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Powder x-ray diffraction: - The crystalline phase of the samples has been investigated via X-ray 
diffraction (Bruker AXS with D8 advance instrument) using Cu Kα radiation (k = 1.5406).

Williamson-Hall (W-H) method was employed to determine the influence of micro strain (ɛ = 

slope) present in prepared powder samples and information of crystallite size (intercept =  ) of 

𝑘𝜆
𝐷𝑤

the samples, calculated by using the following formula:

                                    βhkl cosθ =   ……………………………………….(1)

𝑘𝜆
𝐷𝑤

+ 4ɛ 𝑠𝑖𝑛𝜃

Where λ is the X-ray wavelength (1.5405 Å), 0.89 is shape constant, ɛ is the induced strain in the 
crystal, and β is FWHM in radians. A graph is plotted between β cosθ and 4 sinθ, and the linear 
fitting of graph intercept and slope of the line is used to compute the average crystallite size and 
micro strain [1]. Table 2 summarizes these results.  

Dislocation density (δ) represents the number of defects present in a system and is defined as the 
length of dislocation lines per unit volume in the crystal, calculated by using the following formula:

                                                                 ………………………………………..(2)
𝛿 =

1

𝐷2

Where D is the crystallite size in nm.
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               Figure S1 W-H plot of Ni(OH)2 (a), and Ni(OH)2@hBN (b), and hBN (c).
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Table S1 Illustration of lattice parameters, cell volume, and crystallite size using W-H plot, strain, 

and dislocation density of all three material.

 Sample         Lattice Parameter      Volume      Crystallite Size     Strain ɛ       Dislocation Density          
  Name            a(Aͦ)         c(Aͦ)            (Aͦ)3                D (nm)               (10-4)                δ (10-3)                       

Ni(OH)2          3.126       4.605           38.97            4.6218                0.00359             0.04681                      

Ni(OH)2           3.126      4.605            38.97            7.0814                0.0038              0.01994
@hBN             2.504      6.661            36.17

hBN                 2.504      6.661            36.17            4.64813             -0.00718            0.04628 

A graph is plotted between β cosθ and 4 sinθ, and the linear fitting of graph intercept and slope of 

the line is used to compute the average crystallite size and microstrain (Figure S1) [2]. Table S1 

summarizes these results. The positive slope of the graph is attributed to the presence of minor 

strain in Ni(OH)2@hBN, which can be caused during the synthesis process. This behavior could 

be attributed to the synergistic relationship between Ni(OH)2 and hBN to form the specific 

structure of the adsorbent, which is favorable for fluoride adsorption. From Table S1, it can be 

observed that dislocation density decreases in Ni(OH)2@hBN, which attributes to the formation 

of less defect and perfection in the lattice structure, compare to single Ni(OH)2 and hBN. 
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Figure S2 N2 adsorption–desorption isotherm, and inset pore size distribution of hBN (a), and 

Ni(OH)2 (b).
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Experimental section: -In a batch experiment study, 250 ml of conical flasks is filled with 100 
ml of fluoride solution (concentration 100 mg/L), and then 0.02 g of Ni(OH)2@hBN was added. 
Fluoride stock solution concentration was confirmed by “IS 3025(Part 60): 2008 (RA 2012) 
Electrochemical probe method, APHA 23rd Edition 2017, 4500 Fluoride” method. After the 
application solution and material were separated, and the elemental concentration of water was 
checked by ICP-MS. A Thermo Scientific X Series II ICP-MS (Thermo Fisher Scientific, Bremen, 
Germany) was used for Nickel and Boron elemental detection. Below mentioned results show that 
there is no leaching of material into the water. Also, nickel and boron have concentrations under 
the permissible limit of WHO (World Health Organization file (1) WHO/SDE/WSH/03.04/96, (2) 
WHO/HEP/ECH/WSH/2021.6 (3) WHO/HSE/WSH/09.01/2) drinking water standards, and 
support good material stability. 

Table S1 shows the element concentration of participating elements.

           Element                  Concentration       Permissible limit
 Fluoride (Stock solution)               100 mg/L (approx.)            1.5 mg/L
          Nickel (Ni)               0.01 mg/L (approx.)           0.02 mg/L
           Boron (B)               0.03 mg/L (approx.)            2.4 mg/L
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                        Figure S3 Effect of adsorbent dose on fluoride removal efficiency %.
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Figure S4 Activation energy plot for fluoride adsorption by Ni(OH)2@hBN, hBN and Ni(OH)2.
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Regeneration treatment of Ni(OH)2@hBN: -

Spent adsorbent deep in 
H2SO4 solution

(a)

Closer view

(b)

Closer view

Then NaOH solution was 
added into it.

Washed and filtered

Dried at 80˚C for 12 hours

(c)

Ni(OH)2@hBN

                 Scheme S1 Showing the chemical reaction of regeneration method. 

To further confirmed the composition of regenerated Ni(OH)2@hBN, X-ray fluorescence 
spectroscopy (XRF) analysis was used. 
XRF Analysis: - The Bruker India Scientific XRF Model S8 Tiger, and powder samples with 40 
mm diameter pallet are used to better understand the chemical composition of materials before and 
after recycling. A comparison of raw and recycled Ni(OH)2@hBN materials concentration is 
mentioned in the table. Its results suggested that nickel is bonded with oxygen, hence its 
regeneration is a successful method. 

  Table S2.  XRF result of raw and recycled Ni(OH)2@hBN

S no.     Main constituent        Raw Sample (wt %)  Recycled Sample (wt %)
1.                 Ni-O                   90.8 %             91.3 %
2.                  B-N                    9.2 %              8.7 %

This recycled material only reduces 7% fluoride removal efficiency after 1st cycle. The current 
results prove that the material has great potential for practical application as a relatively smaller 
amount of reagents and raw materials were utilized to synthesize Ni(OH)2@hBN.     
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Figure S5 Variation of the removal rates of fluoride onto Ni(OH)2@hBN in successive cycles.

         



10

200 300 400 500 600 700

In
te

ns
ity

 (a
. u

.)

Binding energy (eV)

 hBN

C 1s
O 1s

N 1s

B 1s
189 eV

284 eV

397 eV
531.5 eV

200 300 400 500 600 700

In
te

ns
ity

 (a
. u

.)

Binding energy (eV)

 hBN 
         fluoride

397 eV
531 eV

189 eV

284 eV
C 1s

O 1s
N 1s

B 1s
F 1s

694 eV

(a) (b)

0 200 400 600 800 1000

In
te

ns
ity

 (a
. u

.)

Binding energy (eV)

 Ni(OH)2 856 eV
Ni 2p3/2

874 eV
Ni 2p1/2

O 1s
531 eV

284 eV
C 1s

Ni 3s
112 eV

Ni 3p
68 eV

0 200 400 600 800 1000

In
te

ns
ity

 (a
. u

.)

Binding energy (eV)

 Ni(OH)2 
           fluoride

68 eV

531 eV
874 eV

284 eV

112 eV

856 eV

Ni 3p

Ni 3s

C 1s

O 1s

Ni 2p3/2

Ni 2p1/2

F 1s
684 eV

(c) (d)

Figure S6 XPS survey spectra of hBN, and Ni(OH)2, (a,c,) before adsorption, and after fluoride 

adsorption (b,d,) on hBN, and Ni(OH)2, surface.
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