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Supporting Figure Captions 

Figure S1. N2 adsorption and desorption of exHNb3O8, exHSr2Nb3O10 and exHCa2Nb3O10. Open 

and closed dots indicate adsorption and desorption branches, respectively. 

 

Figure S2. TEM and HRTEM image of Pt loaded exHSr2Nb3O10 ((a) and (b)), exHCa2Nb3O10 ((c) 

and (d)) and exHNb3O8 ((e) and (f)). 

 

Figure S3. EXAFS plot of : k3·χ phase corrected Fourier transform of experimental and fitting result 

for (a) exHSr2Nb3O10, (b) exHCa2Nb3O10 and (c) exHNb3O8. 

 

Table S1. EXAFS fitting parameters of niobium oxides 

 

Table S2. Experimental measured 
93

Nb NMR interaction parameters for various niobate systems. 

The estimated error of the simulation is given in the brackets preceding the data. Where no NMR 

interaction parameter could be reasonably measured a dash has been added to the table.  

 

Table S3. Theoretical calculation of binding energies. 

  



 

 

 

Figure S1 shows N2 adsorption-desorption isotherms. The surface areas of exHSr2Nb3O10, 

exHCa2Nb3O10 and exHNb3O8 were estimated at 53, 56 and 112 m
2
/g, respectively. Also, these 

curves for three samples can be categorized into typical III group since marginal hysteresis loops 

were observed, indicating that there is little significant void structure. 

 

 

 

 

 

  

Figure S1. N2 adsorption and desorption of exHNb3O8, exHSr2Nb3O10 and exHCa2Nb3O10. Open 

and closed dots indicate adsorption and desorption branches, respectively. 

 



 

 

 

TEM showed that Pt particles loaded on exfoliated niobium oxides ((a) exHSr2Nb3O10, (c) 

exHCa2Nb3O10 and (e) exHNb3O8) are highly dispersed and the particle sizes of them are almost less 

than 2.5 nm. Meanwhile, the dispersion degrees and particle sizes have marginal difference among 

the three niobium oxides. According to the lattice fringes on Pt particle observed in HRTEM images 

((b), (d) and (f)), the distance between adjacent fringes are 0.23 nm, which indicates that Pt(111) 

phase is exposed on the surface of Pt particle. 

 

 

 

 

 

  

Figure S2. TEM and HRTEM image of Pt loaded exHSr2Nb3O10 ((a) and (b)), exHCa2Nb3O10 ((c) 

and (d)) and exHNb3O8 ((e) and (f)). 
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Figure S3. EXAFS plot of : k3·χ phase corrected Fourier transform of experimental and fitting 

result for (a) exHSr2Nb3O10, (b) exHCa2Nb3O10 and (c) exHNb3O8. 
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 Table S1 shows the best fit data based on Figure S2, which are compared with theoretical 

coordination numbers of each crystal structure. The theoretical coordination numbers were calculated 

based on their crystal structures of bulk samples [1-3]. Typically, in the case of HNb3O8, there are 

two crystallographic different niobium sites: A-site as neighboring surface of each layer and B-site 

located in the center of each layer, where A and B-sites are present with the ratio of 2:1.A-site has 1 

short (1.74 Å), 4 intermediate (1.96 Å) and 1 super-long (2.42 A) Nb-O bonds, while, B-site also 

possesses 2 short (1.79 Å), 2 intermediate (1.99 Å) and 2 long (2.29 Å) bonds, respectively. 

Therefore, 6 Nb-O coordination numbers in total are found to comprise 1.33 short, 3.33 intermediate, 

0.67 long and 0.67 super-long bonds. Similarly, the coordination number of HSr2Nb3O10 and 

HCa2Nb3O10 were also calculated according to their bulk samples, where surface A-sites with a 

twofold quantity of internal B-sites have 1 short, 4 intermediate and 1 long bond, respectively, whilst 

the B-sites are composed only of 6 intermediate bond distance.  

Considering about the changes in bonding strength in exHCa2Nb3O10 due to distortion, it is 

interesting to note that the exHCa2Nb3O10 possesses the shorter bond length (Nb-O1) by 0.11 Å than 

that of exHSr2Nb3O10 as well as average longer bond length (Nb-O3, Nb-O4) to account for the off-

centre of Nb
5+

 in octadedra. This result matches well with Raman spectra as shown in Fig. 8(b). 

Unfortunately, Nb=O in exHNb3O8 measured by EXAFS spectra which also contains the short Nb-O 

Sample Shell 
Bond length 

(Å) 

Coordination 

number 

(experimental) 

σ
2
 (Å

2
) ΔE (eV) R factor (%) 

Coordination 

number 

(theoretical) 

exHSr2Nb3O10 

Nb-O1 1.77 (1) 0.8 (2) 0.002 (1) 

4.8 1.2 

0.67 

Nb-O2 1.99 (1) 4.2 (3) 0.005 (1) 4.67 

Nb-O3 2.49 (3) 0.8 (2) 0.007 (3) 0.67 

exHCa2Nb3O10 

Nb-O1 1.66 (1) 0.9 (3) 0.002 (1) 

8 1.9 

0.67 

Nb-O2 2.04 (1) 3.5 (2) 0.006 (2) 
4.67 

Nb-O3 2.22 (2) 1.0 (2) 0.002 (1) 

Nb-O4 2.51 (4) 0.5 (2) 0.002 (1) 0.67 

exHNb3O8 

Nb-O1 1.58 (1) 1.3 (1) 0.005 (1) 

8 2.6 

1.33 

Nb-O2 

Nb-O3 

Nb-O4 

2.01 (1) 

2.28 (1) 

2.48 (1) 

3.2 (1) 

0.6 (1) 

0.9 (3) 

0.004 (1) 

0.002 (1) 

0.002 (1) 

3.33 

0.67 

0.67 

Table S1. EXAFS fitting parameters of niobium oxides 



bridging bond in B-site is too close to be deconvoluted from each other. Therefore, 1.58 Å of Nb-O1 

represents the average of these two different bonds at high average coordination number.  

  



 

 

 

 

 

 

 

 

 

 

 

 

a 
– Haeberlen shift convention: |δ33 – δiso| ≥ |δ11 – δiso| ≥ |δ22 – δiso| (tensorial representation shown above), iso = (δ11 + δ22 

+ δ33)/3, Δδ = δ33 – 1/2(δ11 + δ22) = 3/2(δ33 – δiso),  

δ = (δ22 – δ11)/ (δ33 – δiso) (1 ≥ δ ≥ 0). 

b 
– EFG tensor conventions: |V33| ≥ |V22| ≥ |V11|, CQ = e

2
qQ/h = eQV33/h, Q = (V11 – V22)/V33 (1 ≥ Q ≥ 0). 

 

The static 
93

Nb NMR lineshapes (Fig. 10) are dominated by a mixture of chemical shift anisotropic 

(CSA) and quadrupolar (CQ) interactions. To accurately parameterise these 
93

Nb NMR spectra into 

their individual resonances a two field study (14.1 and 19.9 T) was completed, as the CSA term 

scales with field whilst the CQ term is inversely proportional to the magnetic field. Thus, the 19.9 T 

data was used to fit the CSA components of the resonance, whilst the 14.1 T data was utilised to 

determine the quadrupolar parameters.  

The bulk HSr2Nb3O10 spectra (Fig 10(a)) can be deconvoluted into three quadrupolar six coordinate 

93
Nb environments. The crystal structure of HSr2Nb3O10 shows two unique niobium environments, 

an NbO6 backbone site and a layer neighbouring Nb environment. There are supplementary weak 

reflections in the XRD data (Fig. 2), which corresponds to additional resonance observed in the 
93

Nb 

NMR spectra. The HCa2Nb3O10 spectra (Fig 10(d)) shows two distinct six coordinate Nb sites which 

corroborate with the crystal structure (Fig.2). It is presumed that the Nb site closest to the proton 

Niobate 

system 

Site 

 
iso,

 a
/ 

ppm 

δCSA/
 a
 

ppm 

ηCSA/
 a
 



CQ
 
/
 b
 

MHz 

    ηQ
 b
           

      

α β γ 

  
    

 
  

   

HSr2Nb3O8 A −981 (35) 0 0 65.5 (50) 0  0 0 0 

 B −996 (5) 0 0 94.5 (5) 0  0 0 0 

 C −1013 (13) 350 (4) 0.16 (2) 65.1 (81) 0  0 0 0 

           

HCa2Nb3O10 A −1053 (36) 0 0 111.03 (1) 0  0 0 0 

 B −1055 (3) −360 (12) 0.1 (1) 60.6 (15) 0  0 0 0 

 

HNb3O8 A −1078 (28) 157 (49) 0.82 (31) 37.1 (28) 0.09 (9)  0 61 (2) 0 

 B −1046 (9) -638 (13) 0.50 (21) 29.9 (21) 0.00  0 0 0 

Table 2. Experimental measured 
93

Nb NMR interaction parameters for various niobate systems. 

The estimated error of the simulation is given in the brackets preceding the data. Where no 

NMR interaction parameter could be reasonably measured a dash has been added to the table.  

The estimated error of the simulation is given in the brackets preceding the data. Where no 

NMR interaction parameter could be reasonably measured a dash has been added to the table.  

 



layers is a more distorted environment and would hence give the larger CQ of 61 MHz (given as B in 

Table S2). The backbone NbO6 units are a more ordered environment and the NMR parameters are 

given in A. As the XRD derived structures of HSr2Nb3O10 and HCa2Nb3O10 are similar, then tentative 

assignment of HSr2Nb3O10 can be completed. Site B (Table S2) is the Nb environment nearest the 

layers (largest CQ), site C is the backbone NbO6 units (CSA terms comparable to the HCa2Nb3O10 

backbone) and site A is therefore contaminant. The NMR results here are not quantitative due to the 

large quadrupole and CSA interactions present.   

The crystal HNb3O8 spectra (Fig 10(g)) show two distinct 
93

Nb resonances; these have been 

previously assigned by Yamada as a layer neighbouring environment and a central Nb environment. 

[4] The isotropic shifts (δiso) are indicative of six coordinated 
93

Nb environments, with the larger 

anisotropy being assigned site B which is the layer neighbouring environment and has distorted local 

symmetry. Therefore, more bulk like (higher symmetry) 
93

Nb site is given as A in Table S2. 

 

 

  



 

 

Table S3 shows the theoretical calculated binding energies of terminal Nb=O, Nb-OH and bridging 

Nb-O-Nb sites of exHNb3O8, exHSr2Nb3O10 and exHCa2Nb3O10. The structures of the exfoliated 

samples were referenced to their single layer units containing 12 niobium atoms (H4Nb12O32, 

H4Sr8Nb12O40 and H4Ca8Nb12O40) extracted from the crystal structures [1-3] and stoicheiometric 

proton atoms were added into these structures. The optimization of these structures was carried out 

by using the plane wave based program, Castep [5]. The Perdew-Burke-Ernzerhof (PBE) functional 

[6] was used together with the ultrasoft-core potentials [7]. The basis set cutoff energies were set to 

340 eV. The electron configurations of the atoms were H: 1s, O: 2s
2
2p

4
, Ca: 3s

2
3p

6
4s

2
, Sr: 4s

2
4p

6
5s

2
, 

Nb: 4s
2
4p

6
4d

4
5s

1
. Only the atomic coordinates were optimized, and the lattice constants were fixed. 

As well as the stoichiometric configuration, three defect structures, in which (1) terminal oxygen 

atom, (2) terminal hydroxyl group, or (3) bridging oxygen atom were used and optimized. The 

binding energies were evaluated as the difference of total energies between the structures with and 

without these defect sites. The energies of stripped species, O atom and OH group were evaluated by 

half the energy of O2 and H2O2 molecules. 

  According to these results, all of the relevant bonds in exHNb3O8 have clearly much larger binding 

energy rather than those of exHSr2Nb3O10 and exHCa2Nb3O10, which are consistent with the strong 

Sample Binding energy (eV) 

exHSr2Nb3O10 

Terminal Nb=O 3.66 

Terminal Nb-OH 2.71 

Bridging Nb-O-Nb 3.51 

exHCa2Nb3O10 

Terminal Nb=O 3.88 

Terminal Nb-OH 2.98 

Bridging Nb-O-Nb 2.94 

exHNb3O8 

Terminal Nb=O 5.32 

Terminal Nb-OH 

Bridging Nb-O-Nb 

4.22 

4.83 

   

Table S3. Theoretical calculation of binding energies. 



blue shift of terminal Nb=O signal in exHNb3O8 recorded in Raman spectra (Fig. 10(a)). Therefore, 

these results demonstrate that the framework of exHNb3O8 potentially favors the formation of a 

strong Nb-O bonding which will also lead to the formation Ov defect, photocatalytic activities. 
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