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Table S1.  Crystal data, data collection and structure refinement for Na7Ni3Fe(P2O7)4. 

Crystal data 

Chemical formula Na7Ni3Fe(P2O7)4 

Mr (g/mol) 1088.67 

Crystal system Triclinic, P1ത 

T (K) 293 

a, b, c (Å) 6.3677 (2), 9.3316 (4), 10.8478 (4) 

α, β, γ (°) 65.191 (1), 80.533 (1), 73.042 (1) 

V (Å3) 559.00 (4)  

Z 1 

Radiation type Mo Kα (λ=0.71073Å) 

μ (mm-1) 3.97 

Crystal size (mm) 0.30 x 0.15 x 0.14 

 

Data collection 

Diffractometer Bruker D8 VENTURE Super DUO 

Absorption correction Multi-scan  
(SADABS; Krause et al., 2015) 

 Tmin, Tmax 0.626, 0.748 

No. of measured, independent and 
 observed [I > 2σ(I)] reflections 

42169, 5143, 4998   

Rint 0.027 

(sin θ/λ)max (Å-1) 0.820 

Refinement 



 

 

R[F2 > 2σ(F2)], wR(F2), S 0.026, 0.066, 1.09 

No. of reflections 5143 

No. of parameters 215 

Δmax, Δmin (e Å-3) 2.38, -1.69 

Table S2. Atomic coordinates and equivalent isotropic displacement parameters (Å2) for Na7Ni3Fe(P2O7)4 obtained by Single-Crys-
tal X-ray Diffraction. 

 Wyck. x y z Ueq Occ.  BVS 

Fe1 2i 0.22223 (3) 0.61147 (2) 0.28234 (2) 0.00448 (5) 0.5 2.713 (4) 

Ni1 2i  0.22223 (3) 0.61147 (2) 0.28234 (2) 0.00448 (5) 0.5 2.043 (3) 

Ni2 2i 0.14175 (3) 0.26340 (2) 0.23645 (2) 0.00637 (5) 1 2.016 (3) 

Na1 2i 0.2927 (2) 0.56726 (17) 0.59144 (14) 0.0397 (3) 1 0.994 (3) 

Na2 1b 0.000000 0.000000 0.500000 0.0546 (7) 1 1.179 (2) 

Na3 2i 0.52797 (13) 0.79372 (10) 0.02690 (9) 0.01583 (14) 1 1.099 (2) 

Na4 2i 0.09325 (18) 0.01580 (13) 0.83235 (11) 0.0291 (2) 1 0.793 (2) 

P1 2i 0.07773 (6) 0.65494 (4) 0.04535 (4) 0.00490 (6) 1 4.950 (9) 

P2 2i 0.21340 (6) 0.27266 (4) 0.53391 (4) 0.00518 (6) 1 4.993 (10) 

P3 2i 0.61900 (6) 0.35858 (5) 0.18618 (4) 0.00511 (6) 1 4.984 (10) 

P4 2i 0.42506 (6) -0.10553 (5) 0.28986 (4) 0.00584 (6) 1 4.910 (9) 

O1 2i -0.11617 (19) 0.71780 (16) -0.04183 (12) 0.01057 (19) 1 1.967 (5) 

O2 2i 0.05928 (19) 0.51600 (14) 0.18447 (11) 0.00767 (17) 1 1.871 (4) 

O3 2i 0.28341 (19) 0.57847 (15) -0.03157 (11) 0.00913 (18) 1 2.110 (5) 

O4 2i 0.1385 (2) 0.78680 (15) 0.07123 (13) 0.01042 (19) 1 1.959 (6) 

O5 2i 0.1134 (2) 0.23347 (15) 0.43815 (12) 0.01020 (19) 1 2.007 (6) 

O6 2i 0.2885 (2) 0.42897 (15) 0.46155 (12) 0.0121 (2) 1 2.174 (5) 

O7 2i 0.0658 (2) 0.27239 (16) 0.65837 (12) 0.0129 (2) 1 2.032 (5) 

O8 2i 0.42623 (18) 0.12570 (14) 0.59182 (12) 0.00817 (17) 1 1.978 (5) 

O9 2i 0.51786 (19) 0.51523 (15) 0.20739 (12) 0.00967 (18) 1 2.088 (6) 

O10 2i 0.81476 (19) 0.25328 (15) 0.27411 (12) 0.01009 (19) 1 1.827 (4) 

O11 2i 0.4611 (2) 0.26153 (15) 0.19464 (13) 0.0115 (2) 1 1.835 (6) 

O12 2i 0.21158 (19) 0.01771 (14) 0.29969 (12) 0.00961 (18) 1 1.965 (4) 

O13 2i 0.5511 (2) -0.05351 (16) 0.15549 (12) 0.0127 (2) 1 1.957 (5) 

O14 2i 0.3835 (2) -0.27306 (15) 0.33606 (14) 0.0131 (2) 1 1.972 (6) 
 

Table S3. Anisotropic atomic displacement parameters (Å2) for Na7Ni3Fe(P2O7)4. 

 U11 U22 U33 U12 U13 U23 

Fe1 0.00432 (8) 0.00490 (8) 0.00421 (8) -0.00073 (6) -0.00033 (5) -0.00200 (6) 

Ni1 0.00432 (8) 0.00490 (8) 0.00421 (8) -0.00073 (6) -0.00033 (5) -0.00200 (6) 



 

 

Ni2 0.00570 (8) 0.00671 (8) 0.00646 (8) -0.00132 (6) -0.00068 (5) -0.00237 (6) 

Na1 0.0416 (6) 0.0509 (7) 0.0422 (7) 0.0031 (5) -0.0188 (5) -0.0366 (6) 

Na2 0.1007 (17) 0.0480 (10) 0.0445 (10) -0.0621 (12) 0.0554 (11) -0.0386 (9) 

Na3 0.0102 (3) 0.0169 (3) 0.0186 (3) -0.0027 (3) 0.0014 (2) -0.0065 (3) 

Na4 0.0272 (5) 0.0191 (4) 0.0269 (5) -0.0046 (4) -0.0018 (4) 0.0037 (3) 

P1 0.00456 (13) 0.00553 (13) 0.00402 (13) -0.00069 (10) -0.00038 (10) -0.00162 (11) 

P2 0.00574 (13) 0.00533 (14) 0.00425 (13) -0.00089 (11) -0.00095 (10) -0.00173 (11) 

P3 0.00341 (13) 0.00659 (14) 0.00562 (13) -0.00078 (10) -0.00018 (10) -0.00299 (11) 

P4 0.00555 (14) 0.00555 (14) 0.00636 (14) -0.00004 (11) -0.00108 (10) -0.00290 (11) 

O1 0.0058 (4) 0.0162 (5) 0.0074 (4) 0.0009 (4) -0.0021 (3) -0.0043 (4) 

O2 0.0096 (4) 0.0065 (4) 0.0054 (4) -0.0022 (3) 0.0004 (3) -0.0010 (3) 

O3 0.0063 (4) 0.0119 (5) 0.0056 (4) 0.0016 (3) 0.0008 (3) -0.0030 (3) 

O4 0.0118 (5) 0.0092 (4) 0.0126 (5) -0.0045 (4) 0.0011 (4) -0.0058 (4) 

O5 0.0135 (5) 0.0113 (5) 0.0077 (4) -0.0047 (4) -0.0037 (4) -0.0033 (4) 

O6 0.0185 (5) 0.0073 (4) 0.0097 (5) -0.0061 (4) -0.0052 (4) 0.0009 (4) 

O7 0.0097 (5) 0.0168 (5) 0.0081 (4) 0.0013 (4) 0.0018 (4) -0.0051 (4) 

O8 0.0077 (4) 0.0075 (4) 0.0094 (4) 0.0013 (3) -0.0036 (3) -0.0044 (3) 

O9 0.0078 (4) 0.0107 (5) 0.0126 (5) -0.0005 (3) 0.0010 (3) -0.0083 (4) 

O10 0.0056 (4) 0.0132 (5) 0.0084 (4) -0.0004 (4) -0.0024 (3) -0.0019 (4) 

O11 0.0080 (4) 0.0109 (5) 0.0169 (5) -0.0047 (4) -0.0013 (4) -0.0049 (4) 

O12 0.0068 (4) 0.0075 (4) 0.0118 (5) 0.0012 (3) -0.0007 (3) -0.0031 (4) 

O13 0.0126 (5) 0.0160 (5) 0.0073 (4) -0.0016 (4) 0.0014 (4) -0.0045 (4) 

O14 0.0141 (5) 0.0083 (5) 0.0198 (6) -0.0033 (4) -0.0049 (4) -0.0064 (4) 

Table S4. Selected interatomic distances (Å) and angles (°) for Na7Ni3Fe(P2O7)4. 

Distances (Å) 

(Fe(1)/Ni(1))O6  Ni(2)O6  

Fe1/Ni1—O14i 1.9811 (12) Ni2—O11 2.0061 (12) 

Fe1/Ni1—O6 1.9825 (12) Ni2—O12 2.0275 (12) 

Fe1/Ni1—O7ii 1.9975 (12) Ni2—O5 2.0699 (12) 

Fe1/Ni1—O9 2.0333 (12) Ni2—O1iii 2.0737 (12) 

Fe1/Ni1—O2 2.1663 (12) Ni2—O10iv 2.0769 (12) 

Fe1/Ni1—O4 2.2258 (13) Ni2—O2 2.0999 (11) 



 

 

P(1)O4  P(2)O4  

P1—O1 1.5030 (12) P2—O7 1.5123 (13) 

P1—O4 1.5316 (12) P2—O5 1.5134 (12) 

P1—O2 1.5365 (12) P2—O6 1.5151 (12) 

P1—O3 1.5861 (12) P2—O8 1.6078 (12) 

P(3)O4  P(4)O4  

P3—O11 1.5067 (12) P4—O13 1.5010 (13) 

P3—O9 1.5129 (12) P4—O14 1.5183 (13) 

P3—O10 1.5229 (12) P4—O12 1.5248 (12) 

P3—O3ix 1.6085 (12) P4—O8vi 1.6348 (12) 

Na(1)O7  Na(2)O6  

Na1—O6 2.2824 (16) Na2—O5 2.2912 (12) 

Na1—O9v 2.3926 (16) Na2—O5vii 2.2912 (12) 

Na1—O10v 2.5402 (17) Na2—O12 2.3302 (12) 

Na1—O14i 2.596 (2) Na2—O12vii 2.3302 (12) 

Na1—O6v 2.641 (2) Na2—O10vi 2.7288 (11) 

Na1—O5ii 2.6861 (18) Na2—O10iv 2.7288 (11) 

Na1—O14vi 2.7976 (18)   

Distortion (×10-4) 40.393  65.137 

Na(3)O6  Na(4)O5  

Na3—O1viii 2.2680 (14) Na4—O7 2.3232 (16) 

Na3—O13ix 2.3739 (15) Na4—O13vi 2.4232 (18) 

Na3—O13i 2.4205 (16) Na4—O4ii 2.4875 (17) 

Na3—O4 2.4621 (14) Na4—O4x 2.5698 (16) 

Na3—O9 2.5253 (15) Na4—O12vii 2.7499 (17) 

Na3—O11ix 2.6476 (16)   

Distortion (×10-4) 23.521  32.990 

Angles (º) 

O14i—Fe1/Ni1—O6 87.29 (5) O5—Ni2—O2 87.64 (5) 

O14i—Fe1/Ni1—O7ii 91.51 (6) O1iii—Ni2—O2 95.03 (5) 

O6—Fe1/Ni1—O7ii 96.42 (5) O10iv—Ni2—O2 92.53 (5) 

O14i—Fe1/Ni1—O9 86.15 (5) O1—P1—O4 113.95 (7) 



 

 

O6—Fe1/Ni1—O9 88.70 (5) O1—P1—O2 115.61 (7) 

O7ii—Fe1/Ni1—O9 174.28 (5) O4—P1—O2 107.01 (7) 

O14i—Fe1/Ni1—O2 169.08 (5) O1—P1—O3 107.63 (7) 

O6—Fe1/Ni1—O2 102.81 (5) O4—P1—O3 107.33 (7) 

O7ii—Fe1/Ni1—O2 91.45 (5) O2—P1—O3 104.63 (6) 

O9—Fe1/Ni1—O2 89.91 (5) O7—P2—O5 112.87 (7) 

O14i—Fe1/Ni1—O4 101.38 (5) O7—P2—O6 112.00 (8) 

O6—Fe1/Ni1—O4 170.79 (5) O5—P2—O6 112.01 (7) 

O7ii—Fe1/Ni1—O4 86.53 (5) O7—P2—O8 104.79 (7) 

O9—Fe1/Ni1—O4 88.82 (5) O5—P2—O8 106.71 (7) 

O2—Fe1/Ni1—O4 68.31 (4) O6—P2—O8 107.91 (7) 

O11—Ni2—O12 91.43 (5) O11—P3—O9 115.82 (7) 

O11—Ni2—O5 100.22 (5) O11—P3—O10 111.90 (7) 

O12—Ni2—O5 88.64 (5) O9—P3—O10 112.11 (7) 

O11—Ni2—O1iii 89.78 (5) O11—P3—O3ix 106.80 (7) 

O12—Ni2—O1iii 88.40 (5) O9—P3—O3ix 102.91 (7) 

O5—Ni2—O1iii 169.64 (5) O10—P3—O3ix 106.28 (6) 

O11—Ni2—O10iv 176.03 (5) O13—P4—O14 113.74 (8) 

O12—Ni2—O10iv 85.56 (5) O13—P4—O12 114.61 (7) 

O5—Ni2—O10iv 82.32 (5) O14—P4—O12 110.17 (7) 

O1iii—Ni2—O10iv 87.55 (5) O13—P4—O8vi 108.86 (7) 

O11—Ni2—O2 90.63 (5) O14—P4—O8vi 103.74 (7) 

O12—Ni2—O2 176.01 (5) O12—P4—O8vi 104.74 (6) 

P1—O3—P3ix 132.97 (8) P2—O8—P4VI 124.54 (7) 

Symmetry codes:  (i) x, y+1, z;  (ii) -x, -y+1, -z+1;  (iii) -x, -y+1, -z;  (iv) x-1, y, z;  (v) -x+1, -y+1, -z+1;  (vi) -x+1, 
-y, -z+1;  (vii) -x, -y, -z+1;  (viii) x+1, y, z;  (ix) -x+1, -y+1, -z;  (x) x, y-1, z+1. 

Table S5. Rietveld refined parameters of Na7Ni3Fe(P2O7)4 powder. 
Crystal data 

Chemical formula Na7Ni3Fe(P2O7)4 

Crystal system, space group Triclinic, P1ത 

a, b, c (Å) 6.3645 (2), 9.3342 (3), 10.8488 (4) 

α, β, γ (°) 65.1546 (19), 80.522 (2), 73.1005 (19) 

V (Å3) 558.92 (3) 



 

 

Z 1 

 

Data collection 

Diffractometer Shimadzu 6100 

Temperature (K) 298 

Radiation type X-ray, Cu Kα (λ =1.5406 Å) 

2Ө values (°) 2Өmin = 10.0, 2Өmax = 100.0, 2Өstep = 0.02 

 

Refinement 

No. data points  4501 

No. of fitted parameters 148 

Profile function  Pseudo-Voigt 

Background Linear interpolation  

Rietveld R-factors  

Rp 9.285 

Rwp 12.141 

Rexp 10.074 

RF 3.274 

RB 4.686 

Goodness of fit χ2 1.453 

 

 
Table S6. Atomic positions, isotropic displacement parameters for Na7Ni3Fe(P2O7)4 obtained by Rietveld refinement. 
 

 x y z Uiso (Å2) Occ. 

Fe1 0.2254 (9) 0.6118 (7) 0.2847 (6) 0.00025 0.5 

Ni1 0.2254 (9) 0.6118 (7) 0.2847 (6) 0.00025 0.5 

Ni2 0.1443 (9) 0.2626 (8) 0.2374 (6) 0.003 (2) 1 

Na1 0.287 (3) 0.5667 (17) 0.6009 (15) 0.031 (6) 1 

Na2 0.00000 0.00000 0.50000 0.057 (9) 1 

Na3 0.530 (2) 0.7950 (15) 0.0284 (12) 0.004 (4) 1 

Na4 0.088 (2) 0.0175 (15) 0.8379 (12) 0.00389 1 

P1 0.0788 (16) 0.6626 (13) 0.0413 (11) 0.00541 1 

P2 0.2153 (16) 0.2724 (12) 0.5320 (11) 0.00550 1 



 

 

P3 0.6198 (17) 0.3571 (13) 0.1872 (12) 0.00549 1 

P4 0.4300 (18) -0.0992 (13) 0.2827 (11) 0.00794 1 

O1 -0.118 (3) 0.722 (2) -0.0374 (18) 0.00134 1 

O2 0.046 (3) 0.539 (3) 0.183 (2) 0.00971 1 

O3 0.277 (3) 0.582 (2) -0.033 (2) 0.01156 1 

O4 0.139 (3) 0.793 (2) 0.070 (2) 0.00132 1 

O5 0.117 (3) 0.219 (2) 0.444 (2) 0.00129 1 

O6 0.295 (3) 0.427 (2) 0.467 (2) 0.00153 1 

O7 0.078 (3) 0.260 (2) 0.657 (2) 0.00163 1 

O8 0.438 (3) 0.118 (2) 0.5907 (19) 0.00230 1 

O9 0.524 (3) 0.514 (3) 0.203 (2) 0.00249 1 

O10 0.827 (3) 0.236 (3) 0.277 (2) 0.00128 1 

O11 0.470 (3) 0.242 (2) 0.1949 (19) 0.00146 1 

O12 0.217 (3) 0.001 (2) 0.3057 (19) 0.00122 1 

O13 0.567 (4) -0.048 (3) 0.145 (2) 0.00161 1 

O14 0.388 (3) -0.254 (2) 0.333 (2) 0.00166 1 

 

Table S7. Selected interatomic distances (Å) and angles (°) for Na7Ni3Fe(P2O7)4 obtained by Rietveld refinement. 

Distances (Å)    

(Fe(1)/Ni(1))O6  Ni(2)O6  

Fe1/Ni1—O14ii 2.10 (3) Ni2—O11 2.019 (19) 

Fe1/Ni1—O6 2.015 (17) Ni2—O12 2.159 (19) 

Fe1/Ni1—O7i 2.110 (19) Ni2—O5 2.09 (2) 

Fe1/Ni1—O9 2.08 (2) Ni2—O1iii 2.14 (2) 

Fe1/Ni1—O2 2.12 (3) Ni2—O10iv 2.06 (2) 

Fe1/Ni1—O4 2.271 (18) Ni2—O2 2.30 (3) 

P(1)O4  P(2)O4  

P1—O1 1.47 (2) P2—O7 1.47 (2) 

P1—O4 1.53 (3) P2—O5 1.53 (3) 

P1—O2 1.51 (2) P2—O6 1.51 (2) 

P1—O3 1.56 (2) P2—O8 1.682 (18) 

P(3)O4  P(4)O4  



 

 

P3—O11 1.60 (3) P4—O13 1.56 (2) 

P3—O9 1.48 (3) P4—O14 1.40 (2) 

P3—O10 1.61 (2) P4—O12 1.46 (2) 

P3—O3ix 1.62 (2) P4—O8vi 1.65 (3) 

Na(1)O7  Na(2)O6  

Na1—O6 2.31 (3) Na2—O5 2.19 (2) 

Na1—O9v 2.35 (3) Na2—O5vii 2.19 (2) 

Na1—O10v 2.57 (3) Na2—O12 2.320 (19) 

Na1—O14ii 2.75 (2) Na2—O12vii 2.320 (19) 

Na1—O6v 2.65 (3) Na2—O10vi 2.628 (18) 

Na1—O5i 2.73 (2) Na2—O10iv 2.628 (18) 

Na1—O14vi 2.92 (2)   

Na(3)O6  Na(4)O5  

Na3—O1viii 2.23 (2) Na4—O7 2.281 (19) 

Na3—O13ix 2.30 (2) Na4—O13vi 2.34 (3) 

Na3—O13ii 2.38 (4) Na4—O4i 2.40 (2) 

Na3—O4 2.46 (2) Na4—O4x 2.505 (19) 

Na3—O9 2.52 (2) Na4—O12vii 2.76 (3) 

Na3—O11ix 2.59 (3)   

Angles (º) 

O14ii—Fe1/Ni1—O6 89.8 (13) O5—Ni2—O2 90.0 (13) 

O14ii—Fe1/Ni1—O7i 89.7 (14) O1iii—Ni2—O2 95.03 (5) 

O6—Fe1/Ni1—O7i 98.0 (11) O10iv—Ni2—O2 95.1 (18) 

O14ii—Fe1/Ni1—O9 88.4 (17) O1—P1—O4 115 (3) 

O6—Fe1/Ni1—O9 89.6 (13) O1—P1—O2 112 (2) 

O7i—Fe1/Ni1—O9 172.2 (16) O4—P1—O2 102 (2) 

O14ii—Fe1/Ni1—O2 163 (2) O1—P1—O3 109.4 (19) 

O6—Fe1/Ni1—O2 107.0 (17) O4—P1—O3 110 (2) 

O7i—Fe1/Ni1—O2 87.8 (17) O2—P1—O3 109 (2) 

O9—Fe1/Ni1—O2 91.9 (15) O7—P2—O5 110 (3) 

O14ii—Fe1/Ni1—O4 98.0 (16) O7—P2—O6 113 (2) 

O6—Fe1/Ni1—O4 171.7 (14) O5—P2—O6 120 (3) 

O7i—Fe1/Ni1—O4 84.8 (12) O7—P2—O8 102.1 (18) 



 

 

O9—Fe1/Ni1—O4 87.9 (11) O5—P2—O8 103 (2) 

O2—Fe1/Ni1—O4 65.2 (13) O6—P2—O8 106.6 (16) 

O11—Ni2—O12 87.1 (13) O11—P3—O9 122 (3) 

O11—Ni2—O5 102.0 (14) O11—P3—O10 105 (2) 

O12—Ni2—O5 85.3 (14) O9—P3—O10 117 (2) 

O11—Ni2—O1iii 88.1 (14) O11—P3—O3ix 105.5 (19) 

O12—Ni2—O1iii 87.7 (11) O9—P3—O3ix 101 (2) 

O5—Ni2—O1iii 167.4 (18) O10—P3—O3ix 104.1 (18) 

O11—Ni2—O10iv 167.6 (17) O13—P4—O14 117 (2) 

O12—Ni2—O10iv 81.5 (12) O13—P4—O12 123 (2) 

O5—Ni2—O10iv 82.0 (15) O14—P4—O12 102 (2) 

O1iii—Ni2—O10iv 86.6 (13) O13—P4—O8vi 112 (2) 

O11—Ni2—O2 96.6 (14) O14—P4—O8vi 100 (2) 

Symmetry codes:  (i) -x, -y+1, -z+1;  (ii) x, y+1, z;  (iii) -x, -y+1, -z;  (iv) x-1, y, z;  (v) -x+1, -y+1, -z+1;  (vi) -
x+1, -y, -z+1;  (vii) -x, -y, -z+1;  (viii) x+1, y, z;  (ix) -x+1, -y+1, -z;  (x) x, y-1, z+1. 

 


