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Abstract

This study employs X-ray photoelectron spectroscopy (XPS) to investigate the surface compositions and electronic structure of
NaH2PO4/CeP207 powder electrolytes with potential applications in the field of energy storage devices. The samples were
synthesized by chemical route method. The result reveals the presence of sodium, cerium, phosphorous and oxygen, with their
respective states. The Ce 3d and P 2p spectra indicates the presence of Ce (1V) and PO4* species, respectively. The Na 1s and O
1s spectra suggest the presence of sodium phosphate and cerium phyrophosphates phases. The obtained results also explore the
physical and chemical properties of prepared electrolytes such as oxidation states, elemental analysis and binding energy of
prepared electrolytes. This study provides a detailed understanding of surface mechanism of NaH2PO4/CeP207 electrolytes. This
work also gives a complete explanation of the surface mechanism and the existence of NaH2PQO4/CeP.07 elements in powder
electrolytes, as well as identifies the chemical states based on the observed peak and binding energy, verifying the presence of
elements in the samples.
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1. Introduction

Low-emission and high-efficiency fuel cells are traditional energy source to convert chemical energy into
electrical energy directly. The solid acid electrolytes are good potential materials for sensors, memory
cells, fuel cells and solid-state batteries, they have high-quality mechanical properties (Owens, 2000).
Potential of NaH,PO, (SDP) in the future generation of sodium ion batteries is recently explored (Singh et
al., 2024a). Structural features of this material are considered to have inductive impact of phosphate-
based functional groups to boost their working capacity (Zhang et al., 2021). At low temperatures, SDP is
a significant material due to its high stability of sodium ions (Martsinkevich and Ponomareva, 2012).
Because of good stability of sodium ions (Zhang et al., 2015; Rhimi et al., 2018), this material also finds
applications in water treatment, food, chemical refineries medical, and other areas (Kumar et al., 2024,
Zhang et al., 2014; Rybalkina et al., 2019). It is also used as a fuel and detergent element (Chen et al.,
2014; Huang et al., 2018).
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This material crystallizes in monoclinic symmetry with space group P21/c and a tunnel structure (Zhang
et al., 2015; Rhimi et al., 2018). It has many properties including good ionic conductivity. Properties of
this material is influenced by the doping (Yoshimi et al., 2008; Cheng et al., 2021). When cerium
pyrophosphates are mixed with a solid acid, they create strong surface interactions that immobilize the
solid acid (Jain et al., 2018). Thus, surface elemental analysis of synthesized materials may throw light on
such mechanism. X-ray photoelectron spectroscopy (XPS) is widely used for measuring the density of
electronic states of the metallic catalyst and the chemical composition of material surfaces within the
range of 10 nm. Generally, the detection sensitivity is nearly 0.1-1.0 atomic % for all elements except H
and He, making it a unique technique for surface characterization (Lubenchenko et al., 2018). The surface
charges in insulating samples can cause XPS peak shifts, broadening and asymmetries, leading to false
results (Barker et al., 2005; Kloprogge and Wood, 2016; Lubenchenko et al., 2018; Greczynski and
Hultman, 2020; Veer et al., 2022), hence, the utmost care is needed to perform XPS measurements.

XPS has irradiating a material with X-rays and measuring the (K.E) Kinetic energy of photoelectrons
emitted from different energy levels of the material's surface atoms using a hemispherical analyzer. A
variant of the binding energy (BE) of an electron in a certain energy level of an element (atom) relative to
the Fermi level, gives a chemical shift that occurs in the oxidized state or in the distribution of electrical
charges around the nucleus changes due to change in chemical bonds of the element in the environment
(Stevie and Donley, 2020). Considering the importance of XPS analysis, this study is focused on the
elemental analysis surface mechanism in NaH,PO4/CeP,O7 powder electrolytes.

2. Materials and Methods
SDP powder was prepared by mixing Na.CO; (Alfa-Aesar, 99.9%) and aqueous phosphoric acid HzPO4
(Alfa-Aesar 85%) in deionized water at a molar ratio.

Na,CO3 + 2H3PO4 - 2NaH,PO4 + CO, + H,0.

The resulting slurry was found to be hardened when placed in an oven. Methanol was used to precipitate
the solid layer and then filtered. SDP was sintered at 120 °C for 12 hours to remove residual water and
then ground into a fine powder. CeO; (25 g) and HsPO4 (23 mL) were mixed in a crucible and heated at
300 °C for 6 h to form a CeP,0; matrix. The sample was dried at 140 °C for 24 h, then milled and was
kept at a temperature of 110 °C for another 12 h. The sample was calcined at 550 °C for 6 h and are
analysed by X- ray diffraction to check phase transition of CeP,O;. Furthermore, it was combined with
SDP in different molecular weight ratios (Singh et al., 2024b).

Finally, the four samples like S1(0.9SDP/0.1CeP,07), S2(0.8SDP/0.2CeP,07), S3(0.7SDP/0.3CeP0y),
and S4 (0.6SDP/0.4CeP,0O7) were prepared using a mechanical grinding process. To produce fine
structure of solid acid composite powders, all samples were kept in an oven at 120 °C temperature for 1 h
(Singh et al., 2024b). An XPS measurement typically has a depth of analysis of about 5 nm. The fine solid
acid composite powder was pressed onto contamination-free adhesive tape, like double-sided sticky
carbon tape, to create a pellet for the powder samples used in XPS analysis as shown in Figure 1. Then it
is applied to examine the prepared composites. The analyzer's work function is 4.478 eV. The energy
source the pass energy is used at 376 eV to allow electrons to entre at the detector slits.
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Figure 1. Chemical route method to synthesise SDP and CeP,0O7, and the preparation of their composites.

3. Results and Discussion
XPS analysis was performed to elucidate the chemical state of the elements for S1, S2, S3, S4 and pure

SDP. The spectra of the survey scans (Figure 2) revealed presence of O, Na and P atoms in pure SDP
nanocomposite, while O, C, P, Na, Ce in S1, S2, S3 and S4 can be seen in Figure 2.
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Figure 2. XPS survey spectra of S1, S2, S3, S4 and SDP samples.

The XPS wide scan spectra for different elements of sample S1 are analyzed to obtain specific
information on the oxidation state and surface chemical species. The P(2p) binding energy usually ranges
between 129 and 136 eV, depending on the phosphorus's chemical environment. It depends upon the
bonding environment and the level of oxidation. The oxidation state of phosphorus can be ascertained by
examining the binding energy (BE) shifts in the P(2p) spectrum in XPS (Mallet et al., 2013; Zhang et al.,
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2021). The P(2p) peak location is shifted and the electron density surrounding the phosphorus atom is
altered by the various oxidation states, which correlate to distinct chemical environments. Higher
oxidation states cause phosphorus and oxygen to be more attracted to one another, which withdraws
electron density and raises binding energies.

In Figure 3, the P(2p) spectrum can be observed at binding energies of 132.5 eV and 132.1 eV (Mallet et
al., 2013; Zhang et al., 2021), respectively. The P(2p) peak in NaH2PO4-2H,0 had a binding energy (BE)
of 132.5 eV, which was much lower than that of phosphate adsorption (133.6 eV), according to Moulder
et al. (1992), Mallet et al. (2013), Yao et al. (2021), Spin-orbit coupling causes the P (2p) peak splitting
into two components, with the higher intensity P 2ps. peak (134.6 €V) always being more intense than the
lower intensity P 2pi,2 (Spin-orbit split component, 133.9 eV).
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Figure 3. De-convoluted P (2p) wide scan spectrum of sample S1.
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Figure 4. De-convoluted C 1s wide scan spectrum of sample S1.
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Furthermore, C1s spectrum of this material is shown in Figure 4, which exhibits two de-convoluted peaks
at 284.67 eV, and 286.98 eV. Generally, Cls spectra show the separate peaks for various chemical
environments of carbon atoms. According to the measured peaks based on the binding energy shifts
caused by various chemical bonding states, sp? hybridized carbon with metal contacts are indicated by
284.11 eV, where the electron density is pushed towards the metal, lowering the binding energy. The
strong electronegative action of oxygen causes carbon to lose electron density, which raises the binding
energy and causes 284.67 eV and 286.98 eV. Because of aliphatic/aromatic hydrocarbons, the
deconvoluted C1s spectrum has peaks at binding energies of 284.6-285.0 eV (Siow et al., 2018; Chen et
al., 2020; Zhang et al., 2021). As seen in Figure 4, the primary signal is detected at 284.3 eV, whereas the
secondary signal is found at 288.5 eV as a result of O-C=0.
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Figure 5. De-convoluted O 1s wide scan spectrum of S1 sample.

Figure 5 indicates the appearance of various types of oxygen species, with two peaks centered at 531.03
eV due to lattice oxygen (0?7) in P,O7 and at 533.12 eV due to phosphate oxygen (i.e. PO in PO,4%"). The
chemisorbed oxygen in the form of M-OH (caused by moisture) over the surface of nanocomposites is
responsible for a high binding energy in the Ols peak at 531.03 eV (Teterin et al., 1998; Janos et al.,
2017; Zhang et al., 2021; Kumar et al., 2023).

Figure 6 shows the XPS spectrum of the Na Is photoelectron spectra. As can be seen from this figure, the
Na peaks are symmetrical with a half-width of ~2 eV for S1 sample. Although there is a very small shift
to lower binding energy, this suggests that the sodium atoms are in a bonding configuration. As shown in
Figure 7, the co-existence of oxidation states Ce®* and Ce*" can be distinguished (Uma et al., 2014;
Huang et al., 2017; Jian et al., 2020). The XPS spectrum of Ce (3ds») and Ce (3ds;) obtained from tiny
particles. In addition, on the Ce 3" doped CeP.O; sample, Ce*" reactive energy peaks at 884.1 eV, 898.5
eV, and two Ce® species peaks at 881.7 eV and 903.1 eV were clearly visible as summarized in Table 1.
The spectral structure indicates the presence of two oxidation states, Ce ** and Ce *" are confirming the
successful doping of CeP,07 in the samples.
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Table 1. Peak centre, peak width and fitting parameters of sample S1 all elements.
Core level State BE(+0.1eV) Assignment
P 2p1; po 1325 Non-metal
p3* 133.8 Oxide
P> 1405 Oxide
Cls p° 284.67 Non-metal
O1ls o* 531.23 Non-metal
Na 1s Na 1071 Metal
Ce 3ds, Ce® 884.5 Metal
Ce3dgsp Ce* 898.5 Oxide
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Figure 6. De-convoluted of Na 1s wide scan spectrum of S1 sample.
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Figure 7. De-convoluted of and Ce3¥2 wide scan spectrum of S1 sample.
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4. Conclusions

Thus, 0.9 NaH;P04/0.1CeP,0; powder electrolyte was successfully synthesized. Onsets of carbon-metal
interactions, phosphate adsorption and presence of hydrocarbons are found as evidenced from the X-ray
photoelectron spectroscopy (XPS). Signature of moisture-induced chemisorbed oxygen over the surface
of nanocomposites is also observed. Two oxidation states, Ce** and Ce**, are visible in the spectrum
structure, confirming that CeP,O; was successfully doped in the samples. Thus, XPS study provides
valuable insight into the chemical states of CeP.O; within the material, helping to understand its surface
properties and reactivity in S1 sample. The findings on the role of CeP,O7 suggest that this can be a
possible potential candidate for energy storage devices.
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