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Abstract

In this paper an investigation into the effect of transition metal ion and
selenate/fluorophosphate doping on the structures of Na;M(SQO,),-2H,0 (M=transition metal)
materials is reported. In agreement with previous reports, the monoclinic (Kréhnkite)
structure is adopted for M=Mn, Fe, Co, Cu, while for the smallest first row divalent transition
metal ion, M=Ni, the triclinic (Fairfieldite structure) is adopted. On selenate doping there is a
changeover in structure from monoclinic to triclinic, with the larger Mn** system requiring
the highest level of selenate to complete the changeover. Thus the results suggest that the
relative stability of the two structure types is influenced by the relative size of the transition
metal: oxoanion group, with the triclinic structure favoured for small transition metals/large

0X0anions.



The successful synthesis of fluorophosphate doped samples, Na;M(SQO4),x(PO3F)x-2H,0
was also obtained for M=Fe, Co, Cu, with the results showing a changeover in structure from
monoclinic to triclinic for M=Co, Cu for very low levels (x=0.1) of fluorophosphate. In the
case of M=Fe, the successful synthesis of fluorophosphates samples was achieved for x<0.3,
although no change in cell symmetry was observed. Rather in this particular case, the X-ray
diffraction patterns showed evidence for selective peak broadening, attributed to local
disorder as a result of the fluorophosphate group disrupting the H-bonding network. Overall
the work highlights how isovalent doping can be exploited to alter the structures of

Na;M(S0Oy),-2H,0 systems.

Keywords: Sodium ion, Sulfate, Selenate, Fluorophosphate, Crystal Structure

1. Introduction
Minerals constructed from metal octahedra and oxoanion tetrahedra have a variety of
applications including as battery electrodes [1-7], fuel cell materials [8-13], medical
applications [14][15] and pigments[16]. Many such mineral systems are hydrated, and in
such systems hydrogen bonding also contributes to the bonding between the octahedral and
tetrahedral units. One system that has attracted recent interest is Na,Fe(SO,),:2H,0 which
has been investigated as a potential electrode material for Na ion batteries?. This material
adopts the Krohnkite structure (monoclinic cell), named after the mineral of that name,
Na,Cu(S0y),-2H,0. The Kréhnkite structure is also adopted by Na,Mn(SO,),-2H,O and
NayCo(S04),-:2H,0 [17] . In contrast, the equivalent Ni based system, Na;Ni(SO4)2-2H,0,
adopts the Fairfieldite structure (triclinic cell: named after the respective mineral,

Fairfieldite: Ca(Mn, Fe)(PO,).-2H,0). The sulfate group can be replaced by selenate in the



above systems, and the resultant Na,M(SeQ,),-2H,0 (M=Co, Ni) systems have been reported

to also adopt the Fairfieldite structure[18].

The structures of both consist of 3-dimensional networks composed of metal octahedra corner
sharing with sulfate/selenate tetrahedra, with chains of M(S/SeQ,)4(H20), along the c-axis
and the space between these chains occupied by the sodium ions (Fig. 1). Additional
stabilisation results from the hydrogen bond network which creates a pseudo-layered
structure. A key difference between the two structures is in terms of the H bonding network
that links the layers: in the monoclinic Kréhnkite structure, two oxygen atoms in the sulfate
tetrahedra participate in the network, while in the triclinic Fairfieldite structure, only 1 of the
oxygen atoms in the tetrahedral unit is involved in the hydrogen bond network. This change
also affects how the layers stack. In the monoclinic Krohnkite structure, the layers are related
by a rotation and then a translation, whereas in the triclinic Fairfieldite structure, the layers
are linked through translation. The structures also differ in their sodium site connectivity; in
the monoclinic structure the sodium sites are connected through a mixture of corner and edge

sharing, while in the triclinic structure, the sites are all edge sharing.

Although previous literature has focused purely on the identification and characterization of
these endmember systems, research on solid solutions based on combinations of both sulfate
(SO4%) and selenate (Se04%) have been lacking. In particular, it is of interest to understand
why there is a structural change from Krohnkite to Fairfieldite for Na,M(XO,),-2H,0
(M=Co, Mn, Cu; X=S, Se) on changing from sulfate to selenate, and to determine at what

substitution level does this structural change occur.

Another tetrahedral group, which is isovalent with SO,* is fluorophosphate, POsF?.
Fluorophosphate (POsF*) and mixed fluorophosphate/phosphate systems (POuxF<*) were

first prepared and described over 80 years ago [19] . However despite a number of



applications, particularly in dental care, little of their potential to provide new materials has
been explored until recently. In this respect, Weller and co-workers have recently exploited
the fluorophosphate unit to access a range of new chemical systems [20-22]. An important
aspect of the PO3sF® unit is that it possesses an electric dipole moment, and in reported
structures there appears to be order in the relative orientations of the PO3sF? units to cancel
these dipoles. Moreover, the structures of most POsF% containing phases, which possess
waters of crystallisation, indicate that the F does not readily participate in H-bonding.
Therefore in hydrated phases it does not necessarily provide a structural analogue to sulfate —
opening up many more structural possibilities. Thus in this work, in addition to selenate
doping, the influence of fluorophosphate doping has been examined on the structures of these

Na;M(S0,)2-2H,0 (M=Fe, Co, Mn, Ni, Cu) materials.

2. Experimental

The sodium transition metal sulfate hydrates were synthesized via a simple
dissolution/evaporation route. Stoichiometric amounts of MSO4-yH,O (Sigma Aldrich,

99%)(where M = Mn, Fe, Co, Ni and Cu, y = 1 for Fe and Mn, 5 for Cu, 6 for Ni and 7 for
Co) and sodium sulfate (Sigma Aldrich, 99%) were dissolved in water. For the Fe containing
samples, approximately 50mg of ascorbic acid was added to the solutions in order to prevent
oxidation of Fe?*. The solutions were stirred for at least 30 minutes at 60°C. The samples
were then placed in an oven and dried at 60-110°C for Mn, Fe, Co and Cu samples and
130°C for Ni (The slightly higher temperature of 130°C was required for the Ni samples in
order to obtain a single phase sample of the dihydrate; sample treatment <130°C vyielded a

mixture of the dihydrate and tetrahydrate phases).



Na;M(S04)2x(PO3F)x-2H,0O  and Na;M(SO4)2-x(Se0q4)x-2H,O (where M = Mn, Fe, Co, Ni
and Cu) were synthesized using the same solution method, where partial substitution of
sodium sulfate by either sodium fluorophosphate or sodium selenate was performed. Given
that Na,SeO, and Na,POsF were used as the source of selenate and fluorophosphate

respectively, the maximum level of doping examined was 50% substitution (i.e. x=1).

MSO4.yH20 + 1-x Na,SO4 + X Na,SeO4/Na,POsF ———

Na,M (SO4)2-X(SEO4)/(PO3F) «2H>0

This synthetic approach has been previously shown to be successful in the preparation of
other mixed sulfate/selenate systems e.g. NASICON type Na,M(I1)xM(111)2-x(SO4)3y(SeOs)y

(M(11) = divalent metal, M(I11) = trivalent metal) [23].

Sample purity and unit cell parameters were determined from powder X-ray diffraction using
a Bruker D2 phaser (Co Ka radiation) and a Bruker D8 (Cu Ka radiation) operating in
reflection mode. Rietveld refinements were carried out using the GSAS suite of
programs.[24][25] The starting structural models used for these materials were based on the
structures reported for Na,Mn(SQ,)2-2H,0 and Na,Co(SeOy),-2H,0[18]. The cell parameters
and atomic coordinates were refined with the exception of the protons in the system. In cases
where a biphasic mixture was obtained, multiphase refinements were attempted to ascertain
the fraction of each of the phases present. Further characterisation of these systems was
performed using Raman spectroscopy (Renishaw in Via Raman microscope equipped with a

He-Ne 633 nm laser).



3. Results and discussion
X-ray diffraction data for Na,M(S0O,),-2H,0 (M=Mn, Fe, Co, Ni, Cu)

For both the undoped sulfate samples and the selenate/fluorophosphate doped samples, the
samples possessed the following colours: Light brown (Fe), Pale pink (Co), Pale green (Ni)

and Pale blue (Cu).

Depending on the metal cation employed to form the framework, the X-ray diffraction
patterns show that two possible structures are observed through the dissolution/evaporation
method employed (Fig. 2). For Mn, Fe, Co and Cu, the Na;M(SQO,),-2H,0 phase crystallizes
in the expected monoclinic Krohnkite structure. However, when the metal ion is nickel, i.e.
NazNi(SO4),-2H,0, the material adopts the triclinic Fairfieldite structure. As noted in the
introduction, the structures both form 3-dimensional networks composed of metal octahedra
corner sharing with sulfate tetrahedra, with chains of M(SO4)4(H20), along the c-axis and the
space between these chains occupied by the sodium ions, with a key difference being in terms
of the H bonding network that links the layers (Fig. 1). This network, and so changeover in
structure, may be influenced by the size of the transition metal. In this respect it is interesting
to note that the triclinic structure is only observed for the smallest transition metal ion (Ni)

(\ionic radii (high spin) M": Mn 0.83 A, Fe 0.78 A, Co 0.745 A, Ni 0.69 A, 0.73 A).[26]

X-ray diffraction data for Na;M(SO4),-x(Se04)x-2H,0 ~ (M = Mn, Fe, Co, Ni and Cu)

A list of successfully synthesized selenate doped materials and the lattice parameters for
these phases can be found in Tables 1-4 (when a composition yielded a biphasic sample, a
two phase refinement was attempted to quantify the amount of each phase present) (Rietveld

refinement profile fits are given in supplementary information).



The resulting material obtained was found to be dependent on the metal ion selected and level
of selenate substitution attempted. In the case of M=Mn, there was no change in structure,
with all compositions in the range of x = 0.1-1.0 retaining the monoclinic structure. For
M=Fe samples, the monoclinic structure is again preferred for low level selenate
incorporation. However, for 0.5<x<0.75, a bi-phasic (monoclinic and triclinic) mixture is
observed. Increasing the selenate concentration further to x > 0.75 results in a single phase
material with the triclinic structure (Fig. 3). For the Co analogue, similar results were
observed, albeit with a lower level of selenate (x=0.5) required to form the pure triclinic
phase. For M=Cu, the results were also similar to the Co based system with compositions

with x> 0.5 being phase pure triclinic structure.

For M=Ni, for which the sulfate endmember phase already adopts the triclinic structure,
substitution of the sulfate for selenate readily occurs even at low dopant levels leading to a

complete solid solution for the range of samples investigated (0<x<1)(Fig. 4).

Cell parameter data for all solid solution series show that Vegard’s law is obeyed across the
series, with increasing cell parameters on increasing selenate content as expected, due to the

larger size of selenate versus sulfate.

The change in structure from monoclinic to triclinic for M=Mn, Co, Fe is most likely related
to changes in the strength/nature of H-bonding caused by the introduction of selenate, leading
to changes in the relative stabilities between the two structures. In the prior section on the
sulfate series, Na;M(SO,),-2H,0, it was noted that the triclinic structure was formed only for
the smallest transition metal, Ni. Considering the selenate doping results, both Co and Cu,
which are the next smallest ions (and have similar ionic radii to one another), display a
changeover from monoclinic to triclinic at a similar selenate content. For M=Fe, which has a

larger ionic radius, a higher selenate content is required, while no changeover was observed



for M=Mn (the largest divalent ion) for the selenate doping level examined in this report.
Furthermore no changeover in structure was reported for the endmember selenate phase,
Na;Mn(SO4)2-(Se04)x-2H,0 prepared in a previous study™. Thus it appears that doping the
larger selenate in place of sulfate is improving the stability of the triclinic structure for the

smaller transition metals.

X-ray diffraction data for Na;M(SQO4),-x(PO3F)x-2H,0O (M= Mn, Fe, Co, Ni and Cu)

For M=Co, Cu, similar to the results for selenate doping, the monoclinic structure is not
retained when doped with fluorophosphate. Instead, the X-ray diffraction data indicate that
there is a structural change to the triclinic (Fairfieldite) struture (Fig 5). In this case, however,
the change in structure is observed even at the lowest level of POsF* doping (x=0.1)

examined.

This change in structure is most likely a result of the effect of POsF? altering the relative
stabilities of the two (monoclinic vs triclinic) structures, through the POsF? group disrupting
the H-bonding network, since covalently bound fluorine is well known to rarely participate in
intermolecular hydrogen bonding.[27][28]. This disruption of the H-bonding network by the
fluorophosphate could be associated with the the fluorine within the POsF* unit pointing
towards the network, since two O atoms from the tetrahedra are involved in H-bonding for
the monoclinic (Krohnkite) structure, while only one O is involved for the triclinic
(fairfieldite) structure, so the presence of POsF> may improve the relative stability of the
latter. The cell parameters of the phases obtained after substitution (Tables 6 and 7) have
been plotted against fluorophosphate concentration (Fig. 6). In the case of Co, very little

change is observed in the cell volume after the phase has adopted the triclinic structure. The



Cu system, however, does show a small cell volume increase with increasing fluorophosphate

concentration.

For the larger Fe?* system, the POsF> doping was not sufficient to cause the monoclinic to
triclinic structural change. Rather, in this case, low levels of fluorophosphate led to the peaks
in the resultant diffraction pattern exhibiting a wide range of peak widths, with some peaks
remaining sharp while others broadened with increasing fluorophosphate concentration (Fig
7.). This peak broadening suggests a degree of local disorder within the structure, although
on initial inspection, a single axis does not appear to be greatly affected. Greater evaluation
of the Bragg reflections show that planes which intersect the hydrogen bond network or cut
the corners of the tetrahedra appear to be the most affected with increasing fluorophosphate
content. Planes which bisect the octahedra or tetrahedra without cutting through the network
appear to be the least affected. This suggests that fluorophosphate has successfully doped into
the system and is disrupting the hydrogen bond network. This proposed disruption is also
supported by the fact that only low levels (x<0.3) of POsF* can be incorported into the
structure. Efforts to increase the concentration above x = 0.3 leads to a mixture of the doped

phase and starting materials, i.e. Na;SO4, Na,POsF and MSO4-xH,0.

The possible incorporation of POsF* for M=Mn, Ni was also examined, but in these cases the
doping strategy was unsuccessful. In the case of Ni, a slightly higher temperature is required
to form the dihydrate compared to the other Na,M(SQO,), systems, and so this may have
promoted the hydrolysis of the fluorophosphate dopant, leading to NaNi(SO4)F-2H,0
impurity phases. In the case of M=Mn, at the lower temperatures required for PO3F doping,
Mn forms the highly hydrated Naj,Mn7(SO4)13-15H,0 system. With increasing PO3sF doping,
the intensity of the peaks due to this phase decreases until x = 0.3 where the sample becomes

amorphous.



Raman data for Na;M(S0O4),x(S5e04)x-2H,0 (M= Fe, Co, Ni and Cu)

On selenate doping, the Raman data for Na;M(SO4),-x(Se04)x-2H,0 (M= Fe, Co, Ni and Cu)
show the appearance of a set of broad peaks in the region of 800-900 cm™ which increase in
intensity with selenate content (Fig. 8). These peaks can be assigned to the v' and v’ modes of
Se-0O in Se0,4.[29] Of note also is the small shift to decreasing wavenumber of the peak due
to the v S-O mode. This shift suggests that sulfate and selenate occupy the same site and the
strain on the system is reflected in the weakening of the S-O bond with increasing selenate

concentration.

Raman data for Na;M(SO4)2-x(PO3F)x-2H,0 (M= Fe, Co and Cu)

The data for the monoclinic and triclinic phases appear to be very similar with the
main difference originating from bands which can be assigned to asymmetric modes. Both
spectra show the v' S-O symmetric stretch band associated with (SO4)*. The sulfate
tetrahedra in both structures behave as a bidentate ligand by bridging the metal octahedra
along the c-axis. This bonding leads to a splitting of the observed Raman peaks due to a
reduction in symmetry of the oxoanion tetrahedra.[30] For M=Fe, when comparing the data
for the undoped material with compositions containing a low level of fluorophosphate, a very
weak peak at ~1030cm™ appears to grow in intensity (this band can be identified on the
shoulder of the v' S-O band). The slight growth in intensity of the peak may pertain to the
vibrational mode which corresponds to the v, symmetrical stretch of the PO3 unit within the
POsF* group (Fig. 9).[31-33] Additional vibrations in the region of 1100-1200cm™ also
suggest a reduction in symmetry of the oxoanion unit. For M=Co and Cu, the spectra
resulting from the fluorophosphates doped materials matched that which was obtained for the
undoped Na;Ni(SO,),-2H,0 material which naturally adopts the triclinic structure (Fig. 10).
This confirms that both of these materials have adopted the triclinic structure, however, the

PO3 band from the POsF* group is now hidden by an asymmetric (SO4) band. An important



consideration in these systems is assessing whether the POsF? unit has remained intact or has
hydrolysed to form PO,*. One indication would be the presence of impurity phases, such as
observed for M=Ni, where fluorophosphate doping was not successful. In addition, the
Raman data also suggests the presence of POsF% rather than PO, as there are no bands in
the regions of ~970cm™ or ~520cm™ which could be attributed to the P-O v' and v*
respectively, which would be expected for PO,*.[34] Although there may be some ambiguity
due to potential overlap with the position of the vy S-O band, the band attributed to PO,*
would be expected to appear at a lower wavenumber with respect to this band. As there are
no observed peaks in this region, it can be assumed the system contains POsF? rather than

PO,

4. Conclusions
This work has shown the flexibility of Na,M(SO,),-2H,0 systems towards isoelectronic
dopants such as (POsF)* and (SeO.)* and the unique effect on the structure when a range of
substitution levels are attempted. In particular, it is interesting to note that only the low levels
of POsF* or SeO4 are required (especially for POsF*) to cause a change in structure from
the monoclinic (Krohnkite) to the triclinic (fairfieldite) structure, highlighting the potential of
such a doping strategy to manipulate the structures of transition metal containing sulfate

systems.
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Figure Captions

Figure 1. Crystal structures of Na;M(SQO,),-2H,0 (M=Fe, Co) (above) and
NayNi(SO4),-2H,0 (below) viewed down the a-axis. Brown/blue octahedra represent the
transition metal ion (Fe/Co and Ni respectively). The green tetrahedra represent the sulfate
oxyanion and the yellow spheres represent the sodium ions that reside within the layers. The

dashed orange line shows the hydrogen bond network that aids in structure stabilization.

Figure 2. The diffraction patterns of monoclinic NasFe(SO4),-2H,0 and triclinic
NazNi(SO4),-2H,0. The nickel sample contains a minor NiSO4-H,0 impurity (~3wt%). The
impurity peaks are identified by black triangles. An unidentified peak has been labelled with

a black square
Figure 3. Diffraction patterns of NasFe(SO4),-x(Se04)x-2H,O where x = 0-1.0.

Figure 4. Diffraction patterns of end members Na,M(SO,)(SeQ,)-2H,0 (where M = Fe, Co
and Ni).

Figure 5. The diffraction patterns of Na,M(SO4)2-x(PO3F)x:2H20 where M = Co and Cu and x
=0-0.25 for Co and 0-0.5 for Cu. Bragg positions for the monoclinic phase (Pink) and
Triclinic (Teal) have been added to the plots to show that although some reflection positions
appear similar in both structures, there are noticeable differences in the resultant diffraction

patterns.

Figure 6. A plot of cell volume vs fluorophosphate concentration in Na;M(SOy),-
x(PO3F)x-2H,0 where M = Cu and Co and x = 0.1-0.3.

Figure 7. (a). The X-ray diffraction patterns for Na,Fe(SO4),x(PO3F)x-2H,0; (b) Selected
peaks from the diffraction pattern of NayFe(SO4),-2H,0 and NayFe(SO4)1.9(PO3F)o.1-2H20.
With POsF doping, peak broadening is observed for some peaks (e.g. (031), (12-1)), while
others (e.g. (020)) are largely unaffected. The respective lattice planes are shown in the

associated structural figures.

Figure 8. Raman data for hydrated Na,M(SO,)(SeO,)-2H,0 (M= Fe, Co, Ni and Cu (above)
and Na;Ni(S04),-x(Se0q)x-2H,0 where x = 0-1(below)).

Figure 9. Raman data for Na,Fe(SO4),<(PO3F)y-2H,0. The weak peak at around 1030cm™
grows slightly with increasing PO3sF concentration.



Figure 10. Raman data comparing the monoclinic and triclinic phases. The main difference in

the data originates in the asymmetric S-O bands. Monoclinic phases have two weak bands in

the 1100-1200cm™ region where as the triclinic phases have three weak bands in the 1000-

1200cm™. Co and Cu phases possess three bands in the 1000-1200 region suggesting

successful formation of the triclinic phase.

Table 1. Cell parameters for NayFe(SO4)2x(Se04)x-2H,0

Note: M = Monoclinic and T = Triclinic with regards to the phase % of each formed.

Dopant Cell WOt
level a(A) b (A) c(A) a () B (°) v (°) volume (M"F)
(x=) (A% '
0 5.7682(2) | 12.9803(2) | 5.4520(2) 90.0 105.960(2) 90.0 392.47(1) |(100:0)
0.1 5.7722(2) | 12.9957(3) | 5.4605(2) 90.0 105.946(3) 90.0 393.85(2) |(100:0)
0.25 5.7858(2) | 13.0328(3) | 5.4793(1) 90.0 105.928(2) 90.0 397.31(2) ((100:0)

5.7977(2) | 13.0757(6) | 5.5031(2) 90.0 105.887(2) 90.0 401.25(4)
0.5 (82:18)
5.8798(9) | 7.166(1) | 5.5080(7) | 98.50(2) | 106.46(1) | 108.50(1) | 203.70(5)

0.75 5.8407(3) 7.1799(4) | 5.5252(3) | 98.923(3) | 106.188(3) | 108.340(3) | 203.59(2) |(0:100)

1.0 5.8560(4) 7.1921(4) | 5.5424(3) | 98.945(4) | 106.266(4) | 108.339 (3) | 204.96(2) |(0:100)
Table 2. Cell parameters for Na;Co(S04)2-x(SeO4)x2H,0

Dopant Cell W%
level a(A) b (A) c(A) a (%) B (°) v (°) volume (M:T)
(x=) (A% '

0 5.7787(2) | 12.8671(4) | 5.3999(2) 90.0 105.862(2) 90.0 386.23(2) | (100:0)
5.770(3) | 12.879(1) | 5.402(9) 90.0 106.1(1) 90.0 385.7(6)

0.1 (33:67)
5.7949(6) | 7.0503(6) | 5.4024(4) | 98.881(8) | 106.006(7) | 108.580(7) | 193.87(3)
5.7733(8) | 12.9043(7) | 5.426(1) 90.0 105.85(1) 90.0 388.86(8)

0.25 (36:64)
5.8033(5) | 7.0647(5) | 5.4108(5) | 98.934(8) | 105.969(7) | 108.553(6) | 194.88(2)




0.5

5.8237(4)

7.0878(5)

5.4359(3)

98.933(5)

106.058(4)

108.602(3)

196.92(3)

(0:100)

0.75

5.8409(3)

7.1093(4)

5.4592(3)

98.970(4)

106.123(3)

108.553(3)

198.89(2)

(0:100)

1.0

5.8567(2)

7.1273(1)

5.4760(2)

98.953(2)

106.173(2)

108.561(4)

200.486(6)

(0:100)

Table 3. Cell parameters for NayNi(SO4)2-x(Se04)x-2H,0

Dopant
level

(x=)

a(A)

b (A)

c(A)

a ()

B

v (°)

Cell vol.

(R

0

5.7810(3)

7.0052(4)

5.3388(2)

99.096(4)

105.551(3)

108.609(3)

190.25(2)

0.1

5.7883(4)

7.0152(5)

5.3490(3)

99.143(6)

105.533(3)

108.587(3)

191.13(2)

0.25

5.7944(4)

7.0267(5)

5.3601(3)

99.159(6)

105.590(4)

108.594(3)

191.94(3)

0.5

5.8118(7)

7.0547(9)

5.3865(5)

99.22(1)

105.679(6)

108.570(5)

194.08(4)

0.75

5.8239(6)

7.0702(7)

5.4055(4)

99.238(9)

105.786(5)

108.558(4)

195.46(3)

1.0

5.8389(7)

7.0943(8)

5.4307(5)

99.22(1)

105.919(7)

108.579(5)

197.35(4)

Table 4. Cell parameters for Na;Cu(S04)2-x(SeO4)x2H,0

Dopant
level

x=)

a(A)

b (A)

¢ (A)

a ()

B

Y (®)

Cell vol.

(A%

W%
(M:T)

0

5.8002(3)

12.6493(8)

5.5102(3)

90.0

108.442(2)

90.0

383.51(6)

(100:0)

5.8216(5)

12.699(1)

5.5310(5)

90.0

108.423(4)

90.0

387.93(7)

0.1

5.8181(6)

6.9625(6)

5.5177(5)

101.307(7)

108.421(5)

106.129(5)

193.58(3)

(58:42)

0.2

5.8196(4)

12.670(1)

5.5342(4)

90.0

108.420(5)

90.0

388.06(6)

5.8216(4)

6.9693(5)

5.5227(3)

101.305(5)

108.446(4)

106.128(4)

194.03(2)

(45:55)

0.3

5.8266(5)

12.714(1)

5.5422(5)

90.0

108.413(5)

90.0

389.54(6)

5.8286(4)

6.9772(4)

5.5309(3)

101.307(4)

108.438(4)

106.130(3)

194.78(2)

(38:62)

05

5.840(1)

12.746(3)

5.550(2)

90.0

108.4(2)

90.0

391.9(1)

(19:81)




5.8447(4) | 6.9948(4) | 5.5506(3) | 101.315(4) | 108.462(3) | 106.123(3) | 196.47(3)
0.75 5.8622(2) | 7.0148(3) | 5.5732(2) | 101.325(3) | 108.492(2) | 106.126(2) | 198.36(2) | (0:100)
1.0 5.8776(3) | 7.0358(3) | 5.5936(2) | 101.345(3) | 108.504(2) | 106.118(2) | 200.17(2) | (0:100)
Table 5. Cell parameters for NayFe(SQO4),-x(PO3F)x-2H,0
Dopant level Cell volume
a(A) b (A) c (A) a(°) B v (©)
(x=) (A%
0 5.7682(2) | 12.9803(2) | 5.4520(2) | 90.0 | 105.960(2) | - 90.0 392.47(1)
0.05 5.7618(9) | 12.978(2) | 5.4474(5) | 90.0 |[105.947(7) | 90.0 391.7(1)
Table 6. Cell parameters for Na,Co(SO4)2-x(PO3F)x-2H,0
Dopant level
p( \ a(A) b (A) c(A) o (°) B (%) 7 (%) Cell volume (A%
X=
0 5.7787(2) | 12.8671(4) | 5.3999(2) 90.0 105.862(2) 90.0 386.23(2)
0.1 5.7901(3) | 7.0465(3) | 5.3937(3) | 98.891(4) | 106.025(3) | 108.604(3) 193.22(2)
0.15 5.7892(4) | 7.0512(5) | 5.3926(3) | 98.961(5) | 105.970(4) | 108.574(3) 193.32(3)
0.2 5.7898(3) | 7.0522(3) | 5.3913(2) | 98.967(4) | 105.972(3) | 108.584(3) 193.30(2)
0.25 5.7901(4) | 7.0544(5) | 5.3909(3) | 99.031(6) | 105.890(5) | 108.654(4) 193.30(3)
Table 7. Cell parameters for Na,Cu(SQO4)2-x(PO3F)x-2H,0
Dopant level Cell volume
a(A) b (A) c (A) a(°) B v (°)
(x=) (A%
0 5.8002(3) | 12.6493(8) | 5.5102(3) 90.0 108.442(2) 90.0 383.51(6)
0.1 5.8059(3) | 6.9484(3) | 5.5012(2) | 101.364(3) | 108.410(2) | 106.110(2) 192.18(2)




0.2

5.8100(4)

6.9510(4)

5.5029(3)

101.390(4)

108.404(3)

106.113(3)

192.42(3)

0.3

5.8149(3)

6.9572(3)

5.5081(2)

101.409(3)

108.392(2)

106.092(2)

192.97(2)
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Figure 1. Crystal structures of NayFe/Co(SQO,),-2H,0 (above) and Na;Ni(SO,),-2H,0
(below) viewed down the a-axis. Brown/blue octahedra represent the transition metal ion
(Fe/Co and Ni respectively). The green tetrahedra represent the sulfate oxyanion and the
yellow spheres represent the sodium ions that reside within the layers. The dashed orange line

shows the hydrogen bond network that aids in structure stabilization.




Figure 2. The diffraction patterns of monoclinic NayFe(SQO4),-2H,0 and triclinic
NazNi(SO4),-2H,0. The nickel sample contains a minor NiSO,4-H,0 impurity (~3wt%). The
impurity peaks are identified by black triangles. An unidentified peak has been labelled with

a black square.
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Figure 3. Diffraction patterns of NayFe(SO4)2-x(Se04)x-2H,0 where x = 0-1.0.
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Figure 4. Diffraction patterns of end members Na;M(SO,)(SeQ,)-2H,0 (where M = Fe, Co
and Ni).
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Figure 5. The diffraction patterns of Na,M(SO4)2-x(PO3F)x-2H,0 where M = Co and Cu and X
=0-0.25 for Co and 0-0.5 for Cu. Bragg positions for the monoclinic phase (Pink) and
Triclinic (blue) have been added to the plots to show that although some reflection positions
appear similar in both structures, there are noticeable differences in the resultant diffraction
patterns.
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Figure 6. A plot of cell volume vs fluorophosphate concentration in Na;M(SOy),-
x(PO3F)x-2H,0 where M = Cu and Co and x = 0.1-0.3.
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Figure 7(a). The X-ray diffraction patterns for Na,Fe(SO4)2-x(PO3F)x-2H,0
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Figure 7(b) Selected peaks from the diffraction pattern of Na,Fe(SO,),-2H,0 and
NayFe(S04)1.9(PO3F)o.1-2H,0. With POsF doping, peak broadening is observed for some
peaks (e.g. (031), (12-1)), while others (e.g. (020)) are largely unaffected. The respective
lattice planes are shown in the associated structural figures.
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Figure 8. Raman data for hydrated Na,M(SO,)(SeQ4)-2H,0 (M= Fe, Co, Ni and Cu (above)

and Na;Ni(S04)2x(Se0q)x-2H,0 where x = 0-1(below)).
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Figure 9. Raman data for NayFe(SQO4),x(PO3F)x-2H,0. The very weak peak at around

1030cm™ grows slightly with increasing POsF concentration.
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Figure 10. Raman data comparing the monoclinic and triclinic phases. The main difference in
the data originates in the asymmetric S-O bands. Monoclinic phases have two weak bands in
the 1100-1200cm™ region where as the triclinic phases have three weak bands in the 1000-
1200cm™. Co and Cu phases possess three bands in the 1000-1200 region suggesting

successful formation of the triclinic phase.
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Highlights

e The successful synthesis of Na;M(SQO,),-2H,0 (M=transition metal) phases doped

with selenate and fluorophosphate.
e A change in structure is observed on selenate doping for M=Fe, Co, Cu.
e This change in structure is also observed on fluorophosphate doping for M=Co, Cu,

with very low fluorophosphate levels (5mol% doping) causing the structural change.



e The work highlights how isovalent doping can be exploited to alter the structures of

Na;M(S04)2-2H,0 systems.

Graphical abstract

Partial substitution of sulfate in Na,M(S0,),.2H,0 (M=Co, Cu) by selenate or fluorophosphate leads
to a structural change from the monoclinic Krohnkite to the triclinic Fairfieldite structure.
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