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Phosphine-free avenue to Co2P nanoparticle
encapsulated N,P co-doped CNTs: a novel
non-enzymatic glucose sensor and an efficient
electrocatalyst for oxygen evolution reaction†‡

Debanjan Das,* Abhinaba Das, Meera Reghunath and Karuna Kar Nanda*

A novel one-step, one-pot strategy to synthesize Co2P encapsulated N,P dual doped carbon nanotubes

(Co2P/NPCNTs) is developed via a g-C3N4 intermediated approach. The method uses readily available, in-

expensive precursors without involving toxic phosphine gas (PH3) during the phosphidation process.

Moreover, the CNTs are synthesized and doped in situ without the aid of any external carbon additives.

The morphology and structure were characterized by field-emission scanning electron microscopy

(FESEM), transmission electron microscopy (TEM), X-ray diffraction (XRD), Raman spectroscopy and X-ray

photoelectron spectroscopy (XPS). The as-prepared Co2P/NPCNTs were then for the first time demon-

strated to be an electrochemical sensor for the enzymeless detection of glucose. The Co2P/NPCNT-

modified electrode exhibits a quick response and good linearity (R2 = 0.997) up to 7 mM with a high sen-

sitivity and a low detection limit (LOD) of 338.8 μA mM−1 cm−2 and 0.88 μM, respectively, towards

glucose, selectively in the presence of various endogenous interfering agents such as D-sucrose,

D-mannose, L-cysteine, urea etc. with a good long-term stability. When applied as an electrocatalyst for

the oxygen evolution reaction (OER), Co2P/NPCNT delivers a current density of 10 mA cm−2 at an over-

potential of 370 mV with a Tafel slope of only 53 mV dec−1, outperforming even the state-of-the-art

RuO2 while maintaining excellent long-term durability.

Introduction

Diabetes mellitus is rapidly growing to be a global epidemic
with over 62 million affected worldwide. The situation is par-
ticularly grave in the context of India, which leads the world
with over 31.7 million people suffering from diabetes, result-
ing in around one million related deaths annually.1,2 The
diagnosis and management of the disease requires analysis of
blood sugar levels ranging from one to several times a day,
which calls for the development of highly sensitive and
efficient glucose sensors. Presently, the global market is domi-
nated by sensors based on glucose oxidase (GOD)-assisted
(enzymatic) electrochemical oxidation. Though enzyme based
glucose sensors provide the advantage of high sensitivity and
selectivity, they suffer from various drawbacks such as (i) a
tedious and complex process of enzyme immobilization,

(ii) high cost of the enzymes used, (iii) instability due to the
denaturation of the enzymes and (iv) low conductivity due to
indirect electron transfer.3,4 Thus the development of nonenzy-
matic glucose sensors based on direct electrocatalytic oxi-
dation has received increasing attention due to their direct-
electron-transfer-shuttle-free detection.5,6

Conventional non-enzymatic glucose sensors have mainly
concentrated on the use of precious metals (Pt, Au, Pd)7–9 or
transition metals (Cu, Co, Ni) and their oxides.5,6,10 However,
owing to their prohibitive cost, noble metals and their alloys
are not suited for large scale applications. Despite being
cheaper, the widespread use of metal oxide based sensors is
impeded mainly because of the poor electronic conductivity.
To alleviate this problem, one strategy is to load the metal/
metal-oxides onto conducting substrates such as carbon nano-
tubes, graphene, porous carbon etc. to result in a larger
exposed surface area and faster electron transfer. Another strat-
egy may be the development of materials such as metal chalco-
genides, phosphides etc. which possess intrinsically higher
electrical conductivity than metal oxides.

On the other hand, the oxygen evolution reaction (OER) lies
at the heart of various clean energy technologies such as fuel-
cells, metal–air batteries and alkaline water electrolyzers.11–16
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However, the high energy barrier of O–H bond breaking
followed by O–O bond formation results in sluggish reaction
kinetics, which is a major bottleneck in the practical appli-
cation of the OER-centric sustainable technologies on a large
scale.17 An efficient electrocatalyst is thus required to effec-
tively couple the multiple electron and proton transfer pro-
cesses for O2 evolution at low overpotentials. Though ruthe-
nium (Ru) and iridium (Ir) based materials form the state-of-
the-art OER electrocatalysts,18 their high cost and scarcity
severely limit their practical applications. Thus a tremendous
effort is now being devoted to the development of highly active
and stable low-cost OER electrocatalysts wherein Co-based cat-
alysts are found to perform extremely well.19–22

Recently, dicobalt phosphide (Co2P) has received increased
attention due to their catalytic and magnetic properties as well
as being a promising electrode material.23–25 However, most of
the existing protocols to synthesize Co2P nanoparticles involve
the use of toxic alkylphosphine, various surfactants and
rigorous air-free conditions, which limit their large scale
application.24–26 A one-step process to synthesize Co2P using
inexpensive and non-toxic precursors is thus highly desirable.
Furthermore, packing Co2P nanoparticles within carbon layers
would provide a dual advantage of a conducting support and
protection against harsh environments: this strategy was mani-
fested in many forms and was found to be highly effective for
a variety of electrocatalysts.27–30 However, very limited success
has been achieved in this direction, which included multiple
synthesis steps involving an externally incorporated carbon
support.31 Unfortunately, the synthesis of carbon catalyst sup-
ports such as fullerenes, carbon nanotubes, carbon nanofibres
etc. is heavily reliant on fossil fuels (e.g. phenol, pitch,
methane etc.) using various energy intensive techniques such
as electric-arc discharge, chemical vapour deposition and laser
ablation, which are environmentally harmful and also raise
the production cost of these materials. Even worse are some
synthesis procedures which use toxic reagents which lead to
environmental pollution.32

A classic example is Hummer’s method for the synthesis of
graphene oxide (GO), which requires a strong oxidant (KMnO4)
and concentrated H2SO4, raising environmental concerns.
Moreover, to the best of our knowledge, Co2P has never been
explored towards electrochemical glucose detection. Besides,
Co2P has been rarely studied as an electrocatalyst for OER.33,34

Mindful of these facts, herein we have developed a one-step
strategy to synthesize phase-pure Co2P nanoparticle encapsu-
lated N,P-dual-doped CNTs, which were formed and doped
in situ during the course of the reaction. This “two birds with
one stone” approach integrates the high intrinsic conductivity
of Co2P

35 with the conducting N,P-dual-doped CNT support.
The as-prepared Co2P/NPCNTs were then for the first time
demonstrated to be an efficient non-enzymatic sensor for the
electrochemical detection of glucose. When applied as an OER
electrocatalyst, Co2P/NPCNTs outperforms even the state-of-
the-art RuO2 by reaching a current density of 10 mA cm−2 at an
overpotential of 370 mV with a small Tafel slope of 53 mV dec−1

in 1 M KOH.

Experimental
Reagents

Cobalt nitrate hexahydrate, melamine, D-glucose, urea, NaCl,
Na2SO4, sucrose and mannose were purchased from SD Fine
Chemicals Ltd. Triphenylphosphine, 5 wt% Nafion solution
and L-cysteine were acquired from Sigma Aldrich. Millipore
water from a Merck Millipore system was used throughout the
experiment.

Synthesis of materials

In a typical procedure for Co2P/NPCNT synthesis (Scheme 1),
250 mg Co(NO3)2·6H2O, 500 mg triphenylphosphine and 1.5 g
melamine were ground together using a mortar and pestle for
10 min. The process was repeated twice to ensure that the
precursors were well-mixed together. The mixture was then
loaded in a fused silica crucible and placed at the centre of a
horizontal tube furnace and was heated up to 850 °C at a
ramping rate of 4.7 °C min−1 under 80 sccm N2 flow and
maintained for 1 h. After being cooled to room temperature
naturally, the samples were washed thoroughly with water
several times over and dried at 80 °C under vacuum. The yield
of this synthesis procedure was 7.2% (162 mg in a typical syn-
thesis). Co/NCNT was synthesized following the exact same
procedure used for Co2P/NPCNT synthesis except for the use
of triphenylphosphine.

Characterization

The diffraction data were collected at room temperature with
the 2θ scan range between 10 and 90° using an X-ray diffrac-
tometer (XRD, PANalytical) equipped with Cu Kα radiation
(1.54 Å). The scanning electron microscopy (SEM) images were
obtained using a FESEM FEI Inspect 50. TEM characterization
was carried out using a JEOL JEM-2100F at an accelerating
voltage of 80 kV. X-ray photoelectron spectroscopy (XPS) was
performed for the elemental analysis on an ESCALAB 250
(Thermo Electron) with a monochromatic Al Kα (1486.6 eV)
source. The binding energy of all the elements was calibrated
by placing the principal C 1s peak at 284.6 eV. Photoluminesence
(PL) and Raman spectra of the samples were recorded on a
WITec system with 355 nm and 532 nm excitation wavelengths

Scheme 1 Schematic illustration of the synthesis procedure of Co2P/
NPCNTs.
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respectively. Thermogravimetric analysis (TGA) of the samples
was carried out using a PerkinElmer model TGA Q50 V20.13
Build 39.

Electrochemical measurements

The electrochemical tests were carried out on a conventional
three-electrode cell by using a CHI750E workstation. A com-
mercial glassy carbon electrode (GCE, 3 mm diameter,
0.07 cm2) served as the working electrode while an Ag/AgCl
electrode and a Pt wire served as the reference and counter
electrodes respectively. The GCE was sequentially polished
with 1.0, 0.5 and 0.05 μm alumina powder to obtain a mirror-
like finish which was then cleaned with Millipore water and
ethanol under sonication. The electrode preparation was
carried out as follows: 2 mg of catalyst was added to 500 μL
ethanol followed by 20 μL of a 5 wt% Nafion© 117 solution.
The as-prepared mixture was sonicated for 30 min. 15 μL
of the catalyst ink so obtained was drop-cast onto the
GCE and air-dried, which resulted in a catalyst loading of
∼0.75 mg cm−2.

All the experiments related to glucose sensing were carried
out in a 0.1 M aqueous KOH solution. Cyclic voltammetry (CV)
measurements were carried out within a potential window of
0.0 to 0.6 V vs. Ag/AgCl. Chronoamperometry (CA) was carried
out at a constant applied potential of 0.55 V vs. Ag/AgCl with
successive addition of a 1 mM glucose solution. All the experi-
ments pertaining to OER were carried out in a 1 M KOH solu-
tion. All the experiments were carried out at room temperature
(∼28 °C).

Saliva collection protocol

(a) Rinse the mouth thoroughly with water and wait for
5 minutes.

(b) Swallowing was minimized to hold saliva in the mouth.
(c) A sterile dental cotton sponge was placed in the mouth

and chewed on until it was soaked with saliva.
(d) Directly deposit the wet sponge from the mouth into the

syringe to minimize the risk of contamination.
(e) Insert the plunger to squeeze the saliva through a

0.2 μm PVDF membrane (Sigma Aldrich) into sterilized centri-
fuge tubes.

(f ) The obtained samples were centrifuged at 3800 rpm for
5 min. The supernatant was collected for further studies.

Results and discussion

A simple one-step, one-pot strategy (Scheme 1) was employed
to synthesize Co2P capped N,P dual-doped CNTs (Co2P/CNT)
from cobalt acetylacetonate, triphenylphosphine and mela-
mine as cobalt, phosphorus, and nitrogen & carbon sources,
respectively. Melamine acted as the source of carbon and nitro-
gen dopants, as well as directing the growth of CNTs.
Triphenylphosphine acts as a phosphorus source for not only
the synthesis of phase pure Co2P but also for phosphorus
doping in the CNTs.

Fig. 1(a) shows the X-ray diffraction (XRD) pattern of Co2P/
NPCNTs obtained at 850 °C along with the g-C3N4 intermedi-
ate obtained at 550 °C. A sharp, prominent (002) peak corres-
ponding to g-C3N4 can be seen at 27.5°. When the sample was
heated to 850 °C, a broad peak centred at 26.1° corresponding
to the graphitic carbon peak of (002) along with peaks at 40.6,
43.2, 44.1, 48.2, 51.6 and 56.1° that can be assigned to the
(121), (220), (211), (031), (002) and (320) planes of Co2P (JCPDS
no. 32-0306), respectively, can be seen. This points to the trans-
formation of the g-C3N4 intermediate into Co2P/NPCNTs.

Additionally, a blue luminescence is observed at 463.5 nm,
which is characteristic of g-C3N4

36 but disappears when the
sample is heated to 850 °C (Fig. 1b), further pointing out the
conversion of Co3O4/g-C3N4 into Co2P/NPCNT.

Based on the above results, a plausible mechanism for the
synthesis of Co2P/NPCNTs is proposed. Co(NO3)2·6H2O is
known to dissociate above 200 °C to yield Co3O4 under a N2

atmosphere with the release of water vapor, HNO3, HNOx and
other volatile species.37

Meanwhile, melamine begins to undergo thermal conden-
sation beyond 300 °C to finally yield g-C3N4 in a temperature
range of 520–600 °C.36 The SEM image shown in Fig. S1‡
reveals a thick sheet like morphology of Co3O4 modified
g-C3N4 obtained at 550 °C. The polymeric g-C3N4 then decom-
poses at 700 °C into nitrogen and cyano fragments38 which
could serve as the source of nitrogen and carbon towards
N-doped CNT formation. It is in the presence of this reducing
atmosphere that the preformed Co3O4 may be reduced to met-
allic Co, where in the presence PPh3 they underwent an
Ullmann-type reaction to yield dicobalt phosphide (4Co +
2PPh3 = 2Co2P + 3Ph-Ph) nanoparticles.39 This process pro-
vides a significant route to avoid the use of pyrophoric and
expensive alkylphosphine or NaH2PO2, the traditional phos-
phorus source for the synthesis of metal phosphides, both of
which release toxic phosphine (PH3) at elevated temperatures.

To emphasize the importance of melamine and the role of
the g-C3N4 intermediate, two additional experiments were per-
formed, (i) D-glucose was used as a source of carbon instead of
melamine while keeping the other parameters intact. Since
D-glucose cannot condense to produce g-C3N4 large, irregular
bead-like carbon structures modified with mixed phase Co2P–

Fig. 1 (a) XRD pattern of Co2P/NPCNT and the g-C3N4 precursor
obtained at 550 °C with their respective digital micrographs; (b) photo-
luminescence (PL) spectra of Co2P/NPCNT in comparison with the
g-C3N4 precursor (inset: the respective optical micrographs).
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CoP were obtained upon heating it to 850 °C (Fig. S2‡). (ii)
Melamine and Co (NO3)2·6H2O were heated to 850 °C without
triphenylphosphine, wherein Co nanoparticle encapsulated
CNTs were obtained (Fig. S3‡). From these control experi-
ments, it can be concluded that (i) the formation of the g-C3N4

intermediate is fundamental to the formation of definite CNTs
while triphenylphosphine acts as the source of phosphorus for
Co2P formation as well as P-doping in the CNT framework and
(ii) Co3O4 obtained via decomposition of Co (NO3)2·6H2O at
lower temperature (∼200 °C) indeed gets reduced to metallic
Co at higher temperatures during the course of the reaction.

Raman spectroscopy is a powerful tool for the characteriz-
ation of carbon based materials. The Raman spectrum
recorded for Co2P/NPCNTs shows two distinct peaks at 1356
and 1587 cm−1 corresponding to the typical D and G bands,
respectively (Fig. 2a). The D band originates from the hybri-
dized vibrational modes associated with the CNT edges, while
the G band is attributed to the vibrations and tangential oscil-
lations of the sp2-hybridized carbon atoms in CNT.40 A broad
2D band centered around 2706 cm−1, a characteristic of gra-
phitic carbon materials, is observed, which is in accordance
with the XRD results. In addition to the ID/IG ratio of Co2P/
NPCNTs being 0.89, a downshift of the G band compared to
pristine graphitic carbon provides evidence of significant
structural defects or microstructural rearrangement of atoms
in the CNT framework due to heteroatom doping.
Thermogravimetric analysis (TGA) (Fig. 2b) estimates the Co2P
loading in Co2P/NPCNT to be around 38.6% while the rest is
made of N,P dual-doped CNTs.

SEM and TEM were conducted to analyse the micro-
morphology and the finer structural details of Co2P/NPCNTs.
Orderly oriented, vertically-aligned Co2P/NPCNTs were
observed over a large area (Fig. 3a). A Gaussian fitting of the
particle size distribution (averaged over 80 particles) as shown
in the inset of Fig. 3a revealed the mean diameter of the Co2P
tips to be 55 nm. The diameter of the NPCNTs range from 80
to 250 nm and are more than a micron long. The stark contrast
between the Co2P nanoparticle and the NPCNT encapsulating
it points to the extremely thin nature of the CNT walls with a
highly wrinkled surface (Fig. 3b).

These attributes of a high aspect ratio along with a rough-
ened surface provides a large surface area to Co2P/NPCNTs
which is greatly beneficial to catalysis, sensing and a host of

other applications. TEM analysis (Fig. 3c) reveals a typical
bamboo-like compartmentalization in the NPCNTs, a typical
morphological feature associated with N-doping in the carbon
framework.41 The spot-patterns making up the rings in the
SAED pattern point to the polycrystalline nature of Co2P/
NPCNTs (inset of Fig. 3c). The high-resolution TEM (HRTEM)
image clearly shows the lattice spacings of the Co2P (121)
plane (Fig. 3d).

XPS studies were carried out to study the surface chemistry
of the as-prepared Co2P/NPCNT nanostructures. The XPS
survey scan of Co2P/NPCNTs confirms the presence of Co, C, N
and P (Fig. S4‡). The high resolution C 1s spectra (Fig. 4a) can
be deconvoluted into four contributions centred at 284.7 eV

Fig. 2 (a) Raman spectrum of Co2P/NPCNT and (b) TGA curves of
Co2P/CNT carried out under N2 (black) and air (red).

Fig. 3 (a & b) Low- and high-magnification SEM images of Co2P/
NPCNTs. (c) TEM image (inset: SAED pattern) and (d) HRTEM image of
Co2P/NPCNT.

Fig. 4 High resolution XPS of (a) carbon, (b) nitrogen, (c) phosphorus
and (d) cobalt in Co2P/NPCNT.
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(sp2-hybridized graphitic C), 285.7 eV (N-sp2 C), 287.3 eV
(N-sp3 C) and 289 eV (π → π*).42,43 Deconvolution of the N 1s
spectrum reveals the presence of pyridinic-N, pyrolic-N and
graphitic-N centered at 398.3 eV, 399.5 eV and 401.4 eV,
respectively (Fig. 4b).15 These features point to the presence of
carbons that contain N atoms in the carbonaceous framework,
which play a significant role in the sensing and catalytic
activity of carbon based materials.41,44 With regard to the P 2p
core level spectrum, a sharp doublet is observed at 129.6 eV
and 130.5 eV that can be attributed to the P 2p3/2 and P 2p1/2
respectively, besides a broad peak that can be deconvoluted
into two subpeaks located at 133.7 eV and 134.5 eV that are
ascribed to P–C and P–O bonds respectively (Fig. 4c).45

The high resolution scan of Co 2p electrons yielded two
main peaks positioned at 781.2 eV (Co 2p3/2) and 796.4 eV
(Co 2p1/2) along with their respective satellite peaks at 786.7 eV
and 802.3 eV (Fig. 4d). The Co 2p3/2 peak at 781.2 eV and the
P 2p3/2 peak at 129.6 eV can be ascribed to the typical binding
energies for Co 2p and P 2p contributions in Co2P.

31 It is
worth noting that the Co 2p binding energy of Co2P/NPCNT
(781.2 eV) has positively shifted from that of metallic Co
(778.1–778.2 eV) while that of P 2p shifts negatively to 129.6 eV
in comparison with elemental P (130.2 eV), suggesting the
transfer of electron density from Co to P.46

The Co2P/NPCNTs were then investigated as a novel non-
enzymatic glucose sensor and their electrocatalytic activity
towards glucose oxidation was monitored by cyclic voltamme-
try (CV). Fig. 5a shows the CV curves of bare GCE in compari-
son with Co/NCNT and Co2P/NPCNT-modified GCE in 0.1 M

KOH at a scan rate of 50 mV s−1. Bare GCE does not show any
redox feature in the potential range under consideration
(0.0–0.6 V vs. Ag/AgCl), although both Co/NCNT and Co2P/
NPCNT-modified GCE exhibit a well-defined oxidation and
reduction peak in the aforesaid potential range, suggesting
their electrocatalytic activity in the region.

However, Co/NCNT (as well as bare GCE) does not show any
significant response to the addition of glucose (Fig. S5a &
S5b‡), hence Co2P/NPCT was further explored towards glucose
sensing. The CVs recorded for Co2P/NPCNT-modified GCE in
N2 and O2 saturated 0.1 M KOH are very similar, suggesting
that Co2P/NPCNT is not much affected by oxygen (Fig. 5b).
Fig. 5c shows the CV curves of Co2P/NPCNT with successive
addition of glucose from 0 to 3 mM at a scan rate of 50 mV s−1

in 0.1 M KOH solution where the current increases in a clear
concentration-dependent manner.

Fig. 5d demonstrates the effect of scan rate on the oxidation
of glucose by Co2P/NPCNT. The oxidation current increases
linearly with scan rate in the sweep range of 2–100 mV s−1

(inset of Fig. 5d) that can be fitted to the equation I (μA) =
152.02 + 4.79ν (ν is the scan rate) having a correlation coeffi-
cient of 0.992, which illustrates that the electrochemical kine-
tics of glucose oxidation by Co2P/NPCNT is controlled by
surface adsorption of the glucose molecule.47 The electro-
chemical process occurring on the surface of Co2P in alkaline
medium is not clear; however a tentative mechanism for
glucose oxidation by Co2P/NPCNT can be derived in the line
proposed for Co3O4 by Chen and co-workers.10 It is believed
that Coδ+ in Co2P is easily oxidized to Co(III) (Coδ+ + nOH + H2O
= CoOOH + ne−) under a positive bias, a feature clearly noticed
in Fig. 5a & b wherein no glucose was added. However, as soon
as glucose is injected into the reaction system, electrooxidation
of glucose takes place by the CoOOH/Co4+ couple in an alka-
line medium (eqn (1) & (2)):48

CoOOHþ OH� ¼ Co4þ þH2Oþ e� ð1Þ

Glucoseþ 2OH� ¼ GluconolactoneþH2Oþ 2e�: ð2Þ
This subtle change can be observed in Fig. 5c, wherein

there is a distinct positive shift in the anodic peak position
with the addition of glucose compared to the curve (black)
without any glucose that points to the above discussed
mechanism.

Fig. 6a shows the amperometric response curve of Co2P/
NPCNT in 0.1 M KOH solution at a potential of 0.55 V with
successive addition of 1 mM glucose. To ensure a homo-
geneous glucose concentration, the glucose solution was
added to the electrolyte under continuous stirring. A distinct
increase in the current is observed upon addition of glucose
which gradually plateaus off at higher concentrations of
glucose due to the accumulation of intermediate species upon
the surface of the electrode.47 Additionally, the inset shows
that the sensor takes no more than 6 s to achieve a steady-state
current on the addition of glucose, indicating a rapid response
of the Co2P/NPCNT sensor towards glucose. Fig. 6b shows the
corresponding calibration curve of a Co2P/NPCNT-based

Fig. 5 (a) CV curves of bare GCE, Co2P/CNT-modified GCE and Co/
NCNT-modified GCE in 0.1 M KOH at a scan rate of 50 mV s−1; (b) CV of
bare GCE (black) modified with Co2P/NPCNT in O2 saturated (blue) and
N2 saturated (red) 0.1 M KOH, at 50 mV s−1; (c) CV curves of Co2P/
NPCNT-GCE at different glucose concentrations; (d) CV curves of Co2P/
NPCNT-GCE at a scan rate of 2–100 mV s−1 in 0.1 M KOH with a
glucose concentration of 0.5 mM (inset: a plot of oxidative peak current
vs. scan rate).
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sensor derived from the amperometric response. A well-
defined linear region is observed in the concentration range
up to 7 mM. Beyond this concentration, the response current
starts to level off due to the accumulation of intermediate
species on the electrode surface. Fortuitously, this linear range
(up to 7 mM) is suitable for the detection of blood glucose
levels (4.4–6.6 mM).47 The fitting equation is I (mA) = 0.224 +
0.02372 C (mM) with a correlation coefficient of 0.997. The
Co2P/NPCNT sensor shows a high sensitivity of 338.8 μA mM−1

cm−2 and a limit of detection (LOD) of 0.88 μM. The sensitivity
is better than or comparable to the very recently developed
Co-based electrochemical glucose sensors such as Zn-doped
Co3O4 film on FTO (192 μA mM−1 cm−2),49 nanoporous
Co3O4 nanowires (300 μA mM−1 cm−2),50 3D N-Co-CNT@NG
(9.05 μA μM−1 cm−2),51 Co3O4 nanoflowers/3D graphene
oxide hydrogel (492.8 μA mM−1 cm−2)52 and CoP nanorods
(116.8 μA mM−1 cm−2).48

A major challenge for any glucose sensor is the selective
detection of glucose while avoiding various endogenous inter-
fering species. To analyse the anti-interference activity of Co2P/
NPCNT, its selectivity towards glucose was tested in the pres-
ence of various potential interfering reagents via chrono-
amperometry. As shown in Fig. 6c, addition of 1 mM glucose
results in a quick and significant increase in current, whereas
the addition of even 2 mM of other saccharides, namely,
sucrose and mannose, fails to produce any appreciable
increase in the current. Urea is commonly present in blood
serum as well as urine whose exclusion in the presence of
glucose is desirable for practical applications.

Even adding twice the glucose concentration (2 mM), urea
failed to generate any increase in the current. Interference

arising due to amino acids and inorganic salts was analysed
using L-cysteine and Na2SO4 respectively as representatives;
while L-cysteine showed a negligible increase in current, no
such change was observed after the addition of Na2SO4. In
addition, chloride poisoning of the sensor was monitored by
introducing NaCl which showed no significant response even
at a concentration of 2 mM, underlining the excellent resist-
ance to poisoning of the Co2P/NPCNT electrode. Finally, when
glucose was successively added again after carrying out the
anti-interference tests, the increase in current was quick and
pronounced, suggesting that the sensor remains active towards
glucose even after coming into contact with a variety of poten-
tially interfering species.

The stability of the Co2P/NPCNT sensor towards continuous
glucose monitoring was analysed by chronoamperometry at
+0.55 V in the presence of 1 mM glucose. As shown in Fig. 6d
there is only a slight attenuation of 6.7% in the original
current after over 90 minutes of operation, suggesting con-
siderable stability of Co2P/NPCNT towards glucose. We also
tested the long term stability of the sensor in view of practical
applications. The Co2P/NPCNT electrode was stored in 0.1 M
KOH solution at 4 °C when not in use. The response of that
sensor towards 1 mM glucose in 0.1 M KOH solution was ana-
lysed daily for a week. A slight attenuation, of 4.4%, of the
initial response current was observed at the end of the week
(Fig. S6‡). The SEM and XRD analyses of the sample after the
stability test (Fig. S7a & b‡) reveal that the Co2P capped CNT
morphology was preserved along with structural integrity,
which is a testimony of the sensor’s robustness. Additionally,
concerns may arise regarding the use of cobalt for the purpose
of glucose sensing, which is considered to be highly toxic. To
evaluate this issue, we carried out chronoamperometry on
both of our samples, i.e., Co/NCNT and Co2P/NPCNTs, for
12 hours at +0.55 V (vs. Ag/AgCl) in 0.1 M KOH to evaluate
whether any cobalt has leached out into the solution during
that period of time. Subsequently, ICP-MS studies carried out
in the test solution revealed cobalt concentrations of only 8.3
and 7.1 ppb for Co/NCNT and Co2P/NPCNT respectively. Since
our sensor shows a small response time of only 6 s for a
reading, the amount of cobalt that may be released during the
period would be practically irrelevant. This quality of our
sensor may be attributed to the protective cover provided by
the N,P dual doped CNTs.

The reproducibility of the Co2P/NPCNT modified GCE
sensor was investigated by monitoring the response current
from 10 different Co2P/NPCNT-modified GCE towards five
different glucose concentrations in 0.1 M KOH. The maximum
relative standard deviation (RSD, %) was exhibited for 0.1 mM
glucose of only 4.17% (Fig. S8‡), demonstrating good reprodu-
cibility of the sensor.

Diabetics need to monitor the blood glucose level on a
daily basis wherein they are repetitively subjected to the
anxiety and pain associated with frequent finger pricking. A
non-invasive method of glucose level monitoring would be
greatly beneficial to alleviate this situation. Since a close corre-
lation exists between saliva and blood glucose levels, the moni-

Fig. 6 (a) Amperometric response of Co2P/NPCNT to glucose at an
applied potential of +0.55 V; (b) fitting of the amperometric response;
(c) anti-interference test of Co2P/NPCNT in the presence of various
interfering species (1: glucose; 2: D-sucrose; 3: D-mannose; 4: urea; 5:
L-cysteine; 6: Na2SO4; 7: NaCl) with a glucose concentration of 1 mM
and the interferent concentration of 2 mM; (d) stability of Co2P/NPCNT
in the presence of 1 mM glucose at +0.55 V. All the measurements were
carried out in 0.1 M KOH.
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toring of salivary glucose levels may provide a painless avenue
to diabetes control.53 To test the feasibility of our sensor under
practical (physiological) conditions, a Co2P/NPCNT-modified
GCE sensor was applied to detect glucose in human saliva.
The CV curves (Fig. 7a) show a regular increase in the oxi-
dation current with the successive addition of glucose to a
diluted saliva sample (10%), the corresponding calibration
curve (Fig. 7b) shows a linear increase in the anodic current
with increasing glucose concentration ranging from 1 to
6 mM. Thus, the sensor has potential to be used for clinical
applications.

Next, the electrocatalytic activity of Co2P/NPCNT towards
OER was evaluated in 1 M KOH solution (pH = 14). Fig. 8(a)
shows the linear sweep voltammetry (LSV) curves of various
samples obtained at a scan rate of 5 mV s−1 under a rotation of
2000 rpm. As expected, a bare GCE electrode does not exhibit
any activity towards OER. The performance of Co2P/NPCNT far
surpasses that of Co/NCNT, which is well-studied as an
efficient OER catalyst.54 More interestingly, it even betters the
activity of RuO2, which is considered to be the state-of-the-art
catalyst for OER besides comparing favourably to various
recently reported OER catalysts (Table 1).

Co2P/NPCNT exhibits a small onset potential of 270 mV
while requiring an overpotential of only 370 mV to reach a
current density of 10 mA cm−2, a value expected to be delivered
by a 10% efficient solar water-splitting device.55 In compari-
son, Co/NCNT and RuO2 require an overpotential of 416 mV
and 400 mV respectively to do the same. The kinetics of the
catalysis is evaluated using the Tafel plots (Fig. 8b). Co2P/
NPCNT presents the smallest Tafel slope of 53 mV dec−1 fol-
lowed by RuO2 and Co/NCNT with a Tafel slope of 74 and
91 mV dec−1. A smaller Tafel slope is indicative of faster elec-
tron transport which is duly reflected in the OER activity of the
catalyst in the same order. The electrochemically active surface
area of Co2P/NPCNT and Co/NCNT was estimated by measur-
ing the capacitance of the double-layer at the solid–liquid
interface by means of cyclic voltammetry56 (Fig. S9‡). Because
of their similar morphologies, Cdl can be considered a reason-

Fig. 7 (a) CV curves Co2P/NPCNT-modified GCE in a human saliva
sample (10%) at different glucose concentrations in 0.1 M KOH; (b) the
corresponding calibration curve at +0.55 V.

Fig. 8 (a) OER polarization curves of different catalysts in 1 M KOH at a
scan rate of 5 mV s−1; (b) the corresponding Tafel plots; (c) charging
current density difference (ΔJ = Ja − Jc) plotted against scan rate to
yield the double-layer capacitance (Cdl) of Co2P/NPCNT and Co/NCNT;
(d) accelerated degradation tests (ADT) of Co2P/NPCNTs carried out at
100 mV s−1 (inset: chronoamperometric response of Co2P/NPCNT at an
overpotential of 370 mV).

Table 1 Comparison of the OER activity of Co2P/NPCNT with some of the recently developed electrocatalysts

Catalyst Electrolyte
η10 mA cm−2

(mV)
Tafel slope
(mV dec−1) Ref.

Au/mCo3O4 0.1 M KOH 440 46 57
Ni–Co based catalyst 1 M KOH 390 75 58
Co3O4 honeycomb like structures 0.1 M KOH 450 89 59
CoP hollow polyhedra 1 M KOH 400 59 60
Fe/Fe3C@N-graphitic layer 0.1 M KOH 580 — 15
Ni Co2.7(OH)x 1 M KOH 350 65 61
Mn3O4/CoSe2 0.1 M KOH 450 49 62
NiSx film 1 M KOH 408 41 63
FeNC sheets/NiO 0.1 M KOH 390 76 64
CoNC sheets/NiO 0.1 M KOH 410 80 64
Zn-Doped CoSe2 1 M KOH 356 88 65
Co3S4/CNT 0.1 M KOH 432 70 66
Co0.5Fe0.5S@N-MC 1 M KOH 410 159 67
Co/NCNT 1 M KOH 416 91 This work
Co2P/NPCNT 1 M KOH 370 53 This work
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able parameter to represent their active surface area. Fig. 8c
shows the Cdl calculated for Co2P/NPCNT and Co/NCNT to be
18.7 mF cm−2 and 10.8 mF cm−2, which correspond to their
respective OER activity.

Stability of the catalyst is of prime importance for any appli-
cation. Accelerated degradation tests (ADT) were carried out at
a scan rate of 100 mV s−1 for 1000 cycles (Fig. 8d). No notable
positive shift in overpotential to reach the current density of
10 mA cm−2 was observed after 1000 continuous cycles while
the maximum current density reached at 1.85 V was reduced
by only 8.6% (initial: 117.4 mA cm−2, after 1000 cycles:
107.1 mA cm−2). The chronoamperometric response of Co2P/
NPCNT was carried out at a fixed overpotential of 370 mV to
further evaluate the stability of the catalyst (inset of Fig. 8d),
where only a slight attenuation of 13.1% in the anodic current
was observed after 10 h of operation.

The excellent performance of Co2P/NPCNTs towards OER
can be attributed to the following factors: (i) strong interaction
between the Co2P nanoparticles and the encapsulating N,P co-
doped CNTs leading to an enhanced electron transfer capa-
bility, (ii) an improved conducting pathway provided by the
CNTs and (iii) long-term structural stability of Co2P main-
tained by CNT protection.

Conclusions

In summary, a simple one-step strategy was developed to syn-
thesize phase-pure Co2P encapsulated N,P dual-doped CNTs.
The method uses inexpensive and readily available precursors
without involving the use of toxic phosphine (PH3) gas during
any stage of the reaction process. Co2P/NPCNTs were then for
the first time analysed as a non-enzymatic sensor towards the
electrochemical detection of glucose. Additionally, when
applied as an anode for water oxidation, the OER activity of
Co2P/NPCNTs surpassed even the state-of-the-art RuO2 over an
extended period of operation. Overall, this work provides an
alternative avenue to design metal phosphides integrated with
heteroatom doped CNTs with improved properties which may
find applications across diverse fields such as water-splitting,
metal–air batteries, supercapacitors, biomolecule sensing etc.
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