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Abstract: 

Non-precious molecular cobalt phthalocyanine (CoPc) complexes have been 

considered to be promising electrocatalysts due to diversity of substituents and carbon 

supporting matrixes. Here, we report a highly dispersed fluorinated CoPc (CoPcF16) 

molecule electrocatalyst immobilized in ordered mesoporous carbon CMK-3 

(CMK-3-CoPcF16) via π-π interaction. The molecular electrocatalyst is characterized 

by X-ray photoelectron spectroscopy, Raman spectrum, electronic paramagnetic 

resonance, scanning electron microscopy, transmission electron microscopy and 

electrochemical impedance spectroscopy. The combination of fluorine substituents 

and high loading capability of CMK-3 increase the solubility of CoPc, suppress 

aggregation, and thereby enhance the electrocatalytic performance. As a result, the 

CMK-3-CoPcF16 modified electrode shows high electrocatalytic activity towards the 

oxidation of hydrogen peroxide and hydrazine. CMK-3-CoPcF16 hybrid is 

successfully presented as an electrochemical sensing platform for sensitive detection 

of H2O2 and hydrazine with a detection limit of 0.03 and 0.2 µM, respectively.  

Keywords: fluorinated cobalt phthalocyanine, ordered mesoporous carbon, hydrogen 

peroxide (H2O2), hydrazine, electrochemical sensors
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1. Introduction

Metal phthalocyanines (MPc) are highly conjugated metal-N4 macrocyclic

structures (a metal centre coordinated with four nitrogen atoms) and attract 

considerable attention as active components in electrocatalysis [1-3], electrochemical 

sensors [4, 5], photosensitisers [6] and modern organic electronic devices [7] due to 

their unique advantages in chemical stability and structural tunability. Pc can 

coordinate more than 70 elements of the periodic table. Though MPc are highly 

conjugated macrocycles, not all MPc are suitable to serve as an efficient 

electrocatalyst because their electronic properties depend on the central metal atom 

[8]. It is also found that the central metal atom of MPc is crucial for the presence of 

interfacial charge transfer [8].

Cobalt phthalocyanine (CoPc), a promising star of the MPc family, is well-studied 

in electrochemistry because of its intriguing electronic property [9], easy availability 

and low cost. Due to these properties, it is often employed as a dye at a large scale in 

the painting industry [10]. However, planar aromatic large structure of CoPc leads to 

self-assemble into stacks through π-π supramolecular interactions, and the inherent 

low solubility of pristine CoPc intensifies the aggregation, resulting in poor electron 

transport. Pristine CoPc are far from meeting the growing demands in electrocatalysis 

and electroanalysis where electrical conductivity and interfacial charge transport are 

emphasized. Fortunately, the structure of Pc macocycles can be modified by 

introducing peripheral (β) and non-peripheral (α) functional groups into the four 

corners of the benzene ring. The functionalities of CoPc macrocycle are related to the 
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electronic arrangement and electrocatalytic activity [11]. It has been well understood 

that electron-withdrawing substituents at the benzene rings of CoPc can activate the 

catalytic central Co ion toward electrochemical reactions [12, 13]. Peisert [14] 

recently investigated the interfacial properties of CoPc and fluorinated CoPc 

(CoPcF16) on conductive substrate. It was found that the central Co metal atom of 

CoPc and CoPcF16 on the interface behaved distinctly different, and a charge transfer 

to the Co ion is observed for CoPcF16 but not for CoPc. Kotresh first [5] studied the 

relationship between isomerism and the electrocatalytic activity of CoPc. The results 

showed that isomerism of functionality in the benzene rings of CoP independently 

contributed to electrocatalysis over their chemical identity [5, 11]. So far, many 

substituted CoPc have been molecularly anchored on different carbon materials for 

efficient electrocatalysis including β-NH2-CoPc/CNT [1], trimethyl ammonium- 

tert-butyl-CoPc/CNT [15], Cyano-CoPc/CNT [16], CoNaPc/graphene [17], 

α-octaphenyl CoPc [18], octaalkoxy-CoPc/CNT [19], PolyCoPc/CNT [20], and 

Tetrakis (3-Trifluoromethylphenoxy)-CoPc/CNT [21]. 

Since the first report in 1999, ordered mesoporous carbon (OMC) has been of 

interest in many applications owing to their high surface area, well-defined pore size, 

electronic and ionic conductivities, as well as mechanical and thermal stabilities 

[22-26]. In this work, commercial available CoPcF16 with electron-withdrawing 

fluorine substituent and OMC CMK-3 were selected to construct molecular CoPc 

electrocatalyst via π-π interaction. This anchoring strategy allows catalytic molecules 

such as CoPcF16 to be highly dispersed on the surface of CMK-3 conductive 
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framework and renders molecular electrocatalysts. Compared with pristine CoPc, 

electron-withdrawing fluorine substituent of CoPcF16 increases the solubility and 

electrical conductivity. CMK-3 has a pore diameter of 3.8-4 nm which is larger than 

the size of square-planar CoPc complex (1.2 ×1.2 nm) [27]. CoPcF16 can be absorbed 

into/onto the pore of CMK-3 by strong π-π interactions to accomplish high surface 

coverage. The immobilized CoPcF16 exhibited molecular properties and avoid the 

aggregation, which was explored for the electrocatalytic reactions of hydrogen 

peroxide (H2O2) and hydrazine. The results showed that CMK-3-CoPcF16 modified 

electrode demonstrated high electrocatalytic activity, and sensitive detection of H2O2 

and hydrazine was achieved. 

2. Experimental

2.1. Chemicals and solutions

CoPcF16 were purchased from sigma Aldrich. H2O2 (wt. 30%) and hydrazine (wt. 

80%) were acquired from Tianjin Damao Chemical Reagent Factory. CMK-3 was 

purchased from Nanjing XFNano Materials Tech Co., Ltd. All other chemicals were 

of analytical reagent grade and used without further purification. The aqueous 

solutions were prepared with doubly distilled water. 0.1 M NaOH solution was used 

as the background electrolyte. 

2.2. Apparatus

The X-ray photoelectron spectroscopy (XPS) were recorded on a Thermo 

ESCALAB 250 Xi spectrometer fitted with a monochromatic Al Kα X-ray source. 

The morphologies were characterized by transmission electron microscopy (TEM) 
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(JEM-2100) and scanning electron microscopy (SEM) (Hitachi SU8010). The 

samples were also evaluated by Raman analysis (Renishaw inVia), and electronic 

paramagnetic resonance (EPR) (Bruker EMXPLUS). All the electrochemical 

experiments were carried out with a CHI 842C electrochemical workstation (Austin, 

TX, USA) with a conventional three-electrode system consisting of modified GCE 

working electrode, platinum coil auxiliary electrode, and Ag/AgCl (saturated KCl) 

reference electrode. The linear sweep voltammetry (LSV) measurements were 

conducted with ASL RRDE-3A equipment on the rotating ring-disk electrode (RRDE) 

(Pt ring, GCE disc: 4 mm) at a scan rate of 5 mV·s-1 in N2 or O2 saturated 0.1 M KOH 

solution. 

2.3. Synthesis of CMK-3-CoPcF16 hybrid

Molecular CoPcF16 was anchored on CMK-3 via π-π interactions by mixing 

CoPcF16 and CMK-3 in DMF with the assistance of sonication. DMF is a suitable 

solvent for dissolving CoPcF16 and dispersing and CMK-3, allowing for 

immobilization of molecular CoPcF16 on CMK-3. 2 mg CMK-3 was ultrasonically 

dispersed in 4 mL DMF for 60 min. 4 mg CoPcF16 was dissolved in 4 mL DMF and 

kept at 60 ℃ for 60 min with the assistance of sonication, followed by centrifugation. 

The upper layer solution of CoPcF16 was added to CMK-3 dispersion, and the mixed 

suspension was sonicated for another 60 min. The prepared CoPcF16-CMK-3 hybrid 

was separated by centrifugation and washed several times with DMF and ethanol 

respectively, followed by drying to obtain the final product. 

2.4 Electrode preparation and modification
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Prior to modification, the GCE (3 mm diameter, 0.07 cm2) was successively 

polished with 1, 0.3, and 0.05 μm alumina paste to a mirror finish and then rinsed 

with water followed by an ultrasonic treatment in water and ethanol, respectively. 

CoPcF16-CMK-3 modified GCE (CoPcF16-CMK-3/GCE) was prepared by dropping 

5 μL ink from a CoPcF16-CMK-3/DMF suspension (0.3 mg/mL) on a cleaned GCE 

and kept to dry at room temperature. For control experiment, the CoPcF16/GCE and 

CMK-3/GCE were prepared by the same procedures. For preparation of 

CoPcF16-CMK-3 modified disk electrode, 3 mg of CoPcF16-CMK-3, 20 μL of 5 wt % 

nafion solution, 490 μL ethanol and 490 μL water were mixed and sonicated for 60 

min to form a uniform catalyst ink. The GCE disc of RRDE was modified with the 

catalyst coverage of about 0.2 mg/cm-2. The hydrogen peroxide yield (H2O2%) and 

electron transfer number n in ORR process can be calculated from the following 

equation:

𝐻2𝑂2% =
𝑖𝑅/𝑁0

𝑖𝐷 + 𝑖𝑅/𝑁0
× 200%

n = 4 ×
𝑖𝐷

𝑖𝐷 + 𝑖𝑅/𝑁0

where iD is the disk current, iR is the ring current, and N0 is the ring collection 

efficiency measured to be 0.401.

2.5. Sample analysis

Water samples from Yanjing lake at Ludong University were used without 

pretreatment for the practical sensing application of hydrazine. 

3. Results and discussion
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3.1. Characterization and electrochemical behavior of the modified electrodes

The molecular structure of CoPcF16 is illustrated in Fig. S-1, Supplemental 

information. The CoPcF16 molecule consists of four isoindole groups with fluorine 

substituents (F16) which are linked by four Nα nitrogen atoms to form a planar ring 

structure, and the metal atom (Co) is coordinated by four Nβ in the center of the 

molecular ring. XPS is used to investigate CoPcF16 and CMK-3-CoPcF16 hybrid 

(Fig. 1). The fitting parameters of elements spectra for both materials are summarized 

in Table 1. As can be seen in both Fig. 1 and Table 1, the C 1s spectrum of CoPcF16 

is mainly composed by three main components (Fig. 1 A and E), which are attributed 

to the benzene C-C (Cβ) (284.8 eV), pyrrolic C-N (Cα) (286.6 eV) and fluorinated 

carbon (C-F) (288.3 eV), respectively [28, 29]. In contrast, the C-F peak for 

CMK-3-CoPcF16 shifts to 289.2, which may be caused by the π-π interaction 

between CoPcF16 and CMK-3. An additional unknown peak at 283.3 was observed, 

which was often found in C on Co [30] or C-metal bond [31]. The unknown carbon 

peak might be caused by the influence of Co due to the strong π-π interaction. The Co 

spectra of both CMK-3-CoPcF16 and CoPcF16 show peaks for Co2p3/2 and Co2p1/2 

with the binding energy of (781.5 eV, 796.8 eV) and (781.3 eV, 796.5 eV) 

respectively (Fig. 1 D and H), which are characteristic of Co (II) paramagnetic 

species, suggesting that CoPcF16 was successfully anchored into CMK-3 [32]. The 

peaks splits in the N1s (Nα and Nβ) (Fig. 2 B and F) and F1s (Fγ) (Fig. 2 C and G) 

spectra of CMK-3-CoPcF16 were consistent with that of CoPcF16, indicating that the 

hybrid composite was successfully formed.
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Fig 2. shows the Raman spectra of CMK-3-CoPcF16, CMK-3, and CoPcF16. 

Distinct D and G bands of CMK-3 are observed at 1315 and 1597 cm-1, which is 

associated with the structural defects and E2g vibration mode of sp2 carbon domains, 

respectively. After the immobilization of CoPcF16 molecules, D and G bands shift to 

1306 and 1592 cm-1, and the prominent peaks for pure CoPcF16 are also found in the 

spectra of the CMK-3-CoPcF16 composites. The decreased ID/IG ratio from 1.63 to 

1.58 indicates the composites possess much larger average sp2 domain sizes and 

lower defect site densities. In addition, the low wavenumber shifts in D and G bands 

of CMK-3-CoPcF16 could be due to the π-π interaction between CMK-3 and 

CoPcF16 molecules [33],

The interaction between CMK-3 and CoPcF16 molecules is also investigated by 

EPR spectrum (Fig. S-2, Supplemental information). CMK-3 has a strong EPR 

response related to defects with a g factor value of 2.007. CoPcF16 presents a much 

higher EPR signal with g factor value of 2.584. The g-factor of CMK-3-CoPcF16 

(2.258) is different from others, indicating that the electron dynamic is affected by the 

interaction between CMK-3 and attached CoPcF16 molecules [34]. 

The SEM and TEM images (Fig. S-3 and Fig. S-4, Supplemental information) of 

CMK-3-CoPcF16 hybrid show that CMK-3 remains its rod-like structure with an 

average diameter of about 500 nm and the length of 1 µm [35]. No aggregation of 

CoPcF16 was observed on the surface of CMK-3 (Fig. S-4, Supplemental 

information), suggesting that a highly molecular dispersion occurred due to the 

strong π-π interactions between CoPcF16 and CMK-3. In addition, energy dispersive 
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X-ray spectroscopy maps (Fig. 3 and Fig. S-5, Supplemental information) reveal

that N, F and Co detected from CoPcF16 are homogeneously distributed over the 

CMK-3. The immobilization was also confirmed by electrochemical behaviors of 

CMK-3-CoPcF16/GCE (Fig. 4). The typical CV shows four pairs of well-defined 

redox peaks. A couple of redox peaks with formal potential of -0.85 V originates from 

the reversible process of [Co(Ⅰ)Pc(-2)F16]-/[Co(Ⅰ)Pc(-3)F16]2- [36]. The second pair 

of redox peaks with formal potential of -0.31 V, is assigned to 

[Co(Ⅱ)Pc(-2)F16]/[Co(Ⅰ)Pc(-2)F16]- [37]. The other two pairs of shoulder peaks 

around -0.9 V and 0 V may be attributed to CoPcF16 anchored at different site of 

CMK-3. The fluorine substituent on the Pc ligand is another essential contributor, 

which further enhances the electrochemical performance. CoPc only shows excellent 

electrochemical behavior in organic solvent such as DMF and DMSO because of its 

limited solubility in water and inherent aggregation property [36]. The excellent 

electrochemical behavior of CMK-3-CoPcF16/GCE indicates that CoPcF16 is highly 

dispersed on CMK-3 without aggregation. The electron-withdrawing fluorine groups 

can also facilitate the formation of Co(I) [16], and consequently generate well defined 

electrochemical reaction between Co(Ⅱ) and Co(I).

Electrochemical impedance spectroscopy (EIS) was performed for the 

electro-kinetic measurement of the electron-transfer reaction of the modified electrode 

(Fig. S-6, Supplemental information). A large semicircle domain is observed for 

CoPcF16/GCE, suggesting high charge transfer resistance since the electrode surface 

is covered by aggregated CoPcF16. Upon loading CoPcF16 on CMK-3, the resistance 
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significantly decreased, which is ascribed to high conductivity of supporting matrix 

and molecular state of CoPcF16.

3.2. Electrocatalytic oxidation towards H2O2 and sensing

The prepared CMK-3-CoPcF16 hybrid was then explored for the electrocatalytic 

oxidation towards H2O2. It is an important industrial and biological molecule, which 

plays an essential role as a signaling molecule in regulating many biological processes 

[38]. In addition, H2O2 has been widely used as an alternative liquid oxidant instead of 

gaseous oxygen in fuel cells especially used in air-free environments such as outer 

space and underwater [39]. Fig. 5 shows the CVs of CMK-3/GCE (A), CoPcF16/GCE 

(B), and CoPcF16-CMK-3/GCE (C and D) in 0.1 M NaOH (dotted line) and 5 mM 

H2O2 (solid line) at a scan rate of 0.1 V/s, respectively. A reduction peak at -0.43 V 

occurs in H2O2 at CMK-3/GCE, but no obvious oxidation peak is observed though the 

anodic current increased along with potential (Fig. 5 A). This is attributed to the 

electrocatalytic activity of oxygen-containing species presented in CMK-3. In case of 

CoPcF16/GCE (Fig. 5 B), the reduction peak shifts to -0.3 V and two oxidation peaks 

are observed at about 0 V and 0.38 V, respectively. However, when the potential 

scans reversely (cathodic direction), the same oxidation wave as that at 0.38 V 

appears again. This suggests that CoPcF16 exhibited high electrocatalytic activity 

towards H2O2. The CoPcF16-CMK-3/GCE shows an couple of redox peaks with 

formal potential of -0.31 V ([Co(Ⅱ)Pc(-2)F16]/[Co(Ⅰ)Pc(-2)F16]-) (Fig. 5 C) and 

presents multiple electrochemical processes for both the electro-oxidation and 

electro-reduction processes, companying with the lowest oxidation peak at -0.04 V 
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and the highest reduction peak potential at -0.23 V (Fig. 5 D), respectively. This result 

indicates that CoPcF16-CMK-3 demonstrate the highest electrocatalytic activity 

toward H2O2.

The electro-oxidation mechanism of H2O2 was further investigated by CVs at 

different scan rate (Fig. 6). The number of electrons involved in the overall H2O2 

oxidation process (n) was calculated using the Randles–Sevcik equation for the 

irreversible electrode kinetics. 

Ip= 2.99×105×A×n×[(1-α)×nα)]×D1/2×C0×υ1/2

where, Ip, A, n, α, nα,, D, C0, and υ are the peak current (A), electroactive surface 

area (cm2), number of electron transfer, number of electron in rate determining step 

and electron transfer coefficient, diffusion coefficient (cm2/s), concentration of 

(mol/ml), and scan rate (V/s). Considering the value of (1-α)×nα (0.32) and diffusion 

coefficient (2×10-6 cm2/s) [40], the number of electron transfer was found to be 2.1. 

In order to explore the electrocatalytic processes of H2O2, oxygen reduction 

reaction (ORR) was also investigated the at CoPcF16-CMK-3 modified electrode. 

First, the CVs of CoPcF16-CMK-3/GCE in N2- (dotted line) and O2-saturated (solid 

line) 0.1 M NaOH solution were performed (Fig. 7). In O2-saturated solution, distinct 

ORR response was observed, which is similar to the reduction curve in the presence 

of H2O2 (Fig. 5 D). Next, LSV was performed to assess the ORR kinetics and 

selectivity by using rotating (RRDE) in which ORR occurred at the disc electrode 

while the reduced product was oxidized at Pt ring electrode (Fig. S-7, Supplemental 

information). The disc voltammetric curve showed that ORR began at about -0.1 V, 
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and the reduction current increased with the negatively scanned potential until the 

limit diffusion current. The ring voltammetric curve also showed the same oxidation 

trend accompanying with ORR. The n is found to be in the range of 3.18-3.42 and the 

hydrogen peroxide yield (H2O2%) is in the range of 29-42% for CMK-3-CoPcF16 

(Fig. S-8, Supplemental information), which is indicative of an incomplete 

reduction from O2 to H2O, that is, a mixed behavior between a 2- and 4-electron 

catalysis for the ORR. The electro-oxidation process of H2O2 was also investigated by 

RRDE in which electro-oxidation occurred at the disk electrode while the oxidized 

product was reduced at the Pt ring electrode (Fig. S-9, Supplemental information). 

It was found that the ring current occurred accompanying with the oxidation process 

of H2O2. The results showed that CoPcF16-CMK-3 composites exhibited high 

electrocatalytic activity for ORR. Therefore, we concluded that the electrochemical 

reaction of H2O2 is not a reversible process. The electro-oxidation of H2O2 to form O2 

is a two electrons process, but the reduction of product O2 is a combined process (3.2 

electrons) to form H2O2 and HO2. Hence, the electro-oxidation mechanism of H2O2 

can be speculated as follows.

CMK-3-[Co(Ⅰ)Pc(-2)F16]- - e- ⇄ CMK-3- Co(Ⅱ)Pc(-2)F16]

CMK-3-[Co(Ⅱ)Pc(-2)F16] + H2O2 + 2OH- - e-→ CMK-3-[Co(Ⅰ)Pc(-2)F16]- + O2 + 

2H2O 

The effect of applied potential on the responses to H2O2 was studied. The 

optimal detection potential was found to be about 0 V (Fig. S-10, Supplemental 

information.). Fig. 8 shows the amperometric response towards H2O2 at 
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CoPcF16-CMK-3/GCE. Upon addition of H2O2, the anodic current increases rapidly. 

The calibration plot shows that the increased current exhibits a linear relationship 

(R2=0.9994) over a concentration range from 4.4 µM to 1.76 mM with a detection 

limit of 0.03 µM (S/N=3) and sensitivity of 132.7 µA•mM-1•cm-2. (Fig. 8 A). Sixteen 

repeated measurements of 20 μM H2O2 using the same electrode presents a relative 

standard deviation (RSD) value of 5.4% (Fig. S-11, Supplemental information). The 

stability of CoPcF16-CMK-3/GCE was further examined by a continuous 

performance. After 2000s of continuous operation for 5 μM H2O2, the electrode still 

retained 96% of its initial value (Fig. S-12, Supplemental information). The 

selectivity of the sensor was also investigated by exploring the response of interfering 

inorganic ions and biological species including glucose, ethanol, NaNO2, NaCl, and 

NaNO3 (Fig. S-13, Supplemental information). The results show that these common 

interfering species with 10-folds concentration did not interfere with the 

electrochemical detection of H2O2, indicating a high selectivity of the sensor. We also 

tested the interference from dopamine (DA), ascorbic acid (AA), and uric acid (UA) 

which are electrooxidizable constituents in physiological fluids (Fig. S-14, 

Supplemental information). It was found that the current value of DA, AA, and UA 

is 7.4 %, 30.1%, and 7.5%, respectively, relative to that of H2O2.  

3.3. Electrocatalysis towards hydrazine oxidation and sensing

The CoPcF16-CMK-3/GCE was also found to be electroactive towards the 

oxidation of hydrazine. Fig. 9 shows the CVs of CMK-3/GCE, CoPcF16/GCE, and 

CoPcF16-CMK-3/GCE of 5 mM hydrazine in a basic medium. CMK-3/GCE 
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demonstrates poor electrocatalytic activity towards hydrazine oxidation (Fig. 9 A). 

However, at CoPcF16/GCE, a well-defined oxidation peak is observed at about 0.12 

V (Fig. 9 B). In case of CoPcF16-CMK-3/GCE (Fig. 9 C), the oxidation peak of 

hydrazine shifts to -0.07 V. The results indicate that CoPcF16-CMK-3/GCE shows 

excellent electrocatalytic activity due to highly dispersed CoPcF16 molecules on 

CMK-3. 

The electron transfer number of hydrazine was further investigated by CV at 

different scan rate (Fig. 10). Assuming the value of (1-α)×nα (0.45) and diffusion 

coefficient (2.0×10-6 cm2/s) [41], the number of electron transfer was calculated to be 

4.3 using the Randles–Sevcik equation for the irreversible electrochemical process of 

hydrazine. Hence, the mechanism was proposed as follows:

CMK-3-[Co(Ⅰ)Pc(-2)F16]- - e- ⇄ CMK-3--[Co(Ⅱ)Pc(-2)F16]

CMK-3-[Co(Ⅱ)Pc(-2)F16] + N2H4 + 4OH- - 3e- →  CMK-3-[Co(Ⅰ)Pc(-2)F16]- + 

N2 + 4H2O 

The effect of applied potential on the responses to hydrazine was studied and the 

optimal detection potential was found to be about 0 V (Fig. S-15, Supplemental 

information). The CoPcF16-CMK-3/GCE was next used for the amperometric 

sensing of hydrazine in a basic medium (Fig. 11), and presented a linear response 

from 1 μM to 0.37 mM on the log-log plots (R2=0.9992) with a detection limit of 0.2 

μM (S/N=3) and sensitivity of 132.7 µA•mM-1•cm-2. Furthermore, for fifteen 

successive measurements of 5μM hydrazine, the RSD of response was found to be 

5.7% (Fig. S-16, Supplemental information). The stability of 



16

CoPcF16-CMK-3/GCE was further evaluated by a continuous test. After 2000s of 

continuous operation for hydrazine, the electrode still retained 91% of its initial value. 

The responses of CoPcF16-CMK-3/GCE to other species which are preferably found 

with hydrazine in real samples were also explored. We can see that no obvious 

responses are observed for 10-folds concentration of NaCl, KCl, Na2SO4, NaBr, 

CaCl2, NaAc, glucose, (NH4)2SO4, and NaNO3 (Fig. S-17, Supplemental 

information). Hence, the fabricated electrochemical sensor is highly selective for 

hydrazine. The analytical performances for both H2O2 and hydrazine based on 

CoPcF16-CMK-3 and other bifunctional electrocatalysts reported in literature are 

summarized in Table 2. The CoPcF16-CMK-3 modified electrode exhibits low 

overpotential and detection limit, which are better than or compared to that based on 

other bifunctional electrocatalysts.

This sensor was also used to analyze the actual content of hydrazine in lake water. 

However, the calculated value did not accord with that obtained by spectrophotometry 

due to the interference of unknown complex species present in the sample. Potential 

application of CoPcF16-CMK-3/GCE was further explored for the detection of 

hydrazine spiked in lake water (Fig. S-18, Supplemental information). The 

analytical results of hydrazine spiked in lake water were shown in the Supplemental 

information (Table S-1).

4. Conclusions

We have demonstrated a simple, facile and fast method for non-covalently

anchoring CoPcF16 molecules to CMK-3. CMK-3 was found to be a powerful 
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supporting platform for the immobilization of molecular CoPcF16. This is due to the 

stack effects of porous CMK-3 hybridization and fluorine substituents in the 

molecular structure, which endow the hybrid high electro-activity towards the 

oxidation of H2O2 and hydrazine. The molecular CoPcF16 immobilized in CMK-3 

also exhibited high activity for ORR. An efficient electrochemical sensing platform 

was developed for sensitive detection of hydrogen peroxide and hydrazine. However, 

this sensor could not be used in situ analysis. 
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Figure Captions

Fig. 1 XPS narrow scan of the C1s (A, E), N1s (B, F), F 1s (C, G), Co 2p (D, H) 

region for CoPcF16-CMK-3 (A, B, C, and D) and CoPcF16 (E, F, G, and H).

Fig. 2 Raman spectra of CMK-3-CoPcF16, CMK-3 and CoPcF16.

Fig. 3 A typical TEM image (a) of CMK-3-CoPcF16 for elemental distribution and 

the elemental mapping of carbon (b), nitrogen (c), oxygen (d), fluorine (e), and Cobalt 

(f).

Fig. 4 CV of CoPcF16-CMK-3/GCE in 0.1 M PBS (pH 7.0) at a scan rate of 0.1 V/s.

Fig. 5 CVs of CMK-3/GCE (A), CoPcF16/GCE (B), and CoPcF16-CMK-3/GCE (C 

and D) in 0.1 M NaOH solution in the absence (dotted line) and presence (solid line) 

of 5 mM H2O2 at a scan rate of 0.1 V/s.

Fig. 6 CVs of CoPcF16-CMK-3/GCE in 0.1 M NaOH solution in the presence of 

H2O2 at different scan rate. Inset: calibration plot for the current versus the square root 

of scan rate.

Fig. 7 CVs of CMK-3-CoPcF16/GCE in N2- (dotted line) and O2-saturated (solid line) 

0.1 M NaOH solution at 25mV/s.

Fig. 8 Amperometric response of CoPcF16-CMK-3/GCE to the successive addition of 

H2O2 in stirred 0.1 M NaOH solution at an applied potential of 0 V. Inset (A) is the 
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calibration plot for the steady-state current versus H2O2 concentrations. Inset (B) is 

the amperometric response at low H2O2 concentration.

Fig. 9 CVs of CMK-3/GCE (A), CoPcF16/GCE (B), and CoPcF16-CMK-3/GCE (C) 

in 0.1 M NaOH solution in the absence (dotted line) and presence (solid line) of 5 

mM hydrazine at a scan rate of 0.1 V/s. 

Fig. 10 CVs of CoPcF16-CMK-3/GCE in 0.1 M NaOH solution in the presence of 

hydrazine at different scan rate. Inset: calibration plot for the current versus the square 

root of scan rate.

Fig. 11 Amperometric response of CoPcF16-CMK-3/GCE to the successive addition 

of hydrazine in stirred 0.1 M NaOH solution at an applied potential of 0 V. Inset (A) 

is the log-log calibration plot for the steady-state current versus hydrazine 

concentrations. Inset (B) is the amperometric response at low hydrazine 

concentration.
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Fig. 11
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Binding energy
C Co N F

Material
C-C
(Cβ)

C-N
(Cα)

C-F (Cγ

and Cδ)

Unkno
wn 

peak 

Co2p3/

2

Co2p1/

2

Co-N-
C

(Nα)

N-C
(Nβ)

Fγ Fδ

CMK-3-CoPc
F16 284.8 286.5 289.2 283.3 781.5 796.8 399.4 400.7 686.3 688.0

CoPcF16 284.8 286.7 288.3 781.3 796.5 398.9 400.2 685.4 687.4

Table 1. Binding energy for different elements of CMK-3-CoPcF16 and CoPcF16
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Table 2. Electrochemical sensing performances for H2O2 and hydrazine based on 
CoPcF16-CMK-3 and other bifunctional electrocatalysts.

H2O2 Hydrazine

Materials
pH

Peak 
potential 

(V)c

Linear 
range 
(μM)

LOD
(μM) pH Potential 

(V) c

Linear 
range
(μM)

LOD
(μM)

Ref

Pd-phen-dione/ER-G
O 7.2 -0.3 a 0.5-10

79 0.07 7.2 0.3 0.1-11
66 0.04 [42]

CuO nanoplatelets 13 0.55 b 1-180
0 0.3 13 0.55 1-120

0 0.1 [43]

MWCNTs-Co(OH)2 13 -0.2a 5-550 1.36 13 0.1 0.2-11
06 0.084 [44]

MWCNTs@Indole-tet
raone 7.0 -0.25a 250-3

500 7.0 0.25 500-4
000 [45]

Pt-Cu/Si 7.0 -0.25a 0.5-12
80 0.1 13 0.2 0.2-16

80 0.05 [46]

Fe2O3 13 -0.8a 100-5
500 10 13 0.1 50-13

40 5 [47]

Mn2O3-Fe2O3 13 -0.4 a 10-15
400 0.60 7.0 0.7 0.5-12

00 0.09 [48]

CuS/rGO 7.0 -0.2a 1-100
0 0.1 7.0 0.4 1-100

0 0.3 [49]

CoOOH 13 0.1b 0-160
0 40 13 0.1 0-100

0 20 [50]

Pd/MWCNTs 1 -0.088a 1-19 0.1 1 0.277 0-100 1 [51]

Fe2O3/graphite 7.4 -0.6a 200-5
500 3.5 7.4 0.7 -10 1.2 [52]

PVP/Ag 6.5 -0.47a 50-70
000

0.18 7.4 0.28 5-460 1.1 [53]

Pt 7.0 0.35a 100-1
000 0.14 7.0 0.7 50-50

0 0.15 [54]

CoPcF16-CMK-3 13 -0.23 a
-0.04 b

4.4-17
60 0.03 13 -0.07 1-370 0.2 This 

work

a: Reduction potential; b: Oxidation potential; c: versus Ag/AgCl; 
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Fig. S-1 Molecular structure of CoPcF16. 

Fig. S-2 EPR spectra of CMK-3-CoPcF16, CMK-3 and CoPcF16 

 



Fig. S-3 SEM image of CoPcF16-CMK-3/GCE. 



Fig. S-4 TEM images of CMK-3-CoPcF16. 

 



Fig. S-5 EDS spectra of CMK-3-CoPcF16 
 

 
Fig. S-6 Nyquist diagrams for different modified electrodes in 5 mM [Fe(CN)6]3−/4− 

(1:1) solution containing 0.1 M KCl. The frequency range of EIS was in the range 
from 0.1 Hz to 100 kHz at 0.2 V. 

 
 



 
Fig. S-7 RRDE voltammetric curves of CMK-3-CoPcF16 in O2-saturated 0.1 M 

NaOH solution under 1600 rpm with the scan rate of 5 mV/s and a Pt ring potential of 
0.6 V. 

 

 
Fig. S-8 Calculated n and hydrogen peroxide yield (H2O2%) of CMK-3-CoPcF16 in 

ORR process from RRDE voltammograms. 
 



 
Fig. S-9 RRDE voltammetric curves of CMK-3-CoPcF16 in N2-saturated 0.1 M 

NaOH solution in the presence of H2O2 under 1600 rpm with the scan rate of 5 mV/s 
and a Pt ring potential of -0.6 V. 

 
 

 

Fig. S-10 Effect of applied potential on the responses to H2O2 

 



 
Fig. S-11 Repeatable response of CoPcF16-CMK-3/GCE to successive addition of 

H2O2 in stirred 0.1 M NaOH solution at an applied potential of 0 V.  
 
 

 
Fig. S-12 Long-term amperometric response of CoPcF16-CMK-3/GCE to 50 μM 

H2O2 in stirred 0.1 M NaOH solution. 
 



 
Fig. S-13 selectivity test of CoPcF16-CMK-3/GCE for H2O2 with addition of 10-folds 

concentration of glucose, ethanol, NaNO2, NaCl, and NaNO3, respectively. 
 

 

 
Fig. S-14 selectivity test of CoPcF16-CMK-3/GCE for 50 µM H2O2 with addition of 
50 µM DA, 50 µM AA and 50 µM UA, respectively. 



 

 
Fig. S-15 Effect of applied potential on the responses to hydrazine 

 

 

Fig. S-16 Repeatable response of CoPcF16-CMK-3/GCE to successive addition of 
hydrazine in stirred 0.1 M NaOH solution at an applied potential of 0 V. 

 
 



 
Fig. S-17 selectivity test of CoPcF16-CMK-3/GCE for hydrazine with addition of 10-
folds concentration of NaCl, KCl, Na2SO4, NaBr, CaCl2, NaAc, glucose, (NH4)2SO4, 

and NaNO3, respectively 
 

 

Fig. S-18 Applicability for the detection hydrazine in lake water 

 



Table S-1. Sensing results for hydrazine in lake water 
Added (µM) Found (µM) Recovery (%) RSD (%) 

10.0 10.3 103 2.9 

20.0 19.2 96 3.3 

50.0 45.2 90 4.6 
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