and 0.05-

micron grades). As synthesized bimetallic nanocomposites of alloy based Au-AgNPs-COF were 

completely dispersed into aqueous solution (H2O) and then sonicated for 30 minutes to achieve 

homogeneity (optimized conditions. 3.0 mg/mL of Au-AgNPs-COF). Following this, approximately 7 µL 

of highly dispersed Au-AgNPs-COF was drop coated onto a mirror-like GC electrode surface (0.07 cm2) 

and allowed to dry in an open atmosphere. As a result, the modified electrode (Au-AgNPs-COF/GCE) was 

directly used for all electrochemical characterization, and analysis of H2O2 (Scheme S1).       

 

 

 

Figure S9. CVs obtained at AgNPs-COF (a), AuNPs-COF (b), and Au-AgNPs-COF (c) in 0.2 M PBS (pH 7.0) 

at a scan rate of 50 mV/S.   

 

 

a b c 
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Figure S10. Nyquist plots for (a) bare GC, (b) COF, (c) AgNPs-COF, (d) AuNPs-COF, and (e) Au-AgNPs-

COF/GC electrodes in 5 mM K3[Fe(CN)6] and K4[Fe(CN)6] containing 0.1 M KCl at scanning frequencies 

from 0.01 to 100,000 Hz (Inset: Randles equivalent circuit). 

 

 

 

 

Scheme S2.  Scheme showing the possible mechanism for reduction of H2O2  against Au-AgNPs-COF. 
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Figure S11. Plot of reduction current vs. supporting electrolytes (pH) in 0.2 M PBS (pH = 5.0, 6.0, 7.0 and 

8.0). 

 

Figure S12. Plot of reduction current vs. applied potentials (-0.5, -0.6, -0.7, -0.8 and -0.9 V)  

S1.7. Effect of pH and working potentials against H2O2 

  The influence of electrolytic supporting solution (pH) is an important parameter for the 

reduction of H2O2. The DPVs for 50 µM H2O2 at Au-AgNPs-COF/GCE  were performed at different 

pH values of the supporting electrolytes (pH 5.0, 6.0, 7.0 and 8.0) (Figure S11). The reduction 

peak current of H2O2 gradually increased with the increase of solution pH from 5.0 to 7.0. When 

pH was increased to 8.0, the peaks current was decreased, which could be due to the self-

degradation of H2O2 at alkaline pH. The pH 7.0 showed optimized performance, which is an ideal 

pH to fabricate a sensor for tracking H2O2 in live biological media.  

Another important parameter is the working potential for the reduction of H2O2. Figure S12 

shows the amperometric i-t curve for 20 µM H2O2 at different applied potentials from -0.5 V to -

0.9 V. The H2O2 response current was increased when the working potentials increased from -0.5 

V to -0.8 V. However, it was stable beyond -0.8 V, therefore, -0.8 V was chosen as the optimum 

working potential for amperometric i-t experiments.  
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Figure S13. Linear plot for wide range concentration of H2O2 vs. current response.  
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Figure S14. Amperometric i-t curve for the determination of 10 µM of H2O2 (curve a), 100 µM of glucose 

(b), ascorbic acid (c), dopamine (d), uric acid (e), oxalic acid (f), cysteine (g), urea (h), and tryptophan 

(i), 500 µM of Na+ (j), Cu2+ (k), and SO42- (l) at Au-AgNPs-COF/GCE in 0.2 M PBS (pH 7.0) at a sample 

interval of 50 sec.   
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Figure S15. Amperometric i-t curve for the determination of 250 nM of NO (curve a), hypochlorous acid 

(HOCl) (curve b), superoxide anion (curve c), and 5 nM of H2O2 (curve d) at Au-AgNPs-COF/GCE in 0.2 M 

PBS (pH 7.0) at a sample interval of 100 sec.   
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Figure S16. CVs for 0.3 mM H2O2 at Au-AgNPs-COF/GC electrode in 0.2 M PBS (pH 7.0) for eight days 

(curves a-h) (A). CVs for 0.2 mM H2O2 at four different modified electrodes in 0.2 M PBS (C). Bar 

graph profile for stability and reproducibility vs. reduction current of H2O2 (B and D).  
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S1.8. Stability and reproducibility at Au-AgNPs-COF 

  Figure S16A shows the CVs for 0.3 mM H2O2 on Au-AgNPs-COF/GCE in 0.2 M PBS (pH 7.0) 

at a scan rate of 50 mV/s. The sensor performance was used for the determination of H2O2 for 

eight repeated days (curves a to h). The reduction peak at Epc = -0.54 V and current of Ipc = -45.86 

× 10-6 A on the first day, and after the evaluation of the experiment, the electrode was kept in 4ᵒC 

environment condition. While monitoring the reduction of H2O2 for the other seven days using 

the same modified electrode and showed the current responses are Ipc = -45.53, -45.67, -44.89, -

45.08, -45.35, -44.89 and -45.12 × 10-6 A respectively. The calculated standard error percentage 

is 0.97%, and it was clearly suggested the Au-AgNPs-COF/GC electrode showed acceptable good 

stability. Figure S16B shows the bar graph profile for reduction current vs. stability cycles 

(number of days). The obtained graph shows that the present electrocatalyst has good stability 

against H2O2.  

Furthermore, the effect on reproducibility against reduction of H2O2 was investigated. Figure 

S16C shows the CVs for 0.2 mM H2O2 at four independent electrodes (Au-AgNPs-COF). The H2O2 

response current did not vary significantly for all the four individual electrodes, indicating 

sensor’s showed good reproducibility (Figure S16D). 

 

 

 

Figure S17. Amperometric i-t curve for the determination of H2O2 at Au-AgNPs-COF/GCE with the 

additions of LPS, CHAPS, and catalase in the presence and absence of live cells RAW 264.7. 
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Table S1. FT-IR frequency and corresponding assignments for p-xylenediamine, terephthaldehyde, and 

COF.  

p-Xylenediamine Terephthaldehyde COF Peak assignments 

   
Wavenumber (cm-1)  

- 528 670 -CH stretching vibration  

708 - 701 -NH deformation 

- 817 822 Stretching vibration of -C=O 

876  - 825 –CH bending vibration 

- 1014 1100 Stretching vibration of -CH 

- 1199 - -C-O-C stretching vibration 

1291 - 1295 Stretching vibration of -NH 

- 1304 1207 -C-O vibration 

1383  1414 Bending vibration of -CH 

- 2294 2277 -C=C stretching vibration 

1514 - 1508 Aromatic vibration of -C=C 

1648 - 1644 -C=N stretching vibration 

- 1687 - Aromatic vibration of -C=O 

- 2322 - -C=C stretching vibration 

2853 2866 2845 and 
3042 

Stretching vibration of -CH 

3358  3345 Stretching vibration of -NH 
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Table S2. Comparison table of FT-IR results for COF and Au-AgNPs-COF.  

COF Au-AgNPs-COF Peak assignments 

Wavenumber (cm-1)  

670 643 -CH stretching vibration 

825 826 –CH bending vibration 

1023 995 Aromatic deformation 

1414 1419 Bending vibration of -CH 

1644 1637 -C=N stretching vibration 

2277 2284 Stretching vibration of -C=C 

2845 2814 -CH stretching vibration  

3345 3338 Stretching vibration of -NH 

 

Table S3. Effect of mass loading levels vs. reduction current.   

Amount of catalyst (mg/mL) Reduction current (I/µA)  

Ipc 

Reduction potential (E) 

Epc 

 

0.15 

 

-29.39,  

 

-0.65,  

0.20 -31.52,  -0.61,  

0.25 -33.32  -0.61  

0.30 -34.83 -0.54 V. 
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Table S4: Determination of H2O2 in FBS and CBS samples (n = 3) by the DPV. 

 

 Real Samples (µL) Added 
(H2O2, µM) 

Present Method                                                           

  Found (µM)            Recovery (%) 

RSD (%) 

Fetal bovine 
serum (FBS) 

 
200 

 
- 

 
- 

 
- 

 
- 

- 10 9.986 99.86 1.83 

- 10 19.976 99.94 2.13 

      

 

Cat blood serum 
(CBS) 

200 - - - - 

- 10 9.912 99.12 2.31 

- 10 19.832 99.59 2.43 

 

 

 

 

 

 

 

 

 

 

 

 

 

  


