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Abstract 

   Most intercalated ions ever reported for graphite intercalation compounds (GICs) are 

singly charged, and the number of reports on GICs with doubly charged ions is limited. 

For fluorosilicate complex anions, only the intercalation of SiF5
− was reported as stage-2 

GICs, although SiF6
2− is more commonly known in inorganic compounds. In the present 

study, chemical states of fluorosilicate GICs (SiFy-GICs) are investigated along with the 

change in stage numbers. Syntheses of SiFy-GICs at various stage numbers (the mixtures 

of stage-5 and -4, stage-4 and -3, stage-3 and -2, and stage-3 and -2) clarify that SiFy-

GICs at a low stage number have a larger gallery height than those at higher stage numbers. 

In addition, reactions of SiFy-GICs with PF5 formed PF6-GICs with large weight increase 

and stage-number decrease, which cannot be explained by the substitution of SiF4 with 

PF5 to intercalate PF6
−. The model that SiF6

2− and SiF5
− are present in GICs at high and 

low stage numbers, respectively (SiF6
2− for stage-n (n ≥ 3) and SiF5

− for stage-2), can 

explain this phenomenon, suggesting intercalation of SiF6
2− into graphite for the first time 

and stage-number dependency of intercalated species for fluorosilicate GICs.  
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1. Introduction 

Graphite is one of the carbon allotropes with a layered structure of so-called graphene 

consisting of a hexagonal skeleton of sp2 hybridized carbon atoms. The graphene layers 

weakly interact with each other by the van der Waals interaction in graphite. This unique 

structure allow various chemical species to be intercalated into the space between the 

layers to form graphite intercalation compounds (GICs) [1,2]. There are some known and 

possible applications of GICs, such as negative electrodes for lithium ion batteries [3,4], 

precursors of exfoliated graphite [5,6], and electrical conductive materials [7,8]. 

The formation of GICs is accompanied by the redox reactions between graphite and 

a chemical species, resulting in intercalation of cations or anions. Donor- and acceptor-

type GICs are formed by reduction and oxidation of graphite, along with intercalation of 

cations and anions, respectively. A variety of intercalates are known such as Li+, K+, and 

Cs+ for donor-type, and AlCl4
−, AsF6

−, and N(SO2F)2
− for accepter-type GICs, partly in 

view of applications as electrodes for energy storage devices [1,9-11]. Neutral molecules 

can be co-intercalated together with cations and anions for weakening electrostatic 

repulsion among them. For donor-type GICs, organic molecules such as furan and 

epoxyethane can be co-intercalated into K-GICs to form ternary GICs [12]. Intercalation 

of organic solvents into graphite together with Li+ is also known, related to GIC formation 

for lithium ion batteries [13,14]. For AsF6-GICs, reaction of graphite with AsF5 brings 

co-intercalation of AsF3 and AsF5 neutral molecules. However, release of the neutral 

molecules under vacuum was confirmed, and the stability of the neutral molecules is still 

controversial [15,16]. 

One of the interesting structural properties for GICs is the staging structure, where 

intercalates are periodically present between graphene layers; the staging structure with 



5 

 

intercalates in every nth graphene layers is called stage-n. Whereas the Rüdorff–

Hoffmann model is a classical and simple staging model, the Daumas–Hérold model is 

known to explain better how the stage number changes accompanied by the increase of 

the quantity of intercalates [1,17,18]. The characteristic arrangement of intercalates in the 

graphite gallery are also great interests for theoretical researchers and have been 

investigated from kinetic aspects using various computational methods [19-22]. For the 

structure of the stage-n GICs, the following equation (Eq. (1)) is known to be established: 

 

Ic = l·d00l = ds + (n−1)·dg = (di + dg) + (n−1)·dg (1) 

 

where Ic is the repeat distance of the GICs along the c-axis (identity period), n is the stage 

number of GICs, d00l is the d spacing of the 00l diffraction, ds is the gallery height, dg is 

the interplanar distance of pure graphite (dg ≈ 3.35 Å), and di is the ion height along the 

c-axis. The stage number is related to properties of GICs. For example, the electric 

conductivity along the ab-plane of the graphene layer for AsF6-GICs is the largest for 

stage-2, although the quantity of intercalates for stage-2 is smaller than that of stage-1 

[7,23]. Therefore, exploring the properties and structure along with the stage number is 

an interesting subject in this field. 

Almost all the intercalated ions in the previous literature are singly charged such as Li+, 

K+, AsF6
−, and SbF6

− [1]. There are only a limited number of papers reporting the presence 

of doubly charged discrete ions, including the GICs of Ca2+, PbF6
2−, SnF6

2−, and GeF6
2− 

[8,24,25]. For PbF6
2− and SnF6

2−, intercalation of singly charged anions of PbF5
− and 

SnF5
− was suggested in other previous papers [26,27]. The GeF6

2− anion was suggested 

to be intercalated in the equilibrium with GeF5
− under the presence of F2 [25]. Therefore, 
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the intercalation of PbF6
2−, SnF6

2−, and GeF6
2− is still under discussion. Within the 

tetrafluorides of the 14th-group elements, SiF4 was not reported to be intercalated as 

SiF6
2– although intercalation of SiF5

– to form stage-2 SiF5-GICs was reported before [28]. 

In the present study, chemical states of the intercalates and structures of GICs of 

fluorosilicate complex anions (SiFy
z−) (SiFy-GICs) are investigated by structural 

transformation along with the stage number change and reactivity with PF5. Results are 

discussed based on the experimental data obtained by gravimetry, X-ray diffraction 

(XRD), and X-ray fluorescence (XRF) and infrared (IR) spectroscopies. 

 

2. Results and discussion 

2.1. Preparation of SiFy-GICs at different stage numbers 

Table 1 shows synthetic conditions of SiFy-GICs by the reaction of graphite with SiF4 

in the presence of F2. Structures of GICs were characterized by XRD measurements to 

determine their stage numbers, n. For many fluorocomplex-anion-GICs, the strongest and 

second strongest peaks can be indexed as 00n+1 and 00n+2 diffraction, respectively, due 

to the similar ds for fluorocomplex anions to the c-cell constant of graphite [29,30]. 

Therefore, in the present study, n is determined by Eq. (2): 

 

(n+1)·d00n+1 = (n+2)·d00n+2 (= Ic) (2) 

 

Eq. (2) can be arranged to Eq. (3) to evaluated n: 

 

n = (2·d00n+2 − d00n+1) / (d00n+1 − d00n+2) (3) 
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The n should be integer ideally, and the number which is not integer suggests mixing of 

several stage numbers. 

Fig. 1 (a), (b), (c), and (d) show XRD patterns of SiFy-GICs formed under 0.1, 0.4, 1.0, 

and 2.5 atm of SiF4 and F2, respectively (No. 1, 2, 3, and 4 in Table 1). The diffraction 

data (see the caption of Fig. 1) provide n = 4.3, 3.4, 2.8, and 2.3 for (a), (b), (c), and (d), 

respectively, calculated by Eq. (3). Suppose these numbers mean stage mixing, they are 

regarded as the mixtures of stage-5 and stage-4 for (a), stage-4 and stage-3 for (b), and 

stage-3 and stage-2 for (c) and (d). These stage numbers are denoted as stage-[5+4], -

[4+3], -[3+2]H, and -[3+2]L for (a), (b), (c), and (d), respectively, in this study. The 

interesting feature of these patterns are the position of the 00n+2 diffraction peaks (the 

second strongest peaks) for (d) compared with (c). The second strongest peak of SiFy-

GICs is generally considered to shift to the higher angle along with the decrease of the 

stage number due to their peak positions above 26.5° (see Supplementary Data S.1. for 

the relation of XRD peak positions and stage numbers for GICs). This rule is applied for 

SiFy-GICs at stage-[5+4], -[4+3], and -[3+2]H, as is shown in Fig. 1 (a), (b), and (c). 

However, the second strongest diffraction peak for stage-[3+2]L is located at a smaller 

angle than that for stage-[3+2]H in spite of the smaller stage number (Fig. 1 (c) and (d)). 

This result suggests that the intercalated species are different between them and the size 

of the intercalate of (d) is larger than that of (a), (b), and (c). On the other hand, peaks 

suggesting in-plane structures are not observed unlike other GICs such as Li-GICs and 

AsF6-GICs [16,31,32].  
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Table 1 Synthetic conditions of SiFy-GICs by the reactions of graphite with SiF4 in the 

presence of F2. 

No. 

Gas 

pressure 

[atm] 

Reaction 

timea 

[h] 

Temp.b 

[K] 

Wbefore
c 

[mg] 

Wafter
c 

[mg] 
Product 

1 
SiF4 : 0.1 

F2 : 0.1 
48 298 510 565 

SiFy-GICs 

(stage-[5+4]) 

and 

graphite 

2 
SiF4 : 0.4 

F2  : 0.4 

24 

24 

298 

348 
228 268 

SiFy-GICs 

(stage-[4+3]) 

and 

graphite 

3 
SiF4 : 1.0 

F2 : 1.0 
44 298 1001 1292 

SiFy-GICs 

(stage-[3+2]H)) 

4 
SiF4 : 2.5 

F2 : 2.5 

24 

24 

298 

323 
396 541 

SiFy-GICs 

(stage-[3+2]L))  
aFirst and second lines for No. 2 and 4 mean reaction times in the first and second 

steps, respectively. bFirst and second lines for No. 2 and 4 mean reaction temperatures 

in the first and second steps, respectively. cWbefore and Wafter denote the weights before 

and after the reactions. 
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Fig. 1. XRD patterns of SiFy-GICs at different stage numbers. Diffraction patterns, (a), 

(b), (c), and (d), correspond to the products formed by the reactions of graphite with 0.1, 

0.4, 1.0, and 2.5 atm of SiF4 and F2, respectively (see Table 1 for synthetic conditions). 

The numbers in the brackets show the mixed stage numbers. Diffraction angles of the 

strongest and the second strongest peaks are 25.10° and 29.94° (d = 3.55 Å, and d = 2.98 

Å) for (a), 24.74° and 30.50° (d = 3.60 Å, and d = 2.93 Å) for (b), 24.96° and 31.64° (d 

= 3.57 Å and d = 2.83 Å) for (c), and 23.85° and 31.17° (d = 3.73 Å and d = 2.87 Å) for 

(d). 

 

2.2. Reactions of SiFy-GICs with PF5  

 

The reactions of SiFy-GICs with PF5 provided crucial information to clarify the 

intercalates of SiFy-GICs, and Table 2 shows their reaction conditions. These reactions 

proceed based on the stronger F− affinity of PF5 than that of SiF4 because the stability of 

fluorocomplex anions-GICs almost depends on F− affinity of parent fluorides [28]. Fig. 2 
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(a), (b), (c), and (d) shows XRD patterns of the products formed by the reactions of SiFy-

GICs (corresponding to Fig. 1 (a), (b), (c) and (d), respectively) with 1.0 atm of PF5 at 

298 K (No. 1, 2, 3, and 4 in Table 2), respectively. The diffraction data (see the caption of 

Fig. 2) provide n = 3.1, 2.1, 2.1, and 1.8 for (a), (b), (c) and (d), respectively, according 

to Eq. (3), indicating the formation of stage-3 for (a), stage-2 for (b), and stage-2 for (c). 

In the case of (d), the stage-1 compound seems to be contained in addition to the stage-2 

compound because a shoulder peak at the lower angle is confirmed. Therefore, its stage 

number is denoted as stage-[2+1]. The gallery heights calculated by Eq. (1) are ds = 7.53, 

7.46, and 7.45 for (a), (b), and (c), respectively, which are similar to each other and close 

to ds of PF6-GICs reported [28].  

One can recognize that the peaks ascribed to unreacted graphite in the XRD patterns 

of SiFy-GICs at stage-[5+4] and -[4+3] (Fig. 1 (a) and (b)) disappear after their reactions 

with PF5 (Fig. 2 (a) and (b)). As is known in previous works [28], PF5 alone does not react 

with graphite due to its weak oxidation power unlike AsF5 and SbF5. Therefore, the 

reaction of graphite with PF5 is considered to occur owing to the presence of SiFy-GICs. 

The PF6-GICs are first formed by the reactions of SiFy-GICs with PF5, and the PF6-GICs 

were reacted with graphite by transfer of PF6
− between them in the second step. A similar 

phenomenon was reported for AsF6-GICs, where stage-1 AsF6-GICs reacts with graphite 

to form stage-2 AsF6-GICs [16].  

It is noteworthy that the stage number decreases after the reactions of SiFy-GICs with 

PF5; stage-[5+4], -[4+3], -[3+2]H, and -[3+2]L for SiFy-GICs changed to stage-3, -2, -2, 

and -[2+1] for PF6-GICs, respectively. Although the reactions of stage-2 SiF5-GICs with 

PF5 were investigated in a previous study, stage-2 PF6-GICs were formed without the 

change of the stage number [28]. The substitution reaction of SiF4 with PF5 to intercalate 
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PF6
− was confirmed in the previous study, but the decrease of the stage number in the 

present study cannot be explained solely by the substitution reaction, because it requires 

to fill the space in the gallery. This result is consistent with the weight change; as shown 

in Table 2, the increases of weight after the reactions are too large to be explained by the 

simple replacement of SiF4 with PF5.  

 

Table 2 Reaction conditions of SiFy-GICs with PF5.
a 

No. 
Starting 

GICs 

Wbefore
b 

[mg] 

Wafter
b 

[mg] 

Wsubst
c 

[mg] 
Product 

1 

SiFy-GICs 

(stage-[5+4]) 

and 

graphite 

202 224 205 
PF6-GICs 

(stage-3) 

2 

SiFy-GICs 

(stage-[4+3]) 

and 

graphite 

156 182 160 
PF6-GICs 

(stage-2) 

3 
SiFy-GICs 

(stage-[3+2]H) 
299 348 311 

PF6-GICs 

(stage-2) 

4 
SiFy-GICs 

(stage-[3+2]L) 
201 221 211 

PF6-GICs 

(stage-[2+1]) 
aThe reactions were performed overnight at 298 K under the PF5 pressure of 1.0 atm. 
bWbefore and Wafter denote the weights before and after the reactions. cWsubst denotes the 

weight after the reaction when the substitution of SiF4 with PF5 to intercalate PF6
− is 

assumed to occur. 
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Fig. 2. XRD patterns of PF6-GICs at different stage numbers. Diffraction patterns, (a), (b), 

(c) and (d), correspond to the products formed by the reactions of SiFy-GICs at stage-

[5+4], -[4+3], -[3+2]H, and -[3+2]L with 1.0 atm of PF5 at 298 K (see Table 2 for reaction 

conditions). The numbers in the bracket show the mixed stage numbers. Diffraction 

angles for the strongest and the second strongest peaks are 25.03° and 31.24° (d = 3.56 Å 

and 2.86 Å) for (a), 24.70° and 32.96° (d = 3.60 Å and 2.72 Å) for (b), 24.72° and 33.03° 

(d = 3.60 Å and 2.71 Å) for (c), and 24.46° and 33.38° (d = 3.64 Å and 2.68 Å) for (d). 

 

 

2.3. Confirmation of conversion of SiFy-GICs to PF6-GICs 

 

Substitution of SiF4 with PF5 to intercalate PF6
− was confirmed by XRF spectroscopy 

as shown in Fig. 3, regarding the reaction No. 4 in Table 2. As is shown in Fig. 3 (a), the 

XRF spectrum of the SiFy-GIC has a peak at 1.739 keV corresponding to Si-Kα. After its 

reaction with PF5, as shown Fig. 3 (b), the peak for Si-Kα almost disappears and a peak 
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at 2.013 keV, corresponding to P-Kα, appears. The negligible Si content (the Si/P ratio < 

1.0 at%) suggests complete substitution of SiF4 with PF5. Liberation of SiF4 from SiFy-

GICs by the reaction with PF5 was also confirmed by the IR analysis of the residual gas 

after the reaction (see Fig. S1). 

 

 

Fig. 3. XRF spectra of (a) SiFy-GICs at stage-[3+2]L obtained by the reaction of graphite 

with 2.5 atm of SiF4 and F2 (No. 4 in Table 1) and (b) PF6-GICs at stage-[2+1] obtained 

by reaction of SiFy-GICs at stage-[3+2]L with PF5 (No. 4 in Table 2). The Si/P ratio in the 

spectrum (b) < 1.0 at%. 

 

2.4. Intercalated species in SiFy-GICs 

 

As mentioned above, the intercalated species for SiFy-GICs is considered to change 

with the decrease of the stage number according to XRD measurements. In addition, 

reactions of SiFy-GICs with PF5 causes the decrease of the stage number and the large 



14 

 

weight increase which cannot be explained by the substitution of SiF4 with PF5. Two 

possible models are given below to explain these results. Table 3 shows compositions of 

SiFy-GICs and PF6-GICs calculated by the weight changes of the reactions in the two 

models (see Supplementary Data S.2 for detailed calculations). 

The first model (Model 1) involves the change of the intercalated species; it is SiF6
2− 

at high stage numbers and changes from SiF6
2− to SiF5

− with the decrease of the stage 

number (Fig. 4). It can be written in the following Eqs. (4) and (5) at high stage number, 

and (6) and (7) at low stage number: 

 

At high stage numbers, 

x C + SiF4 + F2 → CxSiF6 (4) 

CxSiF6 + 2 PF5 → 2Cx/2(PF6) + SiF4 (5) 

 

At low stage numbers, 

x C + SiF4 + 1/2 F2 → CxSiF5 (6) 

CxSiF5 + PF5 → CxPF6 + SiF4 (7) 

 

Here, SiF6
2− and SiF5

− could be co-intercalated in the same galleries. The increase of 

gallery height ds for SiFy-GICs from stage-[5+4] to -[3+2]L is well-explained by the 

change of the intercalate from SiF6
2− to SiF5

−. The pentagonal bipyramidal SiF5
− (D3h) 

provides different heights along c-axis, depending on its orientation in the gallery (see 

Fig. S2). The smallest height in GICs for SiF5
− is achieved when Fax and Fex meet both of 

the upper and lower graphene layers (Fig. S2 (a); Fax and Fex are fluorine atoms at the 

axial and equatorial positions of SiF5
−). It is considered to occur at low stage number, and 
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Eq. (1) provides the ion height along c-axis, di, of 4.60 Å from Ic of 11.30 Å for the stage-

2 SiF5-GICs in the previous literature [28]. In addition, the radius of F atom is calculated 

to be 1.23 Å from di (4.60 Å) and Si−F bond lengths of SiF5
– (1.660 Å for Si–Fax and 

1.622 Å for Si–Feq [33]). On the other hand, the smallest height of the octahedral SiF6
2− 

(Oh) is achieved when its C3-axis is located along the c-axis. When the radius of F atom 

is regarded to be the same in SiF5- and SiF6-GICs, di of SiF6
2− is determined to be 4.42 Å 

(Si–F bond is 1.699 Å according to the literature) [34]. Deconvolution of the strongest 

peak in Fig. 1 (a) under the assumption that SiFy-GICs at stage-[5+4] is the mixture of 

stage-5 and stage-4 SiF6-GICs with di = 4.42 Å can fit the experimental data well (see 

Fig. S3 for the peak separation of XRD).  

On the other hand, the weight change accompanied by the reactions of SiFy-GICs with 

PF5 can also be explained by Model 1. The number of PF5 molecules to react with one 

SiF6
2− is two, which means that SiF6

2− brings more weight increase than SiF5
− along with 

the change of intercalated anions (SiF6
2− (142.1 g mol−1) → 2PF6

− (290 g (2 mol)−1); SiF5
− 

(123.1 g mol−1) → PF6
− (145 g·mol−1)). Therefore, the change of intercalates from SiF6

2− 

to SiF5
− along with the decrease of the stage number can also rationalize the weight 

increase. The y value in SiFy
z− based on weight change (Table 3) is nearly 6 for SiFy-GICs 

at stage-[5+4] and -[4+3] and decreases from 6 to 5 accompanied by the decrease of the 

stage number, indicating the ratio of SiF5
− to SiF6

2− increases with decreasing the stage 

number. The SiFy-GICs at stage-[3+2]H and -[3+2]L, which contains stage-2 GICs, 

provide y lower than 6 (y = 5.6 and 5.2, respectively), suggesting that intercalate species 

are SiF6
2− for stage-n (n ≥ 3), and SiF5

− for stage-2. Moreover, the y value of 5.2 for SiFy-

GICs at stage-[3+2]L, which is close to 5, indicates that SiF5
− is the major intercalates and 

it could cause the shift of 00n+2 peaks to lower angles compared with those of the other 
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SiFy-GICs in the XRD pattern in Fig. 1. 

The presence of SiF6
2− is probably more favorable at high stage numbers in terms of 

the lattice energy. However, at low stage numbers, the repulsive forces between SiF6
2− 

anions in different galleries or between positively charged adjacent graphene layers lead 

to the unstableness of doubly charged SiF6
2−. Particularly for the stage-2 GICs, the 

repulsive forces between adjacent graphene layers are strong, because the graphene layers 

facing intercalates are next to each other, which is considered to be a driving force to 

change the intercalated species from SiF6
2– to SiF5

– for stage-2 GICs. Another possible 

reason for the unstableness of SiF6-GICs at low stage numbers is the too-high charge 

density on the graphene sheets to compensate the doubly negative charge. Different 

gallery heights according to chemical species were also suggested for GeF6
2− (ds = 7.80 

Å) and GeF5
− (ds = 8.23 Å) [25]. 

The other model (Model 2) is the case that only SiF5
− is intercalated in SiFy-GICs and 

intercalation of PF5 neutral molecules occurs along with the substitution of SiF4 with PF5 

to intercalate PF6
− (see Fig. S4 for the schematic drawing of Model 2). The PF5 molecules 

may interact with PF6
– to form dinuclear complex anion such as P2F11

−, although its 

presence was not confirmed in previous works [35]. The reactions are described in the 

following Eqs. (8) and (9): 

 

x C + SiF4 + 1/2 F2 → CxSiF5 (8) 

CxSiF5 + (1+w) PF5 → CxPF6(PF5)w + SiF4 (9) 

 

Although the intercalated species is SiF5
− for all the SiFy-GICs, the different orientation 

of SiF5
− in the gallery may cause the different gallery heights. The large weight increase 
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is explained by the co-intercalation of PF5 neutral molecules along with PF6
− (see Table 

3 for the quantity of co-intercalated PF5). However, this model has some unfeasible points. 

The reason for the orientation change along with the decrease of the stage number cannot 

be rationalized because the increase of ds is generally unfavorable for the thermodynamic 

stability of GICs. Moreover, the presence of PF5 molecules vacuum stable in the gallery 

is uncertain. Whereas there is a report about the presence of PF5 molecules in PF6-GICs 

(evacuation procedure is not mentioned) [35], a certain PF5 dissociation pressure over 

PF6-GICs was also suggested [28].  
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Table 3 Compositions of SiFy-GICs and PF6-GICs calculated by the weight changes in the syntheses of SiFy-GICs and their reactions with 

PF5 based on Model 1 and Model 2. 

Stage number 

for SiFy-GICs 

Weight changes 

[g] 

Compositiona 

Model 1 Model 2 

Syntheses 

of SiFy-GICs 

Reactions 

with PF5 
SiFy-GICs PF6-GICs SiFy-GICs PF6-GICsb 

Stage-[5+4] 510 → 565 202 → 224 C111SiF6.1 C53PF6 C95SiF5 C95PF6(PF5)0.92 

Stage-[4+3] 228 → 268 156 → 182 C68SiF6.1 C32PF6 C58SiF5 C58PF6(PF5)0.92 

Stage-[3+2]H 1001 → 1292 299 → 348 C39SiF5.6 C24.4PF6 C35SiF5 C35PF6(PF5)0.54 

Stage-[3+2]L 396 → 541 201 → 221 C29SiF5.2 C24.2PF6 C28SiF5 C28PF6(PF5)0.19 

aDetails to determine the compositions are given in Supplementary Data S2. bPF5 may be stabilized by the interaction with 

PF6
− to form dinuclear complex anion, P2F11

− (its presence is just suggested in the previous study [35]). 
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Fig. 4 A schematic drawing of Model 1 for the reactions of SiFy-GICs with PF5. The 

intercalated species of SiFy-GICs changes depending on stage number; SiF6
2−/SiF5

− is 

intercalated into GICs at a high/low stage number (SiF6
2− for stage-n (n ≥ 3) and SiF5

− for 

stage-2 are suggested). Sizes of SiF6
2− and SiF5

− are calculated based on their molecular 

and ionic structures and ds of stage-2 SiF5-GICs from literature (see Fig. S2 for details on 

the heights of SiF5
− at different orientations) [28,33,34]. The number of ions in each 

gallery for SiF6
2− is considered to be lower than that for SiF5

−, because the distance 

between doubly charged SiF6
2− anions is longer than that between singly charged SiF5

− 

anions due to stronger repulsive forces. A schematic drawing of Model 2 is given in Fig. 

S4. 
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3. Conclusions 

Exploring intercalation of doubly charged anions into graphene layers is not 

sufficiently studied, but important to extend possibilities of GICs. For the GICs of 

fluorosilicate anions, only the intercalation of SiF5
− was reported in a previous work, 

although the chemical state of SiF6
2− is more widely known. In the present study, SiFy-

GICs at various stage numbers (the mixtures of stage-5 and -4 (stage-[5+4]), stage-4 and 

-3 (stage-[4+3]), stage-3 and -2 (stage-[3+2]H), and stage-3 and -2 (stage-[3+2]L)) were 

synthesized and characterized by gravimetry, XRD, XRF, and IR, and their reactions with 

PF5. The XRD measurements for SiFy-GICs confirmed that SiFy-GICs at stage-[3+2]L 

had a larger gallery height ds than the others (stage-[5+4], -[4+3], and -[3+2]H), suggesting 

that different chemical species were intercalated depending on the stage number. The 

reactions of SiFy-GICs with PF5 caused large weight increases and stage-number 

decreases cannot be explained only by the substitution reaction of SiF4 with PF5 to 

intercalate PF6
−. The reaction of graphite with PF5 was also confirmed in the presence of 

SiFy-GICs despite the weak oxidation power of PF5. Two possible models were proposed 

here to explain these observations. In Model 1, intercalated species was changed from 

SiF6
2− to SiF5

− with decreasing the stage number (SiF6
2− for stage-n (n ≥ 3) and SiF5

− for 

stage-2 were suggested), which could explain the change of ds along the large weight 

increases and decreases of the stage numbers by the reactions with PF5. In Model 2, SiF5
− 

was regarded as the only intercalated species, but this model suffered from several 

inconsistencies, and Model 1 was more plausible. Intercalation of multiply charged 

fluorocomplex anions of the third raw main group element and difference in intercalate 

species, depending on the stage number, were suggested for the first time in this study, 

which can make a significant impact on various chemistries related to GICs. Subsequent 
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theoretical and analytical studies in this field is expected near future.   

 

4. Experimental 

 

4.1 Apparatus and Materials 

Volatile materials were handled in a reaction line made of stainless steel and PFA 

(tetrafluoroethylene-perfluoroalkylvinylether copolymer) [36]. Nonvolatile materials 

were handled under a dry Ar atmosphere in a glove box. A Ni reactor (100 cm3 in volume) 

was used for a reaction with a total pressure above 2 atm. A PFA reactor (typically 100-

200 cm3 in volume) was used for a reaction with a total pressure of or below 2 atm. Silicon 

tetrafluoride (Mitsui Chemicals, Inc.), PF5 (Kanto Denka Kogyo Co., Ltd.), and F2 

(Daikin Industries, Ltd.) were used as supplied. Synthetic graphite powder (Union 

Carbide Corporation, SP-1, 100μm) was dried at 300°C under vacuum for 1 day prior to 

use. 

 

4.2. Preparation of SiFy-GICs by the reaction of graphite with SiF4 in the presence of F2. 

Reaction conditions are summarized in Table 1. Graphite was weighed and loaded in 

the PFA reactor or Ni reactor in the glove box. 

For the syntheses of SiFy-GICs under total pressures of SiF4 and F2 of or below 2 atm 

(No. 1, 2, and 3 in Table 1), the reactor was evacuated to remove Ar. SiF4 and F2 were 

introduced into the reactor though the reaction line up to the target pressure and kept it at 

the reaction temperatures during the reaction time. The SiF4 and F2 gases were added into 

the reactor once or twice during the reactions to supply the consumed gases. After the 

reaction, the reactor was cooled down to 298 K and the volatile gases were removed under 
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vacuum. 

For the synthesis of SiF5-GICs under total pressures of SiF4 and F2 higher than 2 atm 

(No. 4 in Table 1), the reactor was evacuated to remove Ar. SiF4 and F2 were introduced 

into the reaction line and condensed into the reactor by cooling the reactor with liquid 

nitrogen, which resulted in 2.5 atm of SiF4 and F2 (total pressure of 5.0 atm). After 24-

hour reaction at 298 K, the reactor was warmed up to 323 K and kept for 24 h. Then, the 

reactor was cooled down to 298 K and the volatile gases were removed under vacuum. 

 

4.3. Reactions of SiFy-GICs with PF5 

Reaction conditions are summarized in Table 2. The SiFy-GICs synthesized in Section 

4.2 were weighed and loaded in a PFA reactor in the glove box. After the evacuation of 

Ar in the reactor, PF5 was introduced into the reactor through the reaction line up to 1.0 

atm at 298 K. After the reactions overnight, the volatile gases were removed at 298 K 

under vacuum through a soda lime chemical trap at first and though a cold trap cooled 

with liquid nitrogen for one day. 

 

4.4. Analyses 

XRD patterns were obtained in a Bragg-Brentano geometry at a scan speed of 1.0 deg 

s–1 using a Smartlab diffractometer (Rigaku Corp., Cu Kα radiation, 40 kV-30 mA) 

equipped with a D-tex Ultra 250 Si-strip high speed detector. Air-sensitive materials were 

loaded in an airtight cell with Be windows in the glove box. XRF spectra were obtained 

with energy dispersive X-ray fluorescence analyzer (Rigaku Corp., EDXL3000) under a 

He flow atmosphere. IR spectra of gaseous samples were recorded with an ALPHA II 

spectrometer (Bruker Optics Laboratories, Inc.) at a resolution of 4 cm–1 in the 
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transmission mode using a airtight cell with AgCl windows.  
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