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A B S T R A C T

In this study, we synthesized Co2P nanoparticles using a solid-state phosphorization method and evaluated the 
electrocatalytic response to glucose oxidation reaction (GORs). The influence of synthesis conditions on the 
particle size, morphology of Co2P species and formation of byproducts is discussed. A lower molar ratio of the 
phosphorus precursor leads to a decrease in the generation of byproducts. In addition, the calcination temper
ature and time greatly influence the purity level of the Co2P species and its particle size. Thus, we obtained three 
pure Co2P nanoparticles with different sizes and morphologies. Significant differences in their electrocatalytic 
activity against the GOR are observed depending on the size of the particles, being the smaller ones the most 
efficient. Based on Tafel analysis, a higher catalytic activity was observed for the carbon fibre (CF)/Co2P com
posite compared to Co2P, which presented a greater onset potential and low response in current density. Tafel 
slopes close to 120 mV/dec were obtained for both materials, indicating that the mechanism is independent of 
the type of Co2P-based material used. Finally, the performance of the GCE/CF/Co2P sensor was demonstrated by 
amperometric measurements, with a sensitivity of 409 µAmM-1cm-2, a linear range between 39.4 µM and 150 µM, 
and a detection limit of 0.97 µM, analytical characteristics better than those obtained for other cobalt phosphide- 
based sensors reported in the literature. In addition, the GCE/CF/Co2P sensor shows excellent selectivity and 
demonstrated to be competitive compared to other Co-based non-enzymatic glucose sensors.

1. Introduction

Diabetes mellitus (DM) is a chronic systematic metabolic disease 
characterized by an unusual increase in blood glucose concentration, 
that can produce multiple health complications [1,2]. It is one of the 
most common global diseases and is the main cause of death and 
disability worldwide [3]. Thus, the adequate control, the prevention of 
the disease, the existence of reliable methods to quantify glucose in 
physiological media (blood, saliva, sweat, and tears) are essential [4]. 
On the other hand, glucose detection is also necessary in other fields, 
such as quality control in food industries [5,6]. Therefore, highly 

sensitive, selective, stable, and economical devices for glucose quanti
fication are highly required. Different glucose sensing techniques, such 
as fluorescence [7], colorimetry [8], electrochemiluminescence [9], and 
electrochemistry [10,11], have been explored. Non-enzymatic electro
chemical sensors have received great attention due to their fast 
response, high sensitivity and low detection limits; in addition, 
compared to enzymatic electrochemical sensors, non-enzymatic elec
trochemical sensors are more stable [12–14].

Transition metal-based materials (especially Ni, Co, and Cu), such as 
oxides [15], hydroxides [16], sulfides [17], nitrides [18], and phos
phides [19,20], have been extensively studied for the development of 
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non-enzymatic glucose sensors due to their abundance, stability, wide 
variety of syntheses, and great electrocatalytic activity for glucose 
oxidation. Among these materials, transition metal phosphides (TMP) 
have attracted attention due to their good electronic conductivity, high 
thermal and chemical stability, and excellent electrocatalytic activity 
towards the hydrogen evolution reaction (HER) [21,22] and the oxygen 
reduction reaction (ORR) [23]. They have been used for supercapacitors 
[24], batteries [25], and electrochemical detection methods, including 
glucose detection through non-enzymatic sensors [19,26,27]. Recently, 
composites with cobalt phosphide species, such as CoP NA/TM [28], 
CoP/Co-BP [29], and Co2P/NPCNT [30], have been used in 
non-enzymatic glucose sensors; which exhibit high sensitivity, low 
detection limits, and wide linear ranges. However, studies on specific 
Co2P species are limited. D. Das et al.[30] reported the catalytic per
formance of Co2P-based sensors for glucose electrochemical detection. 
Considering that metal-rich metal phosphides are usually semi
conductors or even superconductors because metal-metal bonds may be 
present in their structure [21,31], the evaluation of the catalytic activity 
of Co2P species in glucose electrooxidation reactions is interesting. 
Regarding the improvement in the catalytic activity properties of the 
material, our group recently demonstrated the synergistic effect of car
bon fibers (CFs) in a CF/Ni2P composite [19], suggesting that carbon 
fibres are a valuable alternative for enhancing catalytic performance in 
conjunction with Co2P, increasing surface area and improving sensor 
electronic transfer.

Solid-state synthesis methods involving thermal decomposition of 
hypophosphite precursors have been successfully used to generate metal 
phosphides [32,33], including Co2P [34], which involves the formation 
of phosphine gas (PH3) as an active phosphorus species for reducing 
metal salts (oxides, hydroxides, chlorides) at high temperatures and in 
an inert atmosphere. In a highly reducing environment, Co2P and 
different species can be formed, so the synthesis of pure Co2P without 
the presence of other subproducts is a real challenge. In this sense, W. 
Peng et al. studied how the molar ratio of NaH2PO2 to CoCl2 precursors 
affects Co2P synthesis [34] and found that the molar ratio of NaH2PO2 to 
CoCl2 influences the formation of Co2P and impurities. However, other 
important parameters are the calcination temperature and time, which 
were studied in the formation of Ni2P by Q. Guan [33]; where they 
mention that proportions of P and Ni between 1.5 and 1.75 are indicated 
for the formation of Ni2P without appreciable interferents formation by 
the XRD analysis. Furthermore, the study of calcination temperature 
between 250 and 350◦C and calcination time between 10 and 90 mi
nutes does not influence the formation of interferences, choosing for its 
synthesis 300◦C as temperature and 30 minutes as calcination time. On 
the other hand, regarding the production of Co2P, the effect of heating 
time was studied by applying a one-pot synthesis technique using 
tri-n-octylphosphine (TOP) [35] and by thermal decomposition method 
with triphenylphosphine (TPP) [24] as a precursor of phosphorus. In 
these investigations, relationships between the heating time and the 
morphology and particle size of the species were observed; however, 
these relationships have not been studied for Co2P synthesis by thermal 
decomposition of hypophosphite precursors.

As Co2P is an interesting catalytic material in many applications, 
obtaining pure Co2P is important for the application in different fields. 
Therefore, this work examined the effect of important parameters on 
Co2P synthesis by phosphorization methods, such as the molar ratio 
between precursors, the annealing time, and the use of CoCl2 and so
dium hypophosphite as Co and P precursors, respectively. Considering 
the relationship between the morphology and particle size obtained 
under different parameter conditions, three different Co2P species were 
obtained and analysed electrochemically for glucose detection, 
revealing evident differences in catalytic activity. In the following sec
tions we evaluate the synthesis conditions, the effect on the catalytic 
non-enzymatic oxidation of glucose, the kinetics study of the proposed 
sensors, and the analytical performance for glucose quantification.

2. Materials and methods

2.1. Reagents

All the chemicals used were of analytical grade. Cobalt chloride 
hexahydrate (CoCl2•6H2O, Aldrich, St. Louis, MO, USA), sodium phos
phinate monohydrate (NaPO₂H₂⋅H₂O, Merck), polyvinyl pyrrolidone 
(C6H9NO)n, PVP, MW = 1,300,000), orthophosphoric acid (H3PO4 85%, 
Merck), N,N dimethylformamide (C3H7NO, DMF Merck), hexamethy
lenediamine (C6H16N2, Merck), 0.3 and 0.05 µm alumina (Buehler, 
Uzwil, Switzerland), α-D-glucose (C6H12O6 Sigma‒Aldrich), Nafion 
(5.0% Aldrich), sodium hydroxide (NaOH, Merck), ethanol (Analytical 
Grade, Merck), acetone (Analytical Grade, Merck), and ethylenediamine 
(Merck) were used. For the thermal treatments, H2 and Ar (Air Liquide, 
Paris, France) were used. All the electrochemical solutions were pre
pared with ultrapure water (ρ = 18.2 MΩ cm) from a Millipore-Milli-Q 
system that was used for preparing all the aqueous solutions.

2.2. Synthesis of Co2P

Co2P was prepared according to the method proposed by Peng et al. 
[34] with modifications, using cobalt chloride (CoCl2) and sodium 
hypophosphite (NaPO₂H₂•H2O) as precursors (dissolve in Milli-Q water 
using different molar ratios Co:P = 1.0:1.30, 1.0:1.35, 1.0:1.40, 
1.0:1.45, 1.0:1.50, 1.0:1.60 and 1.0:1.75). After stirring for 1 h, the 
precursors solution was slowly evaporated at 90◦C for 8 hours and then 
left to stand at room temperature until the precursors were obtained. 
Then, they were ground in an agate mortar. The products were obtained 
by calcination of the precursors at 600◦C for 6 hours in an Ar atmosphere 
at a heating rate of 5◦C/min. For the temperature study, precursors with 
a molar ratio of Co:P = 1.0:1.40 were calcinated at 500, 600, and 700◦C 
for 6 hours. Similarly, the calcination duration optimization study, the 
same precursor (Co:P = 1.0:1.40) was calcinated at 600◦C for 6 and 12 
hours. The products were cooled down to room temperature under 
flowing Ar and washed repeatedly with Milli-Q water and ethanol. The 
final product was obtained after drying at 80◦C for 12 hours.

2.3. Synthesis of carbon fibre (CF)

The synthesis of carbon fibres was carried out using electrospinning 
stretching LE-10 Fluidnatec equipment and 10 ml Nipro Luer/lock sy
ringes based on previous work [19]. Briefly, for electrospinning solution 
preparation, polyvinylpyrrolidone (PVP) (10% w/v of the final 250 mL 
solution) was mixed with 125 mL of Milli-Q water and stirred. Then, 125 
mL of N,N-dimethylformamide (DMF) was added under stirring. Next, 
50.0 mmol of orthophosphoric acid 85% H3PO4 was added slowly at 
room temperature. This solution was electrospun using an 800 µL/hour 
flow, 18 kV as the voltage and 20 cm as the distance between the needle 
and the collector. All the experiments were conducted at room tem
perature and 70% relative humidity. Once the polymer meshes were 
obtained, they were dried at 110◦C for 12 hours. Then, the stabilization 
process was carried out at 250◦C for 3 hours under an air atmosphere 
using a ramp of 7◦C/min. The samples were left to cool to room tem
perature, and subsequently, the obtained fibres were calcined at 700◦C 
for 3 hours in an Ar/H2 flow using a 10◦C/min heating rate and cooled to 
room temperature under an Ar atmosphere.

2.4. Materials characterization

The crystalline structure and purity of the obtained materials were 
determined via X-ray diffraction (XRD). The X-ray diffraction data were 
collected at room temperature on a Bruker D8 Advance (R-X: Cu tube 
(CuKa1 radiation = 1.5604 angstroms) with a nickel filter, linear Lyn
xEye detector, 40 KV/30 mA power, and variable, V20 optics). The 
spectra were measured in the 2θ range between 10 and 80◦ (PSD 
step=0.20; 10.0 sec/step). The analysis of crystalline phases was 
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performed using the Crystal Impact Match program with the PDF-2 
database. Parameter lattices were calculated using STOE XPOW soft
ware. The surface morphology was studied using a Thermo-Fisher Sci
entific INSPECT-F50 high-resolution scanning electron microscope (HR- 
SEM, FEI, The Netherlands). The compositional study was conducted by 
energy dispersive spectroscopy (EDX), scanning transmission electron 
microscopy (STEM), and an Alpine 129 eV ultradry pathfinder (Thermo 
Fisher Scientific).

2.5. Preparation of the CF/Co2P-modified glassy carbon electrode (CF/ 
Co2P/GCEs)

A drop-casting technique was used to modify a glassy carbon elec
trode (GCE). Dispersions of 2.0 mg/mL of the synthesized materials 
dissolved in 0.2% Nafion in isopropanol and water were prepared. For 
the CF/Co2P composite, the materials were massed with 60 wt% CF, and 
all the dispersions were sonicated for 1 hour. Before each modification, 
the electrode was polished in 0.3 and 0.05 µm alumina and then washed 
with Milli-Q water. Ten microlitres of the dispersion was taken and 
deposited on the surface of a glassy carbon electrode and then dried at 
50◦C for 10 minutes.

2.6. Electrochemical measurements

The catalytic activity of the modified electrodes was tested using a 
typical three-electrode system composed of a bare or modified GCE as 
working electrode (CH Instrument, Bee Cave, TX, USA, 3 mm diameter), 
an Ag/AgCl reference electrode in 3 mol/L NaCl (CH Instrument), and 
an auxiliary platinum wire electrode. A 10 mL-cell was used for the 
electrochemical experiments, performed with a MultiEmStat potentio
stat (Palmsens BV, Houten, The Netherlands). All the electrochemical 
measurements were carried out in triplicate by immersing the modified 
electrode in 5.00 mL of 0.100 M NaOH as the supporting electrolyte. 
Cyclic voltammetry was performed at a scan rate of 50 mVs− 1 between 
0.00 and 0.800 V. Linear sweep voltammetry was performed using a BAS 
CV 50W potentiostat with a rotating disk at 2000 rpm and a scan rate of 
5.00 mVs-1 in a deoxygenated 0.100 M NaOH solution with a 1.00 mM 
glucose solution. For the selection of the working potential, hydrody
namic voltammetries were carried out between 0.500 and 0.600 V, 
aiming to find the potential with the highest current and low measure
ment dispersion. Finally, the analytical studies were conducted using 
amperometry at 0.600 V.

3. Results

3.1. Physical and structural characterization of the synthetized materials

The crystalline structure of the Co2P species and byproducts obtained 
were determined via X-ray diffraction (XRD). The Co2P synthesis con
ditions, such as the molar ratio between the Co:P precursors, calcination 
temperature and time, were studied. These parameters are relevant in 
phosphorization treatments since it is possible to form many byproducts 
by the phosphine gas (PH3) released during this process [32]. Based on 
the mechanism process reported for Ni2P [33], the reactions that could 
be involved in the thermal decomposition process using CoCl2 and 
NaH2PO2 as precursors in an Ar atmosphere can be explained as follows:

Formation of the intermediate product: 

2NaH2 PO2 + CoCl2 → 2NaCl + Co(H2 PO2)2                                  (1)

Dismutation of the intermediate product and release of PH3 gas: 

Co(H2 PO2)2 → PH3 + CoHPO4                                                      (2)

Considering that no mechanistic studies have been reported to clarify 
the conversion of CoHPO4 to Co2P, the formation of Co2P is attributed to 
the reaction of CoHPO4 with the previously released PH3. This process is 

represented by the following reaction: 

4PH3 + 4CoHPO4 + CoCl2 → 3Co2 P + P+4H3 PO4 + 4HCl            (3)

The formation of PH3 results in different reactions due to its high 
reactivity as a reductor agent at temperatures above 300◦C [34]. To 
obtain pure Co2P, we first evaluated the effect of different molar ratios of 
CoCl2 to NaH2PO2 as precursor, using 600◦C and 6 hours as the calci
nation temperature and time, respectively. The XRD patterns of the 
materials obtained with Co:P molar ratios varying from 1.0:1.30 to 
1.0:1.75 are displayed in Fig. 1A. The results showed that the molar ratio 
between precursors drastically influence Co2P and byproduct formation. 
Characteristic peaks of the Co2P diffraction pattern and interfering 
phases corresponding to CoP2 and Na2CoP2O7 were generated at a Co:P 
molar ratio of 1.0:1.75. When the molar ratio of Co:P was decreased to 
1:1.60, 1:1.50, and 1:1.45, the intensity of the CoP2 and Na2CoP2O7 
peaks decreased. CoP2 was no longer observed at molar ratios of Co:P 
=1.0:1.40 and 1.0:1.35, and finally, the pure Co2P phase was obtained 
with no additional planes at a Co:P = 1.0:3.0 molar ratio. Based on the 
phosphorization mechanism described earlier, the formation of inter
ferents is triggered by an excess of NaH2PO2 (Eq. 1), which ultimately 
leads to the generation of high amounts of PH3 by dismutation (Eq. 2); as 
a result, parallel reactions can occur that form byproducts, or the re
actions may be incomplete during these syntheses. Based on the previ
ous results, the Co:P ratio = 1.0:1.30 allows the formation of Co2P 
without impurities, allowing the phosphorization reactions mentioned 
in Eqs. (1)–(3) to be completed correctly. The Co2P species obtained 
under these conditions were named Co2P (1). [33,30]

The influence of calcination time was studied at a molar ratio of Co:P 
= 1:1.4 at 600◦C, and the calcination time was varied from 6 to 12 hours. 
Fig. 1B shows that pure Co2P was obtained when the calcination time 
was increased to 12 hours, indicating that the calcination time is a 
decisive parameter in the formation of pure Co2P. The Co2P obtained 
under these synthetic conditions was named Co2P (2). Finally, the third 
parameter evaluated in the synthesis of pure Co2P was the calcination 
temperature. Fig. 1C shows the diffractograms obtained using calcina
tion temperatures of 500, 600, and 700◦C at a Co:P molar ratio of 
1.0:1.40 and after 6 hours of calcination. A greater number of in
termediates was detected when 500◦C was used, as the intensity of the 
diffraction peaks corresponding to Na2CoP2O7 was greater than that of 
any other protocol used. When the temperature increased to 600◦C, the 
intensity of the peaks decreased; finally, Co2P was obtained at 700◦C 
without the presence of planes corresponding to other species. Thus, at 
this temperature, the reactions involved in the formation of Co2P are 
guaranteed to reach completion. The Co2P obtained under these syn
thetic conditions was named Co2P (3).

The diffractograms of the three pure Co2P species obtained are 
detailed in Fig. 1D and agree with the Co2P pattern (PDF2 no. 01-089- 
3030), corresponding to an orthorhombic crystalline system of space 
group pnma. The crystallite sizes obtained by the Debye–Scherrer 
equation and the particle sizes determined by STEM images from a 
Gaussian-type distribution for the Co2P species (Fig. S1) are shown in 
Table 1.

A direct correlation between the crystallites and particle size was 
observed, and the differences between the synthesis conditions were in 
the following order: Co2P (1) < Co2P (2) < Co2P (3). The Co2P (1) and 
Co2P (2) particles were compared under the same calcination temper
ature; therefore, the larger crystallite and particle sizes for Co2P (2) are 
attributed to the longer time under heat treatment, which induces 
greater grain growth. On the other hand, Co2P (3) had the largest 
crystallite and particle sizes of the three species obtained; thus, 
compared to longer sintering times, a higher sintering temperature 
(700◦C) more greatly affects grain growth in these systems [36].

SEM images of Co2P (1), Co2P (2), and Co2P (3) are presented in 
Fig. 2B–D, respectively. An amorphous morphology can be observed for 
the synthesized cobalt phosphides. In particular, for Co2P (1), it is 
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possible to observe particles with a flower/urchin-like morphology 
(Fig. 2B). Morphology that is important in electrocatalytic materials 
where a high surface is required [24,37].

The particle size of Co2P obtained is changed by the calcination time 
and temperature, and an increase in the time and temperature of syn
thesis leads to appreciable grain growth, which was observed for Co2P 

(2) and Co2P (3) in comparison with Co2P (1).
The distribution of cobalt and phosphorus in each synthesized Co2P 

species was obtained from EDX analysis (Fig. 2S). In all cases, a homo
geneous distribution of cobalt and phosphorus was observed.

Concerning the carbon material, Fig. 1D shows the CF diffraction 
pattern, in which a diffraction peak occurs at approximately 2theta=
24◦, which is characteristic of carbon materials [38,39]. A smooth fibre 
morphology without visible pores or cracks can be observed in the SEM 
image in Fig. 2A. This is related to the optimized electrospinning and 
heat treatment parameters involved in the synthesis, through which 
carbon fibres can be formed without apparent defects, as described in 
previous work by Brito T.P. [19]. In addition, an advantage of the 
electrospinning technique is that the fibre diameter is controlled [40]; in 
this case, an average diameter of 123 nm was obtained.

3.2. Electrocatalytic performance against glucose

The electrochemical behaviour of the Co2P species was examined 
using cyclic voltammetry in a potential range of 0.00 to 0.800 V in 0.100 
M NaOH solution at a scan rate of 50.0 mVs-1. Fig. 3A shows the cyclic 

Fig. 1. X-ray diffraction (XRD) results of A) Co2P synthesized with different molar ratios of CoCl2: NaH2PO2 (Co:P) with a calcination time of 6 hours at a tem
perature of 600◦C, B) Co2P with a molar ratio of Co:P = 1:1.40 with calcination times of 6 and 12 hours at a temperature of 600◦C, C) Co2P with a molar ratio of Co:P 
= 1:1.40 with calcination times of 6 hours at 500◦C, 600◦C and 700◦C, and D) the obtained Co2P species and carbon fibre (CF).

Table 1 
Synthesis conditions of Co2P species, average crystal size from the Debye–
Scherrer equation, and particle size obtained from STEM images.

Material Synthesis conditions Crystallite 
size (nm)

Particle 
size (nm)

Temperature 
(◦C)

Calcination 
time (h)

Molar 
ratio 
(Co:P)

Co2P (1) 600 6 1.0:1.3 13.6 ± 1.1 44.7 ±
23.7

Co2P (2) 600 12 1.0:1.4 26.2 ± 3.5 78.1 ±
32.9

Co2P (3) 700 6 1.0:1.4 35.3 ± 6.1 154.6 ±
96.6
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voltammograms of pure Co2P-modified GCE electrodes, for which a 
well-defined oxidation peak appears at approximately 0.400 V for the 
GCE/Co2P (1) electrode. Considering that at the unmodified GCE there 
were no significant redox peaks (not shown) and the reported studies on 
the electrochemistry of cobalt phosphides, such as Co2P[40] and CoP 
[40], this process can be assigned to the oxidation of Coδ+ present in 
Co2P to Co3+ (CoOOH species) in an alkaline medium as follows: 

Coδ+ + nOH- + H2O → CoOOH + ne-                                             (4)

For the GCE/Co2P (2)- and GCE/Co2P (3)-modified electrodes, the 
anodic current associated with the oxidation of Coδ+ is very low 
compared to that of GCE/Co2P (1), and in the case of Co2P (3), the 
process occurs at higher potentials. Thus, the formation of CoOOH 
species via Eq, (4) varies drastically depends on the synthesis method by 
which Co2P was obtained, possibly due to the smaller particle size of 
Co2P (1) compared to the other Co2P species; this smaller size contrib
utes to greater wettability and the subsequent formation of CoOOH 
active species on the electrode surface. As CoOOH is the electrocatalytic 
species necessary for glucose oxidation, Co2P (1) was chosen for the 
electroanalytic evaluation.

The cyclic voltammograms of Co2P- and CF/Co2P-modified elec
trodes in the absence and presence of 1.00 mM glucose are presented in 
Fig. 3B. The process described in Eq, (4) related to the formation of 
CoOOH occurred at both electrodes. When the CF/Co2P composite was 
used, a broader oxidation peak was obtained, which was attributed to 
greater electron flow; in addition, a small positive shift in the anodic 
peak potential compared to that of Co2P was observed. This behaviour 

was also observed when CF/Ni2P composites were evaluated [41] and is 
related to possible adsorption mechanisms on the surface of modified 
electrodes containing CFs. A second process at approximately 0.600 V 
was observed in the presence of glucose for both materials. Considering 
that CF does not undergo any significant redox reaction in the presence 
of glucose, this process is attributed to the oxidation of CoOOH to CoO2 
according to the following reaction [40,26]: 

CoOOH + OH- → CoO2 + H2O + e-                                                (5)

For both electrodes, the addition of glucose induces an increase in 
the oxidation current at a peak of approximately 0.600 V, while the 
current peak near 0.400 V remains constant or decreases. The same ef
fect was observed in Fig. 4A for the CF/Co2P composite after glucose was 
successively added. Thus, the oxidation of glucose to gluconolactone is 
catalysed by the conversion of CoO2 to CoOOH [41,42] as follows: 

CoO2 + glucose + H2O → CoOOH + OH- + glucolactone                (6)

Cyclic voltammetry (CV) experiments indicate that the CF/Co2P 
composite has a greater response to current density against glucose 
oxidation than that of Co2P, which is attributed to the high electronic 
conduction properties of CF as well as the increase in electroactive area 
due to the high porosity of CF. Therefore, CF together with Co2P 
improved the electrocatalytic properties of the material towards the 
oxidation of glucose (Fig. 4A); thus, the glucose detection performance 
of CF was further studied.

Fig. 4B shows the CV curves of CF/Co2P at different scan rates in the 

Fig. 2. SEM images of A) carbon fibre (CF), B) Co2P (1), C) Co2P (2), and D) Co2P (3).
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presence of 1.00 mM glucose in a 0.100 M NaOH solution. As the scan 
rate increases, the anodic peak shows a slight shift to positive potentials, 
while the cathodic peak shifts to negative potentials. This indicates that 
the redox reactions involved in glucose oxidation (Eqs. 4 and 5) corre
spond to a quasi-reversible process. In addition, a linear relationship was 
observed between the current density and the square root of the scan 
rate (insert of Fig. 4B), indicating that the glucose oxidation process was 
mainly controlled by diffusion. A linear relationship between the loga
rithmic plot of the current vs. scan rate was observed with a slope of 
approximately 0.600. Thus, a mixed mechanism is possible for the CF/ 
Co2P composite, while for Co2P, the slope is close to 0.500 (Fig. S5); 
therefore, the contribution of glucose adsorption on the surface of the CF 
is attributed to the glucose oxidation process [41].

The electrocatalytic activity for the glucose oxidation reaction of 
both materials was evaluated using polarization curves. Linear scanning 
voltammetry (LSV) was performed by rotating disk electrodes (RDEs) in 
the presence of 1.00 mM glucose in a 0.100 M N2-saturated NaOH so
lution using a scan rate of 5.00 mVs-1 and 2000 rpm (Fig. 5A).

From the polarization curves, a lower onset potential (409 ± 8) mV 
can be observed with CF/Co2P compared to Co2P alone (425 ± 4) mV, 
indicating that the glucose oxidation process can occur with a lower 

energy requirement when CF is used with Co2P compared to Co2P alone. 
Furthermore, higher current densities were obtained for the composite 
in the presence of glucose. Therefore, the values of the standing wave 
potential and current response indicate that the most active catalyst is 
the CF/Co2P composite. The average Tafel slopes (mV/dec) obtained 
from Fig. 5B correspond to (114 ± 2) mV /dec and (111.4 ± 0.9) mV/ 
dec for Co2P and CF/Co2P, respectively. These slope values are close to 
120 mV/dec for both materials, indicating that the redox mechanism is 
independent of the type of Co2P-based material used. In addition, a 
value of approximately 120 mV indicates that the transfer of one elec
tron is the rate-limiting step of the reaction [36,42], corresponding to 
the formation of the active species, which can be followed by a glucose 
adsorption step on the electrode.

3.3. Electroanalytical studies

After studying the electrocatalytic activity of Co2P and CF/Co2P on 
the oxidation of glucose, we evaluated the analytical performance of the 
sensors. The applied potential is a crucial parameter to be optimized in 
amperometric glucose detection. Considering that the oxygen genera
tion reaction (OER) starts close to 0.700 V for Co2P species [25], the 

Fig. 3. Cyclic voltammetry (CV) of modified electrodes: A) GCE/Co2P (1), GCE/Co2P (2), and GCE/Co2P (3). B) GCE/Co2P (1) and GCE/CF/Co2P (1) in the absence 
and presence of 1.00 mM glucose. Conditions: potential range from 0.00 to 0.800 V in 0.100 M NaOH.
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response to glucose at GCE/CF/Co2P electrode was evaluated between 
0.500 and 0.600 V. Fig. 6A shows the effect of applied potentials on the 
amperometric response of CF/Co2P with successive additions of 20.0 µM 
glucose in 0.100 M NaOH. The current response gradually increases with 
increasing potential ranging from 0.500 to 0.600 V. The hydrodynamic 
voltammogram shown in Fig. 6B reveals that at 0.600 V, the current is 4 
times greater than that obtained at 0.500 V, with a small standard de
viation; therefore, 0.600 was chosen as the working potential for 
glucose.

Using 0.600 V as the working potential in 0.100 M NaOH solution, 
the amperometric response of the modified GCE/CF/Co2P and GCE/ 
Co2P electrodes was evaluated (Fig. 7A). In both cases, a fast ampero
metric response (close to 2 seconds) was observed after glucose addition. 
The CF/Co2P composite has the most sensitive response to glucose 
detection, in accordance with the aforementioned electrochemical 
characterization results. A linear relationship between the current 
response and the concentration of glucose was observed for both systems 
at concentrations ranging from 39.4 to 150 µM (Fig. 7B), reaching 
sensitivities of 409 µAmM-1cm-2 and 288 µAmM-1cm-2 for CF/Co2P and 
Co2P, respectively. These results demonstrated the synergistic effect 

generated by the combination of CF and Co2P nanoparticles.
The performance of our GCE/CF/Co2P sensor is comparable to that 

of other non-enzymatic glucose sensors, as detailed in Table 2. The 
analytical parameters for the GCE/CF/Co2P sensor showed a very 
similar LOD to most glucose sensors. Some exceptions, such as the cobalt 
phosphide NPCNT/Co2P [40], which has a limit of detection (LOD) 
comparable to that of our electrode, obtaining this material requires the 
decomposition of triphenylphosphine as a phosphorus precursor at a 
high temperature of 850◦C, which implies a higher synthesis cost 
compared to the method used in our study. On the other hand, another 
species of phosphide, such as NiCoP/Ti [43], although it has a slightly 
lower LOD than our electrode, uses a titanium mesh, which increases the 
cost of this device. Besides, our sensor shows higher sensitivity than that 
of most cobalt phosphide-based sensors, such as NPCNT/Co2P [40]; CoP 
nanorods [40]; Co-P species, such as phosphates and nickel‑cobalt 
phosphate [44]; other cobalt species; Co3O4 nanofibers [45]; and 
NiCo-LDHb/GNR [46]. The sensitivity of this sensor was greater than 
that of electrodes based on Co composites with carbon materials, such as 
Co2P/NPCNT and NiCo-LDHb/GNR, demonstrating that CF shows great 
potential for use in general sensors.

Fig. 4. Cyclic voltammetry (CV) curves of modified GCE/CF/Co2P electrodes. A) In the absence and presence of 1.00 mM glucose and 2 mM glucose at a scan rate of 
50.0 mVs-1. B) In the presence of 1.00 mM glucose at different scan rates between 10 and 200 mVs-1. The corresponding plots of the current density vs. the square root 
of the scan rate were inserted. Conditions: potential range from 0.00 to 0.800 V in 0.100 M NaOH solution.
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The analysis of the catalytic performance of phosphides of other 
transition metals such as; Ni5P4 [47], PdNPs/Ni-P [48], Co3O4/CuO@
CoMnP [49], and NiCoP [43] is seen in Table 2. In this sense, the porous 
flower-like Ni5P4, PdNPs/Ni-P nanosheets present a lower sensitivity 
compared to our sensor. On the other hand, a higher LOD was obtained 
for the case of the CoMnP-based composite. Another type of P-based 
material is transition metal phosphates, which have been shown to be 
electroactive materials for glucose detection; NH4NiPO4 nanorods [50], 
Co3(PO4)2 [51], Ni3(PO4)2/CSs [52]. With the exception of 
Ni3(PO4)2/CSs in the range of 5.0 μM-2.5 mM, it is interesting to note 
that all these materials offer a clearly lower sensitivity than our sensor. 
As they also offer a higher glucose detection limit. In this way, it is 
generally observed that metal phosphides offer greater catalytic per
formance than the mentioned phosphates.

On the other hand, unlike most of the sensors mentioned in Table 2, 
this sensor has a linear range that make it applicable in physiological 
environments in which the glucose concentration is low, such as in 
saliva and sweat [53,54], demonstrating to be promissory for the 

development of new non-invasive sensors.
Selectivity is also an important parameter used to assess the perfor

mance of sensors and their ability to prevent interferences from 
endogenous species. Therefore, the selectivity of the GCE/FC/Co2P 
sensor for glucose was investigated by studying the effects of different 
species that normally coexist with glucose in physiological samples, such 
as urea, uric acid, ascorbic acid, lactose, and NaCl [53,56]. Ampero
metric responses of the sensor to the addition of 50.0 µM glucose fol
lowed by interferent addition at a concentration of 50.0 µM in 0.100 M 
NaOH solution at 0.600 V (Fig. S6) shows the expected fast and clear 
response to glucose, while additions of urea and NaCl does not produce 
an appreciable increase in current. On the other hand, uric acid, ascorbic 
acid and lactose produce a low degree of interference at equimolar 
concentrations, with 7, 15 and 23% (uric acid, ascorbic acid and lactose) 
of the initial glucose current observed, respectively. In addition, in the 
presence of interferents in solution, a considerable current response was 
observed when glucose was added a second time, reaching 80% of the 
initial current. As the normal glucose level in humans is generally at 

Fig. 5. A) Polarization curves of modified electrodes (GCE/Co2P and GCE/CF/Co2P) in the presence of 1.00 mM glucose at a scan rate of 50.0 mVs-1 in 0.100 M 
NaOH solution and a rotation rate of 2000 rpm. B) Tafel slopes obtained from the polarization curves.

Fig. 6. A) Amperometry of the GCE/CF/Co2P electrode to successive additions of 20.0 µM glucose in 0.100 M NaOH solution at different potentials vs. Ag/AgCl 
electrode. B) Hydrodynamic voltammetry at different potentials in the presence of 20.0 µM glucose in 0.100 M NaOH solution, corresponding to three measurements.
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least ten times higher than that in common interferents [11], the 
GCE/CF/Co2P sensor is highly selective against glucose detection even 
in the presence of interferents in equimolar ratios.

4. Conclusions

In summary, pure Co2P could be generated under three different 
synthesis conditions in which the molar composition of the Co and P 
precursors, temperature and calcination time were varied. The Co2P (1) 
species presents superior catalytic activity towards GOR, characterized 
by the smallest particle size and the presence of a flower/urchin-like 
morphology. The experimental conditions for Co2P synthesis were a 
molar ratio of Co:P precursors of 1.0:1.30 and calcination at 600◦C for 6 
hours below the Ar atmosphere. As an alternative to prevent impurities 
formation during the synthesis of Co2P without hindering electro
catalytic activity, longer calcination times or temperatures can be 
applied. Synergy occurs between the carbon fibres and Co2P for elec
trocatalysis via the glucose oxidation reaction, with Tafel slopes close to 
120 mV/dec; therefore, the transfer of one electron is the rate-limiting 
step of the reaction. Finally, the GCE/FC/Co2P electrode is sensitive 
and selective for glucose detection without interference from molecules 
usually present in physiological fluids, and is competitive compared 
with other non-enzymatic glucose sensors based on cobalt phosphides.
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AgCl electrode. B) Current response as a function of glucose concentration, corresponding to three measurements.

Table 2 
Sensing performance comparison of GCE/CF/Co2P with other nonenzymatic 
glucose sensors.

Sensor Sensitivity 
(µAmM-1cm-2)

Concentration 
range

LOD 
(μM)

Ref

GCE/NPCNTa/Co2P 338.8 1.00 mM – 7.00 
mM

0.88 [40]

GCE/CoP nanorods 116.8 500 μM – 5.50 
mM

9.0 [40]

GCE/NiCoP 
nanocages

6115 5.00 μM – 7.00 
mM

0.36 [55]

GCE/GNRb/NiCo- 
LDHc

344 5.00 μM – 0.80 
mM

0.60 [46]

GCE/Co3O4 

nanofibers
36.25 Up to 2.04 mM 0.97 [45]

GCE/Nickel‑cobalt 
phosphate

302.9 2.00 μM – 4.47 
mM

0.40 [44]

GCE/ Ni5P4 149.6 2 μM – 5.3 mM 0.70 [47]
PdNPsd/Ni-P 

nanosheets
242.5 2 μM – 4.65 mM 3.00 [48]

Co3O4/ 
CuO@CoMnP

2445 0.01 mM – 0.55 
mM

11.4 [49]

1774 0.55 mM – 3.03 
mM

NiCoP/Ti 14586 1.0 mM –10 mM 0.13 [43]
NH4NiPO4 nanorods 459.4 5.0 μM – 2100 

μM
0.50 [50]

250.2 6.0
Co3(PO4)2 251.9 0.009 mM – 

1.16mM
3.9 [51]

139.4 1.16 mM – 
4.16mM

Ni3(PO4)2/CSse 480.1 5.0 μM – 2.5 mM 1.67 [52]
219.8 2.5 mM – 7.5mM

GCE/CF/Co2P 409.8 39.4 µM – 150.4 
µM

0.97 This 
work

GCE/Co2P 288.5 39.4 µM – 150.4 
µM

1.04 This 
work

a NPCNT= N,P dual doped carbon nanotubes
b GNRs= graphene nanoribbons
c LDH= layered double hydroxide
d PdNPs= palladium nanoparticles
e CSs= composite microspheres
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