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The one-pot, shape selective synthesis of cerium phosphate nanorods has been explored and developed
to give nanoparticles with aspect ratios between 3-24.8. Studies of the surface with photo induced force
microscopy show for the first time that despite the hexagonal phase bulk structure, mixed monoclinic and
hexagonal domains are present in the surface layer demonstrating the importance of surface sensitive,
nanoscale vibrational spectroscopy in nanoparticle science. There is also evidence that carbonate is
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adsorbed preferentially on the monoclinic domains, though whether the carbonate is the cause of the
domains or merely adsorbs more easily on this structure has not been determined. Co, Ni and Mn-doped
cerium phosphate rods were prepared successfully with aspect ratios of >20. The introduction of dopant
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ions has a measurable effect upon the magnetic susceptibility but a more significant effect on the bulk
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1 Introduction

Rare-earth orthophosphates (LnPO,) are an important family
of functional materials with uses in luminescence'™
catalysis,“’5 heat-resistance,’ cosmetics,” radioactive waste
storage® and electrochemistry.” They often have multiple
crystal forms, cerium phosphate for example has two well
documented crystal structures: rhabdophane (hexagonal) and
monazite (monoclinic) with the hexagonal form usually
including structural water, (CePO,-nH,0) and formed at low
temperatures while the monoclinic form is anhydrous and
formed at high temperatures. The two forms of cerium
phosphate show crystal specific properties, Pusztai et al.'® for
example, demonstrated differences in the surface area and
density of surface acidic sites between the hexagonal and
monoclinic forms of cerium phosphate nanorods. They also
showed a surface conductivity for the monoclinic form three
times greater than that of the hexagonal form, accounted for
by the observed differences in surface properties. Similarly,
Vinothkumar et al,"* synthesised samarium doped cerium
phosphate nanorods with monoclinic and hexagonal
structures and showed a longer luminescent lifetime for the
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crystal phase of the nanoparticles, introducing up to ~30% monoclinic phosphate in the doped rods.

monoclinic form which they attributed to quenching by the
structural water in the hexagonal structure. They also showed
the monoclinic phosphate to have a higher catalytic activity
in the presence of peroxidase which they attributed to a
greater ability to create hydroxyl radicals.

Since the tuning of the crystal structure of the rare earth
phosphates is often a matter of changing simple synthetic
parameters such as pH, temperature, or pressure,'’"® these
materials offer interesting opportunities to optimise their
performance for different applications. This is particularly
true for heterogeneous catalysis where surface properties are
key but it also applies in situations where growth of one
phase on another is necessary. The control of morphology is
well documented for ceria nanoparticles, for example Hao-
Xin Mai et al'* prepared cerium oxide nanoparticles as
cubes, rods, and polyhedra with different proportions of
exposed crystal lattices. The oxygen storage and CO oxidation
capabilities of the nanorod and nanocube morphologies,
which were assumed to be dominated by [100] and [110]
crystal faces, were significantly better than for the polyhedra
which were expected to exhibit mainly [111] facets. Si et al.*®
reported a similar trend for the water gas shift reaction over
ceria supported gold catalysts but in both these cases the
surface structure is assumed to be a simple termination of
the bulk structure because determining the structure of the
upper few monolayers of a nanoparticle is very difficult
without high resolution TEM and very good samples.

Our interest in the rare earth phosphates is in their
potential use in an optical sensing platform which requires a
magnetic character and a coating of a plasmonic material.
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The cerium phosphates are ideal for this application because
of their well-controlled morphology and weak para-
magnetism which can be manipulated in the same way that
Xia et al.'® greatly increased the magnetic susceptibility of
micron sized cerium oxide nanorods through the addition of
Mn ions into the lattice. In this report, we investigate the
morphology of cerium phosphate nanorods under different
synthesis conditions and explore the possibility of increasing
the magnetic strength of the nanoparticles by doping with
other transition metals. We have a particular interest in the
surfaces of the rods since the properties of the surface are
critical to the effectiveness of the coating procedures we will
report in a future publication. In order to study this aspect,
we have employed the relatively new photo induced force
microscopy (PiFM) technique which provides surface
vibrational spectroscopy together with nanometre resolved
topography.'”*® We show that this allows the mapping of
surface structural domains on the cerium phosphate
nanorods and importantly a correlation between different
domains and adsorbed species under ambient conditions
which has great potential for exploring the role surface
structure plays in determining surface reaction mechanisms
in areas as diverse as coatings, adhesion and catalysis.

2 Methods

2.1 Nanoparticle preparation

The cerium phosphate nanoparticles were synthesised in a
novel procedure designed for use with a sealed glass flask
whereas methods published previously have wused an
autoclave.'® 0.56 g Ce(NO;);-6H,O (Sigma Aldrich, 99.99%)
was added to 40 mL of NazPO, (Sigma Aldrich, 99.0%)
solution, with a concentration ranging from 8.25 x 10> M to
8.25 x 10> M, and stirred at 300 rpm for 5 minutes at room
temperature (~293 K). The white solution was transferred to
a 100 mL sealed glass pressure flask and heated at
temperatures between 100-220 °C for 16 hours. After cooling,
the precipitate was washed in a centrifuge with deionised
water and dried at 70 °C overnight in air.

2.2 Doping of cerium phosphate

Doping of cerium phosphate nanorods was carried out at the
optimised cerium phosphate nanorod conditions of 180 °C
with 8.25 x 1072 M KH,PO,. To this, different amounts of
dopant were added.

2.2.1 Manganese. 0.7 g of Mn(NO;),-4H,0 (Sigma Aldrich,
99.99%) was added to 50 mL of deionised water to form a
13.94 mg mL™" stock solution. In a sealed pressure flask, 0.56
g of Ce(NO;);-6H,0O was dissolved in 10 mL of deionised
water and 5 mL of NaH,PO, stock solution added. To this,
between 10 and 1300 pL of Mn(NO;),-4H,O stock solution
was added, depending on doping quantity required, and
enough deionised water to bring the final volume of the
reaction mixture to 20 mL. After sonication, the solution was
heated in an oil bath at 180 °C for 24 hours. The reaction
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mixture was separated with centrifugation and washed with
deionised water and ethanol then dried at 80 °C overnight.

2.2.2 Cobalt. 2.1 g of Co(NO;),-6H,O (Sigma Aldrich,
98.0%) was added to 50 mL of deionised water to form a 41.6
mg mL ™" stock solution. In a sealed pressure flask, 0.56 g of
Ce(NO3);-6H,0 was dissolved in 10 mL of deionised water
and a 5 mL aliquot of NaH,PO, stock solution was added. To
this, between 50-500 pL of Co(NOj3),-6H,0 stock solution was
added depending on doping level with deionised water to
bring the final volume of the reaction mixture to 20 mL. After
sonication, the solution was heated in an oil bath at 180 °C
for 24 hours. The reaction mixture was separated with
centrifugation and washed with deionised water and ethanol
before being dried at 80 °C overnight.

2.2.3 Nickel. 2.0 g of Ni(NO3),-6H,O (Sigma Aldrich,
98.5%) was added to 50 mL of deionised water to form a 40.6
mg mL ™" stock solution. In a sealed pressure flask, 0.56 g of
Ce(NO3);-6H,0 was dissolved in 10 mL of deionised water
and 5 mL of NaH,PO, stock solution was added. To this,
between 45-500 pL of Ni(NO;),-6H,0 stock was added
depending on the doping amount, with deionised water
added to bring the final volume of the reaction mixture to 20
mL. After sonication for 5 minutes the solution was left to
heat in an oil bath at 180 °C for 24 hours. The reaction
mixture was separated with centrifugation and washed with
deionised water and ethanol before being dried at 80 °C
overnight.

2.2.4 Characterisation. A Renishaw inVia confocal
microscope (Miskin, Wales, UK) was used to record the
Raman spectra using a 514 nm laser and spectra were
collected in reflective mode. For XPS the dried nanoparticles
were pressed onto conductive tape and analysed with a
Kratos Axis Ultra-DLD photoelectron spectrometer with a
monochromatic aluminium Ko X-ray source in the “hybrid
spectroscopy” mode with an analysis area of 700 x 300 um. A
pass-energy of 40 eV was used for high-resolution scans and
60 eV for survey scans. CasaXPS (version 2.3.24) was used to
analyse the spectra®® with binding energies referenced to the
largest C(1 s) peak at 284.7 eV with an uncertainty of ~0.2 eV.
Raw spectra were modified using Wagner sensitivity factors,
as supplied by the instrument manufacturer after the
subtraction of a Shirley background. Powder X-ray diffraction
(XRD) data over the range 20 = 10-80° were obtained using a
PANalytical X'Pert Pro diffractometer with a monochromatic
Cu Ko source (4 = 0.154 nm) operated at 40 kV and 40 mA.

Photo induced force microscopy (PiFM)*"* is a relatively
new spectroscopic tool in which dipole-dipole coupling
between a surface oscillator and a gold covered AFM tip
exerts a measurable force that is detected mechanically. This
enables the recovery of near-field vibrational spectra of the
surface region that match exactly far-field infrared spectra
but are obtained at spacial resolutions well below the diffraction
limit. Whilst PiFM can be run in hyper-spectral mode in
which every pixel of an AFM image contains a full infrared
spectrum, that approach is very time consuming and a more
efficient experimental strategy, and the one adopted here, is

This journal is © The Royal Society of Chemistry 2021
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to either select specific points on an image to record a
spectrum or to simultaneously map the topography of a
surface with the intensity at a single frequency. Samples of
the nano-rods were deposited on mica sheets from aqueous
suspension and allowed to dry in air. The samples were sent
to California for analysis by Molecular Vista where they were
examined in air without further sample preparation. The
spectroscopic data was analysed using CasaXPS* and fitted
using Gaussian curves to clarify the changes that occur
between different points in the images, details of the fitting
procedure are described below.

3 Results and discussion

3.1 Synthesis: effects of phosphate concentration and
synthesis temperature

The KH,PO, or Naz;PO, concentration has a significant effect
on the morphology of the cerium nanoparticles produced by
the hydrothermal synthesis, Fig. 1, with a transition from
predominantly nanocubes (~200 nm wide) to anisotropic
nanorods as the phosphate concentration is increased. In the
intermediate stages, the TEM images resemble those of Li
et al>® but we cannot determine from the TEM whether the
association of the nanorods with the cubes is due to
aggregation or to the growth of one from the other. As the
phosphate concentration is increased, the diameter and
length of the nanorods increases from 14.2 to 20.3 nm and
43.1 to 503.6 nm respectively, giving an increase in aspect
ratio from 3 to 24.8. XP spectra of the Ce3d region (Fig. S17)
shows a corresponding transition from 100% Ce(wv) at the
lowest phosphate concentrations, through a mixture of states
between phosphate concentrations of 3 x 10™* and 5 x 107> M,
to 100% Ce(m) at 8.25 x 107> M and a Ce:P:O ratio of 1:1:4.
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The data is consistent with a switch from CeO, nanocubes to
CePO, nanorods as the phosphate concentration is increased.

The temperature at which the synthesis is carried out, also
influences the morphology of the nanoparticles. We found
two temperature regimes of interest at a phosphate
concentration of 8.25 x 10> M. For <180 °C we produced
exclusively cerium phosphate nanorods, where increasing the
temperature in increments up to 180 °C led to a growth in
the rod length/aspect ratio. At synthesis temperatures >200
°C, the production of large (=600 nm) polyhedra dominates.
In the lower temperature regime, TEM shows that the rods
grow preferential along the [001] axis with a hexagonal crystal
structure. The rod length grows with increasing temperature,
Fig. 2, from an average length of 98.7 to 795.6 nm with an
apparent activation energy of 26.5 k] mol™, Fig. S2;
suggesting a process limited by diffusion of cerium
intermediates to the ends of the growing rods.

The XRD data in Fig. 3, confirm the transition from
cerium oxide to cerium phosphate as the phosphate
concentration is increased, with the particles formed at lower
potassium phosphate concentrations displaying XRD patterns
corresponding only to that of cerium oxide with intense [111]
and [220] peaks characteristic of a cubic fluorite Fr3m space
group. At higher phosphate concentrations, 12 peaks are
observed corresponding to the P6,22 space group of
hexagonal CePO, with the [200], [102] and [211] peaks being
the most intense.

Raman spectra of the rods, Fig. 4, show a typical CeO,
pattern at a phosphate concentration of 0.33 x 107 M with
an intense Fy, first order phonon at 459 em™" corresponding
to the fluorite crystal system, and two weak peaks at 260
em™ and 1065 cm™ caused by the second-order transverse
acoustic mode (2TA) and a second-order longitudinal optical
mode (2L0).>* A weak PO,~ symmetric stretching band at 979

Fig. 1 TEM micrographs of cerium nanostructures formed with varying concentrations of phosphate at 170 °C (a) 8.25 x 107> M; (b) 3.3 x 107 M;

(c) 4.4 x 107 M; (d) 1.65 x 107> M; (e) 4.125 x 1072 M; (f) 8.25 x 1072 M.

This journal is © The Royal Society of Chemistry 2021
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Fig. 2 TEM micrographs of cerium nanoparticles formed at (a) 220 °C; (b) 200 °C; (c) 180 °C; (d) 140 °C; (e) 120 °C; (f) 100 °C; (i) 170 °C with axis
labelled; (ii) the FFT of (i) showing preferential growth along the [001] axis and a hexagonal crystal structure.
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Fig. 3 Left, XRD patterns of cerium phosphate nanoparticles obtained at different concentrations of phosphate with reference data from the
ICDMS data base for CeO, and hexagonal CePO, shown in blue and red, respectively on both charts. Right, XRD for cerium nanoparticles
prepared at 220, 200, 170 °C with 8.25 x 1072 M potassium phosphate.

8218 | CrystEngComm, 2021, 23, 8215-8225 This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ce01151k

Open Access Article. Published on 02 listopada 2021. Downloaded on 22.01.2026 13:50:00.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

CrystEngComm

(a)0.33x10°M ¢
467

950 1000 1050 1100
Wavenumber /cm!

1 : 1 1 1 1 1
1

300 400 500 600 700 800 900
Wavenumber /cm””

1000 1100

Fig. 4 Raman spectra for cerium nanoparticles formed with different
concentrations of potassium phosphate (a) 0.33 x 107 M; (b) 4.125 x
1072 M; (c) 8.25 x 1072 M. The inset in (a) is a magnification of the PO,
stretching region indicated by the dashed rectangle.

em™ can also be detected, indicating the presence of some
hexagonal structured cerium phosphate in the sample,

At higher concentrations of phosphate the Raman signal due
to the ceria all but disappears (most clearly indicated by the loss
of intensity in the 1050 cm™ peak in (a)) and is replaced by
Raman bands at 979 cm™" and 467 cm ™" that can be assigned to
the V; and V,, PO, stretching and bending modes of hexagonal
CePO, along with weaker peaks at 1085 cm™, 627 cm ™" and 573
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Fig. 5 PiFM images and spectra of cerium phosphate nanorods
synthesised at a phosphate concentration of 825 x 102 M and a
temperature of 170 °C. (a) Topography; (b) and (c) maps of the vibrational
intensity measured by PiFM at 1020 and 1046 cm™ respectively selected
to contrast the presence of hexagonal structure, see text. (Right) PiFM
spectra obtained from positions 2, 5 and 7 marked on the topography and
PiFM maps. The V; and Vs region is shown with the curve fitted peaks
coloured according to the species to which they are assigned (light brown
= hexagonal CePO,, yellow = monoclinic CePO;,, pink = monoclinic and
hexagonal, purple = carbonate). Note: in the figure, adjacent monoclinic
components are combined for clarity. Full PiFM spectra are shown in Fig. S4:f

cm™, Table 1. Finally, there is evidence for the presence of some
monoclinic phase in the samples with weak features at 414 cm™,

Table 1 Experimentally observed IR and Raman values for monoclinic and hexagonal cerium phosphates?®

IR-spectroscopy wavenumber/cm ™"

Raman - spectroscopy wavenumber/cm ™

Hexagonal Monoclinic Assignment Hexagonal Monoclinic Assignment
1104 V3 1085 1070 V3
1096 1054
1052 1062 1024
1020 1025 990
995
976 969 \%1
967 956 Vi
624 618 V,
615 623 Vy 573
569 579
542 567 466 466 V,
542 377 414

This journal is © The Royal Society of Chemistry 2021
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Fig. 6 PiFM images and spectra of cerium phosphate nanorods synthesised at a phosphate concentration of 4.4 x 10~ M and a temperature of
170 °C. PiFM intensity maps at: (a) 849 cm™; (b) 1066 cm™; and (c) 1019 cm™; (d) topography, red square indicates the outline of a CeO, cube; (e)
waterfall plot of PiFM spectra across the surface (points 1-10).
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Fig. 7 Illustration of suggested growth mechanism of cerium nanoparticles based on phosphate concentration.
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Fig. 8 TEM images of cerium phosphate nanorods synthesised at 180
°C and doped with 0.15 wt% (a) manganese; (b) cobalt, and (c) nickel.

1050 cm™ and a pronounced asymmetry to the low
wavenumber side of the 979 cm™" peak. The features assigned
to monoclinic phosphate are more apparent in the Raman
spectra of samples prepared at higher temperatures (Fig. S37).
Samples of undoped rods formed at higher concentrations
of phosphate, and those with mixed morphology were examined
with the local spectroscopic tool PiFM. Spectra were obtained at
specific points on the nanoparticles between 770 and 1950
em™, and intensity maps at selected wavenumbers were also
collected, providing a unique insight into the composition of
the surface region of the particles. In the discussion below we
concentrate mainly on the 900-1200 cm™ region of the
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spectrum which can contain components from both monoclinic
and hexagonal cerium phosphate. To identify the components
involved in the complex envelopes the data was fitted with
Gaussian peak shapes with FWHM of 20-25 cm ™. A minimum
of 7 peaks is required to give good fits in the 900-1200 cm™
region of all the spectra. The fitting procedure allowed a
variation of ~+5 cm™ in position for each peak around the
position of the main components expected for the infrared
spectra of hexagonal and monoclinic structures. Good fits were
obtained with peaks at 971.9 and 1050 cm ™" corresponding to
hexagonal vibrations (coloured light brown in Fig. 5) and
1001.8, 1072.6 and 1093.7 cm™' corresponding to monoclinic
vibrations, (coloured yellow in Fig. 5). A sixth component at
~1020 ecm™* (coloured pink) occurs in both structures and the
final component at 1036.0 cm ™ (purple) doesn't match well
with any of the expected phosphate vibrations, Table 1.
However, the 1036 peak correlates well with other peaks
observed at 1410, 1390-1365, and 850 cm ™ which match those
expected for a bidentate carbonate at cerium surfaces.*®

Maps of intensity at 1020 and 1046 cm ™' show a
consistent state along the rod and the fitting of the spectra
reflect this with only small changes in the relative amounts
of hexagonal and monoclinic phases between points.
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Fig. 9 XP spectra of Co doped cerium phosphate nanoparticles. Left: Ce(3d) spectra for selected samples; right: corresponding region for dopant.

Complete spectra for all samples are shown in Fig. S5
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Fig. 10 Graphs of the average molar susceptibility of doped cerium phosphate nanorods as a function of dopant concentration. The dashed line at 1.714 x 10™#
cm?® g represents the average molar susceptibility of the undoped nanorods. Errors were calculated from an average of 3 measurements for each substituent.

The presence of domains of different structure at the
surface of the nano rods is nicely demonstrated in Fig. 6
where the vibrational spectrum of the sample is mapped
across a rod. The intensity map at 1066 cm™", Fig. 6(b), shows
areas with higher concentrations of monoclinic phosphate
whilst the map at 1020 cm™" corresponds to the peak that is
shared by both monoclinic and hexagonal structures, the
differences between the two shows areas populated with
higher concentrations of the hexagonal structure. From the
1066 cm " map its evident that the monoclinic structure is
concentrated on the edge of the rod, whereas the map
corresponding to the combined hexagonal and monoclinic
signal shows intensity right across the rod. The same pattern
is evident on several of the other nanorods. Interestingly, the
map at 849 cm ' correlates very well with that of the
monoclinic peak. Adsorbed phosphate can show a peak at
this position but would be expected to be present at both
hexagonal and monoclinic surfaces. The alternative
assignment of the 849 cm™ peak to carbonate was discussed
above and is stronger since it correlates well with the other
carbonate peaks. That suggests that the carbonate adsorbs
preferentially on the monoclinic phosphate.

In addition to the vibrational spectra, the PiIFM maps in
Fig. 6 also show the relationship between the nanorods of
phosphate and the nanocubes of ceria much more clearly
than the TEM images in Fig. 1. It's clear from these images
that the phosphate rods are embedded in the surface of a
ceria cube confirming previous suggestions that the
phosphate rods nucleate on the cubes.

3.2 Growth mechanism

The local vibrational spectroscopy of PiFM provides some
evidence towards the growth mechanism of the cubes and
rods. Previous work has shown the formation of cerium(m)
hydroxide particles from aqueous solutions of the cerium
nitrate, which subsequently undergo a dissolution-re-
crystallisation process®”?° to form the ceria nanoparticles.
The evidence here for the growth of the cerium phosphates
from the surface of the ceria is consistent with a mechanism
in which high concentrations of phosphate ions direct the

8222 | CrystEngComm, 2021, 23, 8215-8225

hydroxide towards the phosphate. At low phosphate
concentrations ceria is formed preferentially but as the local
cerium concentration is depleted by precipitation, nucleation
of CePO, on the surface of the cerium oxide
nanocubes can take place (Fig. 7).

3.3 Effect of doping on the morphology and magnetism of
the CePO, nanorods

Cerium phosphate nanorods prepared in the presence of
between 0.1 and 3.5 wt% Co**, Ni*" and Mn*" ions showed
no difference in rod diameter with a consistent average of
19.6 nm for all the samples. However, the average
nanoparticle length was decreased from 430 nm to 346, 312
and 304 nm for ~3 wt% Ni, Mn and Co respectively (Fig. 8).

XP spectra of the doped nanorods were recorded to
investigate the extent to which the dopants were successfully
incorporated into the nanorods. As Fig. 9 (and Fig. S5t) show,
these closely match the spectra of the undoped samples with
the Ce(3d) region containing only the features typical of the
Ce(m) in CePO,. There is no evidence for Ni, Mn, or Co in the
XP spectra indicating that the concentrations of these
dopants in the surface region are below the detectable limits
for XPS (~1%) even for those samples with nominal doping
levels that are much higher.

Although the XPS data show no evidence for the dopants
in the nanorods there is support for them having effects on
the rods through other characterisation methods. Changes to
the magnetic susceptibility of the nanorods on doping were
measurable with a consistent increase for the Mn doped
samples but changes that are only just outside the
measurement error for the Co and Ni doped samples, Fig. 10.

More concrete evidence for the impact of the dopants is
the change in XRD pattern. In the absence of dopants, XRD
patterns show a single hexagonal CePO, phase but inclusion
of Ni, Co and Mn all lead to the development of mixed
monoclinic and hexagonal phase systems, (Fig. 11 and S67).
Rietveld analysis shows the proportion of the monoclinic
phase increases initially up to a maximum of about 40% but
decreases again as the dopant concentration increases (Fig.
S7, Table S17).

This journal is © The Royal Society of Chemistry 2021


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d1ce01151k

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 02 listopada 2021. Downloaded on 22.01.2026 13:50:00.

(cc)

CrystEngComm

View Article Online

Paper

Monoclinic ] [ B

Monoclinic ]

s “| |.|i"'| .|| " i |

|
’; -
==

—— Ni 3.4%)

Ni 1.3%)

|
[

Mm W,

Ni 1%]

%
{

—— Ni 0.7%)

—— Ni 0.7%)

?
A

—— Ni 0.3%)

—— Ni 0.3%)

—Ni 0.15%

Ni o.15°/'o|

pAd]

:
E

Hexagonal ]

20 25 30 35 40 45
20

50 55 25 26 27 28 29 30 31
26

Fig. 11 XRD of nickel doped-cerium nanoparticles prepared with 8.25 x 102 M potassium phosphate at 170 °C. The shifts in the precise position of the
[200] peak is highlighted in (B) which shows an expansion of (A) along the 20 scale, providing evidence for the incorporation of nickel into the cerium
phosphate lattice followed by a switch to the monoclinic phase. Reference data from the ICDMS data base for monoclinic (JSPDS 39-0199) and
hexagonal CePO, (ICDD 04-0632) are shown at the top and bottom of the chart respectively.

The appearance of the monoclinic phase could be due to
an effect of the ions on the crystallisation process but strong
evidence for the incorporation of ions within the lattice
comes from shifts of the [200] peak to higher angles for all
three dopants, Fig. 11 and S8.}

Raman spectra of the doped nanorod systems show no
additional peaks that might be attributed to Co, Mn or Ni
components, in agreement with the XPS and XRD, but Fig. 9,
does show increased complexity in the V; peaks between
990-1080 cm™" indicating the presence of other phases.
Deconvolution of the spectra identifies new peaks at 971 and
990 cm ! which, as discussed in connection to the PiFM data

This journal is © The Royal Society of Chemistry 2021

are indicative of the presence of a monoclinic phase
supporting the evidence from XRD for the effect of
substitution of the dopant ions into the lattice (Fig. 12).

4 Conclusions

An investigation of the one pot hydrothermal synthesis of
cerium phosphate nanorods using sodium phosphate and
cerium nitrate has demonstrated a degree of control over the
morphology and chemical composition of the nanorods and an
insight into the factors affecting crystal growth in this system.
CePO, nanorods with a P6,22 space group hexagonal bulk

CrystEngComm, 2021, 23, 8215-8225 | 8223
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structure, are formed at temperatures <200 °C, while ceria
nanocubes and polyhedra form at high temperatures and with
low concentrations of phosphate. Under conditions where a
mixture of ceria and cerium phosphate is produced the PiFM
images suggest that the latter nucleates on the ceria cubes.

The method was optimised to give a tuneable aspect ratio for
the rods of between 3-26.5. Despite the hexagonal bulk
structure, the PiFM spectra show that domains of monoclinic
cerium phosphate coexist with the hexagonal structure at the
surface of the rods. The spectra also give good evidence for the
presence of a surface carbonate associated with the monoclinic
domains. This demonstration of the powerful analytical
capabilities of surface sensitive vibrational spectroscopy is an
important outcome of the investigation. It's not clear from the
data whether the surface carbonate is the cause of, or result of,
the presence of the monoclinic domains, but this new
information is important for work involving the coating of the
rods where changes of phase can have a significant impact on
the coating growth. The subtle balance between the two
phosphate structures is also highlighted by the effect of doping
with Co**, Mn®>" and Ni*". All three ions were successfully

8224 | CrystEngComm, 2021, 23, 8215-8225

incorporated into the nanorods (as demonstrated by a change
in the lattice spacing of the rods) and whilst they did not have a
significant impact on the magnetic properties, they did result in
the development of bulk domains of the monoclinic phosphate
structure.
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