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1.1 Synthesis of the precursors for the mechanosynthesis 

The hydrated formates for Co, Zn and Ni has been obtained following the general chemical reaction: 

MCO3 + 2HCOOH → M(HCOO)2 x2H2O + H2O + CO2   with M= Co2+,Ni2+ Zn2+ 

Co(HCOO)22H2O 

200 mg of CoCO3 are weighted in a flask with 5 mL di H2O + 2 mL HCOOH (Sigma Aldrich, purity < 98%). 

Successively the flask is heated at 80°C in a water bath for 10 minutes, till the reaction is completed and then 

for two hours in ice. At the end it is possible to collect the violet product that is filtered, washed with ethanol 

and dried first in air and then in the oven. From the evaporation of the water coming from the filtration it is 

possible to collect more product. Final yield = 85%. 

Zn(HCOO)2 2H2O 

For the synthesis of Zn(HCOO)2 x2H2O, 800 mg of ZnCO3 are mixed in a flask with 7 mL of water and 7 mL of 

HCOOH (sigma Aldrich, purity < 98%). The flask is heated in a water bath at 80°C till the reaction is completed 

(about 15 min) and then 2 mL of water are added. When the reaction is ultimate the flask is cooled in ice for 

about 1 h at the end of which it is possible to collect a white precipitate. The solid is filtered with ethanol and 

dried first in air and then in oven. From the filtered water it is possible to collect more product. Total yield: 

66%. 

Ni(HCOO)2 2H2O 

200 mg of nickel carbonate are mixed with 10 mL of water and 2 mL of HCOOH (Sigma Aldrich, purity < 98%). 

The flask is heated in a water bath at 80°C till the reaction is completed and then cooled in ice for 2 hours. At 

the end it is possible to collect a green precipitate that is filtered with ethanol, dried first in air and then in 

oven. From the evaporation of the filtration water it is possible to obtain more product. Final yield = 68%. 

The precipitated powder obtained for all the procedures summarized was checked by PXRD and we verified 

the complete absence of additional and undesired phases. The obtained reactants were used for further 

mechanosynthesis treatments.  

 

Synthesis of the AMF compounds by mechanosynthesis 

The mechanosynthesis of the AMF compounds was carried out by mixing a stoichiometric amount of the 

reagents  in such a way as to obtain 200 mg of final product. Considering the absence of additional phases, 

as indicated by XRD data, and the weight preserved after the mechanochemical treatments, the yield 

approaches 100% for all the studied compounds. 

 

 

 

 

 

 



2. Structural characterization 

 

 

Figure S1. Experimental and calculated XRD patterns for the complete series of AMF compounds obtained 

by mechanochemical process.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Table S1. Crystal data for the different compounds obtained by Rietveld refinements. 

For each compound, the Rietveld fitting has been carried out by refining all the structural parameters 

comprising atomic coordinates  and the ADP.  

 

M2+ Ni Co Zn Mn* Cu 

Space Group P6322 P6322 P6322 P6322 P21 21 21 

System hexagonal hexagonal hexagonal hexagonal orthorhombic 

Z 2 2 2 2 4 

a (Å) 7.27439(2)   7.30467(3)   7.32098(1)   7.355(8)   7.1732(4)   

b (Å) 7.27439(2)  7.30467(3)   7.32098(1)   7.355(8)   12.9562(8)   

c (Å) 8.05852(4) 8.1849(1) 8.1675(7) 8.480(2)   8.1475(6)   

α β  (°) 90 90 120 90 90 120 90 90 120 90 90 120 90 90 90 

V(Å3) 368.596(6)  379.630(4) 378.578(7) 397.3599   757.21(4)  

Density (g/A3) 1.94 1.89 1.95 0.90 1.90 

source Mo Kα1 Mo Kα1 Mo Kα1 Cu Kα Cu Kα 

reflections 227 136 200  126 

parameters 15 15 15  13 

Rp, Rwp (%) 2.09 2.33 1.71, 2.23 3.07   2.37 9.23 12.23 7.19    9.45 

*the crystal data, differently to what set for the other compounds, was obtained by a Lebail fitting of the 

diffraction data. Since the Mn based compound is unstable [1] the collection of high resolution diffraction 

data for Rietveld refinement was impossible.   

 

Figure S2. Left: Rietlved plot of the diffraction data collected with Cu Kα source for the NH4Cu(HCOO)3. 

Right: Rietlved plot of the diffraction data collected with Mo Kα1 source in transmission geometry for the 

NH4Co(HCOO)3. 
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Figure S3. Rietlved plot of the diffraction data collected with Mo Kα1 source in transmission geometry for 

the NH4Zn(HCOO)3 (left) and NH4Ni(HCOO)3 (right) 

 

Table S2.  Ionic radius for the M2+ ions from the Shannon-Prewitt Crystal Radii tables [2] 

M2+  Ionic radius (Å) 

Ni 0,69 

Cu 0,73 

Zn 0,74 

Co 0,745 

Mn 0,83 
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3. Thermal characterization 

 

 

Figure S45. TGA curves collected for the compounds obtained via mechanosynthesis 

 

 

 

4. SEM characterization 

 

 

 

 

 

 

 

Figure S56. SEM images collected on [NH4][Zn(HCOO)3]  
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Figure. S67. SEM images collected on [NH4][Co(HCOO)3]  

 

 

5. Unit cell conversion calculated for the orthorhombic structure of [NH4][Cu(HCOO)3] 

The new unit cell constants am bm and bm, calculated by applying the following matrix, defines a monoclinic 

lattice showing  angle  of 118° with pseudo-hexagonal symmetry.  

 

[

𝑎𝑚
𝑏𝑚
𝑐𝑚

]  = [
−1 0 0
1/2 −1/2 0
0 0 1

]   [

𝑎
𝑏
𝑐
] 

 

Table S3 . Unit cell constants for the conventional orthorhombic unit cell and the calculated 

monoclinic cell for the [NH4][Cu(HCOO)3] 

 

 Orthorhombic unit cell Pseudo-hexagonal unit cell 

a (Å) 7.1732 7.1732 

b (Å) 12.95 7.4046 

c (Å) 8.1475 8.1475 

α  (°) 90 90 

β  (°) 90 90 

  (°) 90 118.97 

V (Å3) 757.21 378.59 
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Table S4 . Wavenumbers (cm-1) of the Raman peaks of the four perovskite samples and their 

attributions. 

 

[NH4][Ni(HCOO)3]  [NH4][Co(HCOO)3] [NH4][Zn(HCOO)3]  [NH4][Mn(HCOO)3]  Attribution 

position (cm-1) position (cm-1) position (cm-1) position (cm-1)   

15.0 m 16.1 w 15.7 s 14.6 m NH4
+ and HCOO- 

translations and 
librations  

         37.0 s 

   44.2 vs   44.5 w 

         58.2 w-sh   

   66.6 s 63.6 s 64.7 m   

       73.0 m-sh 74.1 m   

80.7 s       87.3 w-sh   

   91.6 vw   105.0 s   

   125.9 w 119.9 w-sh 114.6 m-sh   

         140.6 m-sh   

155.5 s 176.9 m-sh 145.1 s 150.8 s   

173.8 s 188.8 s 169.9 m-sh 163.3 s   

187.3 m-sh 204.5 m-sh   178.7 s   

         203.4 m.sh   

   222.1 w   223.5 s   

251.3 m 269.9 w 244.8 m 237.9 m-sh   

       275.7 w-sh      

314.2 vw     322.0 vw       

    755.0 vw 801.3 w 767.4 w ν3(HCOO-)   sym. def. 
COO 

810.8 w 796.2 w 804.2 w 780.7 w 

   1048.5 vw   1057.8 w ν6(HCOO-) 

         1069.0 vw   

1070.7 w 1072.9 vw 1073.6 w 1073.2 w   

1348.5 vw-sh 1340.8 w 1345.2 w 1356.9 m ν2 (HCOO-) str. sym. CO 

1367.2 m-sh              

1373.1 vs  1359.9 vs 1371.2 vs 1365.4 vs   

1378.3 m-sh 1366.6 m-sh 1382.2 s 1384.6 m ν5 (HCOO-) 

    1382.5 w     1394.4 m   

            1401.4 m   

1436.7 vw     1435.6 vw 1446.1 vw ν4 NH4 
+ 

1569.6 w 1594.9 vw 1569.4 w 1569.0 vw ν4(HCOO-) as. str. CO 

1663.5 vw     1605.6 vw 1656.2 vw ν2 NH4 
+ 

        1680.6 vw 1686.1 vw   



 

  2658.9 vw 

   

  ν1 and ν3 NH4
+  str. NH 

   2757.6 vw 2744.7 vw 2757.5 vw   

    2785.7 vw     2842.8 w   

2895.6 w 2883.6 w 2890.8 w 2866.9 w ν1 (HCOO-) str. CH  

2969.0 vw 2971.3 vw 2946.5 vw-sh 2979.7 vw ν1 and ν3 NH4
+  str. NH 

   3030.3 vw 2970.9 vw 3028.1 vw-sh   

       3014.8 vw-sh 3132.0 vw-sh   

        3139.0 vw-sh 3221.5 vw-sh   
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