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A B S T R A C T

We report the plant-mediated synthesis, structural investigation, optical properties and theoretical modelling of a
triclinic (anorthic) phase AgCoPO4 nanoparticles for the first time. As part of green chemistry, the secondary
metabolites in the leaf extract of Canna indica were engaged as the reducing/capping agent for the metal nano-
particles. X-ray diffraction (XRD) revealed the presence of an anorthic AgCoPO4 phase, crystallised in a triclinic
structure with P -1 space group. Optical studies using UV-vis spectroscopy and photoluminescence are reported.
Transmission electron microscopy suggests the formation of quasi-nanocube morphology, unlike the conventional
spherically-shaped nanoparticles via plant-mediated reduction method. Elemental composition of the nanohybrid
was confirmed by energy-dispersive x-ray spectroscopy (E.D.S.). Evidence of crystallinity was supported by
selected area electron diffraction (SAED). Study of the dynamic anisotropy of the nanohybrid at optimised state
suggests its proposed application as optical material in colourimetric metal nanoparticles-mediated sensors.
1. Introduction

Sustainable nanotechnology and application of the knowledge of
green chemistry have led to cutting-edge research today. Given this,
there is a need to focus research attention on procedures that are safe for
both human health and the environment. Awareness and engagement of
under-utilised biodiversity are now gaining attention, especially in
nanoscience research and development. Also, methods of synthesising
nanoparticles (N.P.s) using biological routes include the use of plant
extract, microorganisms (algae, fungi and enzymes) [1,2], pigeon
excreta, among others [3]. However, the green procedure of metallic
nanoparticles involving the use of biodiversity plant as a reducing/-
stabilising agent is of many advantages. Merits of phytosynthesis of metal
nanoparticles include rapid synthesis, cost-effectiveness, sustainability,
reproductivity of procedures, elimination of toxic chemicals, high tem-
perature, pressure and energy [4,5]. Moreover, the use of plant extract as
a reducing agent provide capping and stability for the newly formed
metal nanoparticles instead of toxic chemicals [6]. The protocol is also
not a complicated one, thereby requiring multi-steps of purification.
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Reduction of metal ions is possible as a result of active secondary me-
tabolites like tannins, alkaloids, saponins, terpenoids etc. existing in the
plant extracts [7,8], which contains healing therapeutic properties, un-
like nanoparticles from chemical methods. Therefore, the ability to
produce nanomaterial using herbal and plant extracts opened up a new
vista of opportunity and new research focus. Reports have shown that
even the wastes generated via plant-mediated synthesis of nanoparticles
are environmentally friendly compared with the classical wet-chemical
fabrication methods [9]. Also, typical methods of synthesising metallic
nanoparticles are often time-consuming, unlike green protocol [10,11].
Due to the high demand of products of nanoparticles and nanomaterials;
production of environmentally friendly and cost-effective nanomaterials
is a necessity [12,13].

Triclinic (anorthic), one of the seven (7) crystal systems are cat-
egorised by vectors of unequal length and different angles i. e. (a 6¼ b 6¼ c
and α 6¼ β 6¼ γ), e.g. orthorhombic system [14]. Researchers have iden-
tified materials with triclinic phase, e.g., Ling et al. (2017) [15] differ-
entiated a triclinic and hexagonal birnessite using spectroscopy
techniques of Fourier transform infra-red and x-ray diffraction for a
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Figure 1. XRD patterns of triclinic phase AgCoPO4 formed using the extract of C. indica leaves.
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biogenic material. Fe doped WO3 film characterised to be triclinic hex-
agonal phase was used for photocatalytic reduction of Chromium (VI) by
Feng et al. (2019) [16]. However, several works of literature show that
synergistic properties of nanoparticles as a result of mixing and
geometrical patterns display astonishing new features which augment
their functionality and application [17,18]. They exhibit unique elec-
tronic, catalytic and optical properties compared with their correspond-
ing monometallic nanoclusters [19, 20, 21, 22, 23]. Large surface area to
volume ratio possessed by metallic nanoparticles (N.P.s) and their com-
posite materials enable their applications in various fields. Optical ma-
terials could also be developed from metallic N.P.s due to possession of
novel characteristics like photoluminescence properties, photonic crystal
and plasmon resonance. Non-linear optical property present in silver
(AgNPs) nanoparticles is as a result of confine excitons leading to
quantum effect [24]. Essential facts about Ag NPs is their ability to tune
surface plasmon resonance (S.P.R.) peak wavelengths from violet light
(400 nm) to green light (530 nm) for varieties of applications in lighting,
optoelectronics, photovoltaic, biomedical and thermoelectric [25]. Ap-
plications of such materials are in the chip-technology when materials
are reduced to the smallest confines [26,27]. It is worth noting that
metallic nanomaterials are optically active based on their photo-
luminescence emission, absorption and non-linear properties.

From literature, the crystal structure of AgCoPO4 had been solved
using Patterson and direct method [28]. So far, preparation of Ag–Co
nanoparticles via physical and chemical method was reported [29, 30,
31]; however, few findings were carried out using the plant-influenced
green approach. Studies showed that the existence of rare metal is
known to enhance the stability of cobalt against oxidation [32]. Anuar &
Andas (2016) [33] reported. Synthesis and characterisation of Co, Ag and
Ag/Co nanoparticles using extracted silica from rice husk. Practical ap-
plications of the biosynthesised nanoparticles are now on the increase;
for instance, Ag nanoparticles are widely and already used as an anti-
microbial agent both in medicines and consumer products [34]. Besides,
Bagherzade et al. (2018) [35] utilised and engaged the antibacterial
activity of Crocus sativus wastages to synthesise AgNPs against bacteria.
The catalytic action of plant-mediated silver nanoparticles was also
involved in the reduction of methylene blue dye [36]. It is noteworthy
that the use of hybrid N.P.s is hopeful in nanomedicine for drug delivery
[11,37]. Applications of nanoparticles with core-shell structures have
also been identified in biomedical engineering [38], as an electromag-
netic booster in surface-enhanced spectroscopy due to S.P.R. effect [39].

As far as we know, no work has published a synthesis of triclinic
(anorthic) phase AgCoPO4 nanoparticles using the aqueous extract of
Indian shot as a bio-reducing agent. Hence, this study focused on the
fabrication of AgCoPO4 nanohybrid from silver and cobalt precursors;
reduced and stabilised by using eco-friendly leaf extract of Canna indica.
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The morphological and optical properties of the as-prepared nanohybrid
also were explored.

2. Experimental

2.1. Materials

Silver nitrate (AgNO3) and cobalt chloride hexahydrate (CoCl2.6H2O)
(Sigma-Aldrich Corporation, U.K.), used as received. Leaf extract of
Canna indica (Indian shot), filter paper (Whatman no.1) and distilled-
deionised water (d-d water).

2.2. Preparation of aqueous leaf extract

Indian shot leaves were obtained in the university vicinity and pre-
pared by modifying previous works [40,41]. Dust and impurities were
removed from the leaves by thorough washing with d-d water, chopped
and then homogenised using a clean blender. Extraction was carried out
using a modified method from previous work [42], weight/volume
fraction of 1:10, and distilled de-ionised water as solvent medium (Part of
‘green’ study), as used in previous work [43]. The slurry obtained was
then separated with filter paper (Whatman no.1), and conserved at 4 �C
for qualitative analysis and nanohybrid synthesis.

2.3. Qualitative analysis of Canna indica leaf extract

Phytochemical screening to detect chemical compounds present in
Canna indica extract was carried out using a standard technique [44,45].

2.4. Synthesis of AgCoPO4 phase nanohybrid

AgCoPO4 phase nanoparticles were synthesised by a modification to
previous works [46,47], using plant-extract reduction method. Filtrate
(24 mL) of Canna indica leaf extract was mixed with equimolar concen-
tration mixture of 120 mL AgNO3 and 120 mL CoCl2.6H2O in a beaker at
varied precursor concentrations (1.0–2.0 mM). The original colour of the
reaction was noted. The reaction mixture was stirred repeatedly with
gradual heating to 80 �C on a hotplate until the reaction colour changed.
Aliquots of the reaction mixture were taken out at different times for
absorbance measurements.

2.5. Isolation of the nanohybrid

Nanoparticles were isolated using Thermo Fisher Scientific Centri-
fuge (Thermo Electron L.E.D.), at 7000 revolutions per minute for 40
min. Several washes were carried out on the resulted nanoparticles as the



Table 1. Comparison between match analysis and Rietveld refinement.

a (Å) b (Å) c (Å) α β γ

Unit cell analysis 9.5160 5.5470 6.5720 102.330� 106.270� 80.130�

Rietveld Refinement value 9.49016 5.43855 6.66219 105.063 106.725 80.1936
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residual nanoparticles were redispersed in distilled-deionised water to
eliminate any organics present. This procedure was repeatedmany times,
and centrifugation was done each time the process was repeated on the
dispersed solution until the AgCoPO4 dispersion solution formed became
clearer. The product was dried in the oven before further
characterisations.
2.6. Characterisation

Optical analyses were carried out with a double beam Thermo sci-
entific Genesys 10s UV-vis spectrophotometer and Perkin-Elmer 55
luminescence spectrophotometer. The aliquot samples taken at different
times were placed in a quartz cell (1 cm path length) of a UV-vis spec-
trophotometer. Structural investigation of the bio-synthesised nano-
hybrid was carried out using x-ray diffraction (XRD) at room
temperature, the scanning rate of 0:05omin�1, and 2θ range of 200 - 800

on a Bruker A.X.S. D8 diffractometer equipped with nickel filtered Cu Ka
radiation (k ¼ 1.5418 Å) at 40 kV, 40 mA. The detailed structure,
morphology and particle size were verified with Technai G2 transmission
electron microscope (T.E.M.) attached with an energy-dispersive x-ray
spectrometer (E.D.S.), operated at an accelerating voltage of 200 KeV and
20 μA current. Evidence of crystallinity was studied with selected area
electron diffraction (SAED).
Figure 2. XRD pattern of triclinic (anor
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3. Results and discussion

3.1. Phase analysis

Crystalline structure and phase purity of the as-prepared nano-
particles was studied via x-ray diffraction (XRD) investigation, which was
collected over a range of 10–80� at an angular resolution 0.05�

(Figure 1). The reflection peaks at 2θ values of 14.38� (001), 15.19�

(001), 16.29� (010), 20.26� (110), 24.84� (111), 25.66� (111), 28.14�

(102), 30.43� (202), 32.86� (121), 34.51� (112), 35.80� (112) and
35.19� (112, 021) confirmed the formation of triclinic (anorthic) phase
AgCoPO4 nanoparticles (Figure 1). The diffraction peaks show triclinic
phase AgCoPO4 with a space group of P-1 (ICDD# 96-100-7138). The
unidentified peaks plausibly indicate phase impurity, which is further
corroborated by E.D.X. analysis (Table 1), as a result of the nature of bio-
reducing agent used, similar to reported study [2]. In Figure 1, the
crystallite size of the as-prepared triclinic phase AgCoPO4 nanoparticles
was derived from the Debye-Scherrer equation:

D¼Kλ=dcosθ

where θ ¼ Bragg angle
λ ¼ X-ray wavelength
thic) phase AgCoPO4 nanoparticles.



Table 2. Structural parameter derived from Rietveld's refinements of AgCoPO4 XRD pattern.

Triclinic (anorthic): AgCoPO4

Cell parameters Space group

a (Å) 9.5160 Å

b (Å) 5.5470 Å

c (Å) 6.5720 Å

α 102.330�

β 106.270�

γ 80.130�

Atomic positions

x y z

Ag1_ph1 0.11878 0.33457 0.37342

Ag2_ph1 0.24864 0.84128 0.47953

Co3_ph1 0.42991 0.21377 0.16703

Co4_ph1 0.21209 0.67798 0.93963

P5_ph1 0.4643 0.3216 0.7139

P6_ph1 0.0931 0.1809 0.8534

O7_ph1 0.4426 0.1311 0.8388

O8_ph1 0.6305 0.3602 0.7769

O9_ph1 0.4076 0.2364 0.473

Final weighted average Bragg R-factor 76.4

Table 3. The E.D.X analysis.

Element series [wt.%] [norm. wt.%] [norm. at. %] Error in %

Silver L-series 32.49 53.99 52.48 1.40

Oxygen K-series 9.43 6.61 6.47 6.12

Carbon K-series 9.21 2.80 9.52 0.40

Nickel K-series 0.10 0.81 1.34 0.12

Cobalt K-series 20.10 32.13 30.06 0.04

Phosphorus K-series 0.47 1.68 0.57 0.05

Sulphur K-series 0.11 1.60 0.13 0.04

Sum: 71.91 100.00 100.00
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d ¼ FWHM in radians
K ¼ 0.94

Moreover, the observed sharp peaks (Figure 1) indicate highly-
crystalline grains. Phosphate in the structure originates from terpenoid
in the plant extract via terpenoid-geranyl pyrophosphate, which is a
precursor to all terpene and terpenoids present [48]. The structure
refinement for ICDD# 96-100-7138 was examined by the Rietveld
analysis using FullProf software, which disclosed the presence of an
anorthic AgCoPO4 phase, crystallised in a triclinic structure with P -1
space group. From the refinement of the crystal structure by the Rietveld
analysis using Fullprof software, the analysis showed an amount of
70.57% peak intensity belonging to selected phases, while the remaining
29.43% could plausibly be as a result of impurity phase as reported in
previous work [2]. The obtained values of the refined occupancy states in
the triclinic phase are with cell; a ¼ 9.5160 Å, b ¼ 5.5470 Å, c ¼ 6.5720
Å, α¼ 102.330�, β¼ 106.270� and γ¼ 80.130� matched with an existing
crystal phase database [49]. Figure 2 shows the Rietveld refinement for
Scheme 1. Proposed mechanism
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our compound, indicating a good agreement between observed and
calculated profiles. Detailed result of the refinement is presented in Ta-
bles 2 and 3. The phase match exhibits specimen displacement correction
(Bragg-Brentano geometry) T ¼ (-s/R) ¼ 0.00020784 using x-ray radi-
ation, at 1.541874 Å wavelength. See supplementary (S1) and Mendeley
data repository for the X.R.D. data [50].
3.2. Qualitative analysis

Qualitative analysis carried out on the aqueous leaf extract of Canna
indica indicated the presence of biochemicals which indicated the pres-
ence of terpenoids, glycosides and alkaloids [41]. Even though the
extraction was carried out in an aqueous medium as part of chemistry,
terpenoids, glycosides and alkaloids (secondary metabolites) present
were substantial to reduce the metal ions. The proposed mechanism via
terpenoid-geranyl pyrophosphate (a precursor to all terpene and terpe-
noids) for the formation of the hybrid nanoparticles is presented in
Scheme 1.
of AgCoPO4 NPs formation.
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3.3. Optical analysis

Absorption and photoluminescence spectroscopy were used to study
the optical properties of the biosynthesised nanohybrid. Extinction
spectra of nanohybrid prepared using the extract of C. indica leaf as a bio-
reducing agent are depicted by Figure 3. Visual evidence of nanoparticle
formation was observed as the reaction colour changed from light brown
to deep brown (Inset in Figure 3), which signalled the formation of
nanoparticles similar to previous syntheses [51,52] (Figure 3a). The
observed colour change could be explained as the effect of electronic
transitions in metal nanoparticles due to their interaction with light. See
supplementary (S2) and Mendeley data repository for the Uv-Visible
absorption data.

The redox reaction involved in this process as Agþ was preferentially
reduced because of its higher standard reduction potential compared to
Co2þ is illustrated in the following reactions.

AgNO3 → Agþ þ NO�
3

CoCl2 → Co2þ þ 2Cl�

AgþðaqÞ þ e� → Ag0ðsÞ ðEreduction ¼ þ0:80VÞ
Co2þðaqÞ þ 2e → Co0ðsÞ ðEreduction ¼ �0:28VÞ
� PO3�

4 þ 2H2Oþ 2e� → HPO2�
3 þ 3OH� ðEreduction ¼ �1:05VÞ

ðTerpenoid� geranyl pyrophosphate PhytochemicalÞ
Overall equation: Agþ þ Co2þ þ PO3�

4 → AgCoPO4

The appearance of surface plasmon resonance (S.P.R.) indicated the
formation of nanoparticles. However, variation in the peak widths and
position of the surface plasmon resonance bands (SPRB) observed could
Figure 4. (a) Fluorophores emission (b) Lorentzian
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be as a result of the precursor concentrations, shape and size of nano-
particles among others [53].

From Figure 3, presence of Co in the nanohybrid caused a red shift in
the absorbance edge to 427 nm and 504 nm in AgCoPO4 NPs prepared
from 1.0 and 2.0 mM precursor solutions respectively, compared to
monometallic silver nanoparticles (400–430 nm) in our previous study
[40]. Furthermore, the formation of nanoparticles with large particle
sizes are expected in Figure 3a due to broad peak and longer reaction
time as the growth and formation of nanoparticles is time-dependent.
Also, the broad absorbance peak is a reminiscence of low aspect ratio
Ag-based nanoparticles. The level of aggregation observed could be
plausibly due to formation of interfacial forces in the nanocluster, as the
reaction did not involve any surfactant [54]. More so, owing to the
collision of small particles, and a higher concentration of the ions in the
solution resulting in the increased metal ion association forming large
particles.

The discrepancy in absorption spectra at different precursor mixture
concentrations resulted in distinct morphological structures of the
nanocluster. Slow growth rate suggests different peculiar growth mech-
anisms of particle formation plausibly due to strong interaction between
the bioactive agents present in the biomass and the growing particles
[55].

In the photoluminescence study, hybrid nanoparticles excited at 330
nmwas characterised by a single emission peak in the visible region (739
nm) (Figure 4a). The vibrational relaxations of particles resulted in the
emission of fluorophores observed at 739 nm. The observed emission
intensity by the nanocluster was due to some allowed vertical vibrational
transition in the nanohybrid [56], which is also as a result of strong local
electric field intensity of the combined structure.

The optical property of the as-prepared nanoparticles was further
validated using the modified mathematical expression for the optical
characterisation of nanoparticles [57]:

I ¼ 18πVεm
3
2

λ0

ε2
ðε1 þ 2εmÞ2 þ ε22

(1)

Here, V is the nanoparticle volume, ε1 is the dielectric function with
its imaginary part ε2, λ is the wavelength, εm the medium of permittivity
and I is the intensity of absorption. This model is applied when the radii
of the small spherical nanoparticles are much smaller than the wave-
length of the incident light (R ~ 10 nm). The equation was simulated
using the Lorentzian form of the above equation (Eq. 1). The Lorentzian
fit validated the concept of particulate size distribution that was postu-
lated by Howell et al. [58,59]. From the later results, the optimisation of
the process shows that nanohybrid would increase in absorbance in-
tensity with peak width-broadening. Based on the above, it is proposed
that there may be dynamic anisotropy at the optimised state of hybrid
nanoparticles (Figure 4b).
analysis of the hybrid N.P.s emission spectrum.



Figure 5. (a) Selected area electron diffraction (SAED) pattern of the triclinic phase AgCoPO4 nanoparticles. (b) Particle size distribution histogram determined from
TEM image. (c) Representative TEM images of the hybrid NPs using 1.0 mM precursor mixture.
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3.4. Morphological study

Selected area electron diffraction (SAED) pattern, particle size dis-
tribution histogram and T.E.M. micrograph of the hybrid AgCoPO4
nanoparticles with an average diameter of 31.94� 8.99 nm are shown in
Figure 5. The SAED pattern conforms with XRD patterns indicating
crystallinity. XRD matching indicated triclinic (anorthic) phase AgCoPO4
nanoparticles (Figure 2). Further evidence of hybridisation and forma-
tion of hybrid nanoparticles with loss of crystallinity is revealed in the
SAED patterns (Figure 5a), which shows that Ag and Co were fully
incorporated. The T.E.M. image reveals a unique quasi-nanocubes
morphology via the plant-mediated co-reduction method (Figure 5c),
unlike spherical shape, which is common in plant-influenced synthesis.

Further elucidation of the AgCoPO4 nanohybrid formation and
composition was corroborated by E.D.X. The analysis provided local-
ised elemental information of silver (53.99 norm. wt. %), cobalt
(32.13 norm. wt.%), oxygen (6.61 norm. wt.%), phosphorus (1.68
norm. wt.%) and others accounting for surface pacifying adsorbates in
the hybrid (Table 3). Carbon originated from the three metabolites
present, as shown in their structures [60,61]. While the sulphur
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observed might be part of the impurity present. Each element in the
nanoparticles released x-rays at characteristics energies by electron
beam irradiation whose intensity is proportional to the concentration
of each component in the nanohybrid [53,62]. However, the
composition of the nanohybrid could be controlled, varying the con-
centration of the bio-reducing agent used.
3.5. Theory and calculation

Based on the findings above, it is important to understand the molar
attenuation coefficient for the hybrid AgCoPO4 nanoparticles. This pro-
cess would enhance the understanding as the nanoparticles behave under
corresponding wavelengths and concentration. The molar attenuation
coefficient was calculated using the Beer-Lambert law, i.e.,

A¼ εlc (2)

Where A is the absorbance, ε is the molar attenuation coefficient of the
medium, c is the molar concentration, and l is the path length (cm). The
U–V absorbance presented in Figure 3 was used.
0 600 700 800
th (nm)

Molar conc.=0.01
Molar conc.=0.05
Molar conc.=0.1

coefficient of AgCoPO4.
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In this case, the path length was estimated using the mean free path λ
that gives preference to the cross-section σ and the number density n of
the AgCoPO4 particulates. The mean free path length was estimated
using:

λ � 1
nσ

(3)

The number of density was estimated from the particle size distri-
bution. 475 particles were calculated, as shown in Figure 6b. The number
of density was estimated using:

n¼ 475� mðkgÞ
Vðm3Þ (4)

The cross-section of the particles was calculated using

σ¼ πð2RÞ2 (5)

For this calculation, the pressure was 1:01� 10�5 pa, collision cross-
section of 2.83 � 10�19 m2, mass of the nanoparticles 0.147 kg, the
height of particles in the container is 0.01 cm, where the molar con-
centration varied between 0.01 and 0.1M.

The estimated molar attenuation coefficient is presented in Figure 6.
The molar concentrate was found to be inversely proportional to the
molar attenuation coefficient (M.A.C.). In other words, the higher the
molar concentration of the nanoparticles, the lower the molar attenua-
tion coefficient expected. This information is also essential to guide the
industrial-scale production of the AgCoPO4. Secondly, if the molar con-
centration exceeds 0.1 M, the proportionality of the M.A.C. becomes very
close such that the difference between succeeding M.A.C. would not be
significant. Hence, the convergence of the M.A.C. will be obtained >0.1
M. The result of the M.A.C. corroborates the XRD and T.E.M. results
presented above.
4. Conclusion

We have discussed the facile synthesis of triclinic (anorthic) phase
AgCoPO4 nanoparticles via the plant-mediated co-reduction method.
Quasi-nanocube morphology was obtained via plant-mediated green
synthesis method as Canna indica served as bio-reducing agent. Absorp-
tion studies of the AgCoPO4 nanoparticles displayed distinct surface
plasmon resonance band. Vibrational relaxation of the as-prepared
nanoparticles also resulted in emission at 739 nm (Figure 4b). Further
characterisations by T.E.M., E.D.X. and XRD strongly supported the for-
mation of nanocube morphology via green synthesis. Phosphate origi-
nated from terpenoid, as indicated in the proposed reaction mechanism.
Hence, in a quest for bioremediation, the observed enhanced S.P.R. in the
absorption spectra and fluorophores emission of the nanoparticles can
play an active role in optical materials as excellent absorbers of visible
light. Further work on the application of this hybrid nanoparticles is on-
going.
Data availability

See supplementary tables and Mendeley data repository for the data
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