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1. Introduction

Different types of iron phosphate are reported in the literature as monoclinic and trigonal FePO, [1-2] and
FePO, hydrated phases, which include monoclinic and orthorhombic forms of FePO42H,O [1,3]. Iron
phosphates exhibit different types of structures depending on the synthesis conditions. For example, FePO,
shows a trigonal structure at normal pressure, but it converts to an orthorhombic structure at high-pressure [1].
Iron phosphates have been explored as cathode and anode materials [4-6]. Dongyeon Son and al. [4] report the
superior electrochemical properties of iron phosphates as anode materials for lithium ion batteries with 375
mAh/g as capacity, while Yuesheng Wang and al [6] demonstrates for the first time that FePO4-2H,0 can be
used as the anode for an aqueous sodium ion battery. The capacity obtained in this case is of the order of 80
mAh / g at a rate of 0.5 C in a three-electrode system. FePO,.2H,O material is also study as a promising
precursor for the synthesis of LiFePO, [7-10] or as catalyst [11-12]and environment purification [13].

The synthesis of iron phosphate-based materials includes various types of preparation methods such as sol-
gel[14], ion exchange [15], co-precipitation [16-17] and microwave-assisted synthesis [18]. The main
disadvantages of these methods are a low production yield and complicated synthesis steps. It is why the
development of a simple and cheap road of synthesis of iron phosphate-based material is of great interest.

The paper reports on a new and original way to prepare orthorhombic FePO, hydrated thin film by using the
electrochemical oxidation of iron sulfate in H;PO, solution at low temperature. Such a way was expected to
produce films with fine particles owing to the intimate mixing of the component elements in the solution[19-
21]. The synthesis of the orthorhombic FePO, hydrated thin film; the experimental conditions to obtain a pure
phase and the characterization of the deposited films are described in the paper.

2. Materials and methods

All electrochemical experiments were carried out using a conventional set up comprising a three-electrode
electrochemical cell connected to a computer-controlled Radiometer Analytical PGZ 301 potentiostat-
galvanostat. The three-electrode electrochemical cell was placed in a double jacket to maintain a constant
temperature throughout the experiment by circulation of thermo-stated water, i.e. 25°C or 70°C. The working
electrode was a 2 cm? Platinium plate. A saturated calomel electrode (SCE) was used as the reference electrode
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and the counter electrode was a wide-area Pt grid. The electrodes were placed in solutions comprising of
(FeS04.7H,0) in phosphoric acid (H;PO4).

Just prior to the deposition, the working electrode were polished using different grades of ALL,O; powder. The
electrodes were rinsed with ultrapure water (18 MQ.cm™). The solution was stirred throughout the experiment.
The applied voltage is greater than 0.3V/SCE. White deposits resulting from the electrochemical oxidation of
Fe’ to Fe*" were collected at the working electrode, washed with distilled water and then dried for several hours
in air.Thermogravimetric analyses were carried out in air with a heating rate of 10 C/min using a TGA Q500
thermogravimetric analyzer. X-ray diffraction patterns were obtained with a X ’Pert PRO diffractometer using
Cu K, radiation (A=1.5406 A) with operating voltage of 35 kV and a beam current of 30 mA. Infrared
spectroscopy spectra were measured in KBr disks using a VERTEX 70 (IR/FT) instrument.

3. Results and discussion

3.1 Voltammogram of a solution of FeSO,.7H,0 in phosphoric acid

Figure 1 presents the voltammograms obtained at 25°C in a solution of Phosphoric acid in the presence and in
the absence of FeSO4.7H,0at a scan rate of 100 mV/s. The applied voltage was varied from-0.3 V/SCE to 1
V/SCE. The figure 1 (1) concerns the electrolytic solution of solvent H;PO4 (1M), no peak was observed. Figure
1 (2) concerns the iron sulfate solution (0.2 M) in phosphoric medium (1M). In this case the currents density
increase which is consistent with continuous oxidation of Fe** to Fe*>" onto the Platinum electrode. The reaction,
which account for this oxidation is proposed as follows:

Fe’" — Fe*™ + 1¢

The current observed for anodic peak at ~0.3V/SCE. The cathodic peak at -0.002V/SCE during the reverse scan
revealed the reduction of Fe’™ species formed during oxidation.
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Figure 1: Voltammograms recorded at 25°C a scan rate of 100 mV s of different solution: ---- H;PO, (IM) +Fe’*
(0.2M),——H;PO, (IM)

3.2. Influence of the concentration of H;PO, solutions

Various H;PO, concentrated solutions, from 1M to 5SM were used for voltammetry experiments. Figure 2 shows
the curves obtained for a FeSO4.7H,0(0.2 M) in these solutions. We notice that the current intensity increases
with H;PO,4 concentration. For concentrations above 2M of phosphoric acid no deposit is observed on the
electrode. For the concentration of 1M of phosphoric acid, a crystallized deposit is obtained. For 2M of
phosphoric acid the deposit is amorphous. The reactions, which account for this oxidation, are proposed as
follows [22]:

Fe’" > Fe''+1e
Fe’" + H,O > Fe(OH)*" + H
Fe(OH)*" + H,0 > Fe(OH)", + H
Fe’" + H;PO,> FeH,PO,~ + H
FeH,P 04"+ H3;PO,> Fe(H,PO,), + H'
Fe(OH)", + Fe(H,PO,), +2H,0-> 2(FePO, . 2H,0 )+ 2H"
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Figure 2:Current-potential polarization curves of the FeSO,.7H,0in H;PO, solutions. Scan rate=100 m Vs

We conclude that the presence of the entities Fe(OH)*"; Fe(OH) . FeH,PO,™"; Fe(H,POy),"is necessary for the
formation of the deposit[22].The latter are in very small quantity for concentrations greater than 2M in
phosphoric acid, hence the absence of deposition at the surface of the electrode.On the other hand, in 1M and
2M, a deposit is observed on the surface of the electrode.

This work shows that the presence and the nature of the deposit onto the Platinum electrode is influenced by the
ferrous sulfate concentrations and the phosphate concentrationswhen the voltage exceeded 0.3 V/SCE.

The anodic and cathodic peak current densities and AEp at different concentrated of H;PO, are reported in table
1, we notice that AEp is in a potentially higher range than [59 mV]. The oxidation reaction of iron II to iron III
is not reversible in this phosphoric acid concentration range.

The 1M concentration of phosphoric acid is chosen for the remainder of this work because it is the only
concentration which has given rise to a crystallized deposit on the surface of the electrode.

Table 1: Peak currents and peak potentials at different scan of 0.2M FeSO,.7H,0

H;PO, concentrated | Ip, (A/cm?) (10°) | L (A/em?) (10%) | E,, (V/SCE) | E,. (V/SCE) [ AEp(V)
M 5.348 -2.642 0.250 -0.002 0.252
2M 6.753 -3.723 0.263 -0.124 0.387
3M 7.338 -12.05 0.269 -0.125 0.394
4AM 8.690 -16 0.273 -0.114 0.387
5M 10.91 -15.56 0.276 -0.062 0.338

3.3. Influence of the concentration of FeSO,.7H,0 inphosphoric acid (I1M)

Various FeSO,.7H,Oconcentration solutions, from 0.05 M to 0.2 M in phosphoric acid (1M), were used for
voltammetry experiments. Figure 3 shows the voltammogram curve obtained in these solutions at 0.1 V.s"'. The
density of the anodic peak current increase with increasing FeSO4.7H,O concentrations. Showing that the
oxidation peak corresponds well to the oxidation of Fe** to Fe'" at the working electrode, a thicker deposit is
obtained for the concentration of 0.2 FeSO4.7H,0O.This concentration was chosen for the rest of our
experiments.

3.4 Influence of different potential scan rates.

Various scanning rates from 20 mV/s to 400 mV/s, were used for voltammetry experiments. Figure 4 shows the
voltammogram curve obtained in these solutions. Current density of the anodic peak increases with increasing
the scanning rates. The anodic and cathodic peak current densities at different potential scan rates are reported in
table 2. We note that with the increasing of scan rate both anodic and cathodic peak current increases and the
cathodic peak potentials have shifted towards negative values, while anodic peak potential move slightly
towards more positive values. The peak potential separation, AEp = Epa- Epc is between 155-425 mV. It is
increased with the variation of scan rate (Fig. 5). The ratio of the oxidation peak current to its corresponding
reduction counterpart, I/, is about 2. These suggest that the redox process is quasi-reversible reaction rather
than a reversible reaction.
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Figure 3: Cyclic voltammograms for different concentrations of FeSO,.7H,0 in (IM) H;POy at a scan rate of 100 mV.s™
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Figure 4: Cyclic voltammograms for 0.2 M of FeSO,.7H,0 in phosphoric acid H;PO, (1M), at different scan rates.

Table 2: anodic and cathodic peak current densities (ip) at different potential scan rates.

v(V/s) | v'? Ia(A/em?) | I (A/em?) | E,(V/SCE) | E,(V/SCE) | AEp(V) Lo/ Lpe
(VIs)'? 10° 10°

0.02 0.141 4.004 -2.24 0.235 0.069 0.155 1.78

0.04 0.2 4.608 -2.426 0.242 0.039 0.201 1.89

0.1 0.316 5.348 -2.642 0.250 0.002 0.252 2.02

0.2 0.447 5.884 -3.123 0.258 -0.075 0.340 1,88

0.4 0.632 6.445 -3.683 0.265 -0.153 0.425 1,74

In Fig. 6, it is apparent that the peak current for the electrochemical oxidation of Fe (II) in phosphoric 1M has
linear relation with square root of scan rates. This observation is in favor of the fact that the electrode process is
diffusion controlled with no adsorption on the electrode surface. As the Fe*'/Fe’" reaction is quasi reversible, the
peak current Ip is given as follows [23]:

Ip = 0,4958xnFA (anF/RT)"*xAxD"?xCxv'? Eqn.(1)

The numerical constant corresponds to expressing I, is the peak current (A); A is the surface area of the
electrode (cm?); D is the diffusion coefficient of the iron ion (cm”.s™); C is the concentration of iron (mol.cm™);
v is the scanning rate (V.s™); n is the number of electrons transferred in the electrode reaction. In this paper, n is
equal to 1 and a is the coefficient of charge transfer. When the test temperature is kept at 25 °C the Eqn.(1)
reduces to:

I,=2.99 x10°x n (on )*?AC D"*v'? Eqn.(2)

Assuming on equal to 0.5[23,24], the diffusion coefficient of Fe*" calculated from the slope of this straight line
is 3,35x10” cm®:s™.The value of the diffusion coefficient calculated in phosphoric medium (1M) is lower than
the value reported for Pt polished electrodes in aqueous medium Dger = 5.4 10 em? 5! [25]. This difference
can be explained by the nature of the electrolyte used which is less conductive.

Ould Bouamer et al., J. Mater. Environ. Sci., 2018, 9 (4), pp. 1247-1254 1250



0,45 -
0,40 -
0,35
0,30
0,25 =

0,20 4 -

Peack potentiel separation, AEp(V)

0,15 4 -

. . — 71— . . .
000 005 010 015 020 0,25 030 035 040 0,45

v(V/s)
Figure 5 : Variation of peak potential separation with scan rate of 0.2 M of FeSO, 7H,0 in phosphoric acid H;PO, (1M)
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Figure 6: anodic and cathodic peaks current densitys (i,,) vs.v'” for 0.2 M FeSO,.7H,0in IM H;PO,

3.5 Structure and morphology

On the basis of the above data, it appeared that deposits onto the Pt electrode could be obtained for E >
0.3V/SCEand for solutions 1M in phosphoric acid. Various deposits from solutions at 1M were then carried out
by maintaining the oxidation potential E >0.3V/SCE at a constant value during several hours at 60°C. A SEM

image of the white deposit obtained for a solution at H;PO, (1M), FeSO4.7H,0 (0.2M), T= 60°C is shown in
figure 7.

HV
9 mm 20

VD
mm 20.0 kV

Figure 7: SEM images of the white deposit obtained at 60C° after 7h of oxidation of Fe’* (with various magnifications)

The particles have the same dimension and the deposit is homogeneous. The high crystallinity is observed. A
study by energy dispersive spectroscopy was carried out and helped in confirming the presence of Fe, O and P
in the deposits. The ratio with the Fe/P of 1 indicted by EDAX analysis in figure 8, points clearly toward the
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FePO, phase deposited onto the Pt electrode. However the accuracy of the data was not sufficient to allow
obtaining an accurate chemical composition.

2.70 3.60

4.50

Fe
5.40 6.30 7.20

Figure 8: EDX spectrum FePO, 2H,0

The XRD pattern of the as-prepared deposit and the pics of PDF card 33-0667 are shown in Figure 9. All the
diffraction peaks in pattern are in agreement with those of orthorhombic FePO4 2H,0O (PDF card 33-0667).The
strong and narrow diffraction peaks, indicate that the material is well crystallized.

Intensity (counts)

1

2 Theta(degree)

Figure 9: XRD pattern of the as-prepared FePO ,.2H,O.

FePO4 2H2O (PDF
card 33-0667

: FePO4 2H2O deposit

Ak

The XRD patterns were indexed with single-phase orthorhombic FePO4.2H,0. Without any impurities phase.
The lattice parameters refined in the orthorhombic system are: a=9.904 A; b=10.116 A and c=8.767A. Iron
phosphate, FePO4 hydrated and not exist with different crystalline forms, as shown in Table 3. The parameters

calculated for our deposit are in accordance with those obtained by [1].

Table 3: Crystallographic parameters theoretical and calculated of orthorhombic FePO,. 2H,0

Compound Space group Crystallographic parameters Reference
a(d) b c(A) B()
Theorical a-FePO4 quartz P321 5.033 |5.033 11.247 — [2]
Heterosite FePO4 Pnma 9.814 | 5.789 4.782 — [7]
Monoclinic FePO, P21/n 5.307 | 9.754 8.675 90.16 | [1]
Monoclinic P21/n 5312 ]9.765 8.683 90.44 | [3]
FePO4-2H,O
Orthorhombic Pbca 9,886 10,122 8.723 — [1]
FePO42H,O
Feq(P20O9)s Pbnm 9.562 | 21.509 7.545 — [26]
Calculated Orthorhombic Pbca 9,904 10,116 8,767 This
(orthorombique) | FePO42H,0 Work
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Several complementary techniques were used in order to confirm the obtained phases. The TG/DSC curves of
FePO4.2H,0 are shown in Figure 10. From TG-DSC curves, the mass of the product decreased up to change
after 195°C, with a total mass lost of 19.69 %, which is consistent with the theoretical content of the crystalline
water molecules in FePO,, 2H,0. From TG and DSC, the iron phosphate obtained by electrochemical method

loses two water molecules at around 160 C°. Similar molecule loss has been observed, at higher temperature in
[22, 27].
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Figurel0: 7G4 and DSC of deposits obtained for solutions comprising 0.2 Mof FeSO,.7H,0
in phosphoric acid (H;PO /M)

Infrared spectrum(IR) of the material deposited is shown in Figure 11. The observed bands IR are in agreement
with the conclusions of the X-ray diffraction pattern.The vibrational motions of FePO4.2H,0 may be divided
into two parts in this range: the stretching and bending vibrations of water molecules identified, respectively,
around 3400 and 1610 cm 'and the internal vibrations of FePO, located in the range (1200—400) cm71[28].

————, - ST
\

» ~ - N
P \

Figurell: The FTIR spectra of FePO, 2H,0

Finally, X-ray diffraction and IR spectra are in complete agreement. They indicate that it is possible to obtain a

deposit of pure orthorhombic FePO4.2H,0 by electrodeposition process of a solution comprising 0.2 M of iron
sulfate (FeSO,) in phosphoric acid (H;PO4 1 M ) at a potential E>0.3V/SCE.

Conclusion

This work presents a new way to synthesis at low temperature a high quality of crystalline orthorhombic

FePO4.2H,0 by electrodeposition process of iron sulfate in phosphoric acid (IM) and using an oxidation
potential E>0,3 V/SCE.
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The mechanism of oxidation of iron sulfate in phosphoric acid (1M) was investigated. We were able to show
that the oxidation isgoverned by diffusion process and the quasi-reversiblereaction at the interface of the
electrode has been confirmed. The ion diffusion coefficient of Fe* inphosphoric medium(1M) is of the order of
3,35%x10%cm’s™".

The structural properties of the white deposit were investigated using serval complementary techniques.They
confirm thatFePO,.2H,0 with the orthorhombic structure was obtained.
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