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Abstract 

Graphites covalently intercalated with fluorine to form (C2F)n structural type compounds 

shows a dramatic increase of the interlayer distance up to by a factor of almost 3 to reach ~9 

Å. Such graphite fluoride compounds containing only carbon and fluorine offer the rare 

opportunity to bridge the so-called gap in the reflectivity of neutron reflectors. Slow neutron 

reflectors are of great interest in designing neutron sources as well as in fundamental and 
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applied science; they require synthesizing high thermal and chemical compound stability 

graphite fluorides. In this work, a new strategy is proposed for synthesizing (C2F)n 

compounds in a well-controlled method. Our results show that the outcome (C2F)n has a 

covalent character with only sp
3
 hybridized carbon atoms. Moreover, C-F bonds in the 

fluorocarbon sheets and CF2 groups on the sheet edges lead to the desired stability and 

hydrophobic character. A dedicated home-made neutron diffractometer was built for 

measurements of double-differential neutron cross sections of crystals with specific large 

interlayer distances found in (C2F)n compounds. We demonstrate that the synthesized fluorine 

intercalated graphites developed effectively cover the gap in the reflectivity for the new 

generation of neutron reflectors. 

 

1. Introduction 

For many decades, neutrons have been an indispensable tool for studying matter and 

fundamental interactions.
1-8

 The most intense neutron sources, based on high-flux nuclear 

reactors or accelerator-driven spallation sources, are usually built and operated by several 

countries and serve thousands and tens of thousands of users to conduct research in a variety 

of science fields. Thus, in Europe, examples of such user facilities are Institute Laue Langevin 

(ILL), Grenoble, France (nuclear reactor) and European Spallation Source (ESS), Lund, 

Sweden (spallation source). In both cases, the initial neutron energy is on the order of MeV, 

while most applications require thermal and colder neutrons. Therefore, the second 

fundamentally important element of a neutron source is the moderator/reflector (these two 

functions can be combined in one substance or separated). 

The efficiency of thermal neutron reflectors is quite high. In particular, it was this 

property of graphite that made it possible to design the first nuclear reactor in 1942 at the 

University of Chicago under the leadership of Enrico Fermi
9
. Graphite reflectors continue to 

be used in the construction of nuclear reactors today. However, the efficiency of standard 
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neutron reflectors, like graphite, decreases sharply at neutron energies below the so-called 

Bragg cutoff
10

 associated with the coherent scattering of neutrons on crystal planes. The value 

of the energy depends on the reflector material; the neutron wavelength    corresponding to 

this energy value is equal to 2 interplanar distances d (      ). For graphite
11

, it is 

  
         

            Å, (where           Å).   

The reason for this drop in the efficiency of reflectors is quite fundamental and is due 

to the wave properties of the neutron. If    is greater than the characteristic distance between 

atoms in a substance, the neutron does not distinguish the nuclei of the substance and 

penetrates through the substance without intense scattering. To overcome this limitation for 

the slowest neutrons, we have developed a reflector method based on fluorinated detonation 

nanodiamond (F-DND) powders.
12-16

 The role of interatomic distances is played by the 

distance between the centers of nanoparticles.
12

 With the very high efficiency of such 

reflectors for the slowest neutrons (approaching 100 %), the efficiency drops to 80-90 % and 

below as the wavelength    decreases to a value of the order of   
             17-19

, for 

reasonable reflector thicknesses. Thus, in the neutron wavelength range    
        

     
  

there is still a gap in reflectivity, only partially covered with less efficient materials
20

. 

Some of the applications would be to design more efficient neutron sources with 

record phase-space densities based on such reflectors and cryogenic moderators, and to 

increase the efficiency of neutron production and delivery from conventional sources to 

experimental facilities. Increased fluxes of cold neutrons (CN) and very cold neutrons (VCN) 

are of great interest for a number of standard neutron scattering techniques and particle 

physics experiments. The authors' biased list for the applications of VCN includes an increase 

in the sensitivity of experiments to search for neutron-antineutron oscillations
21-23

 and short-

range fundamental forces
24,25

, neutron spin-echo techniques
26-28

 and interferometers
29,30

, 

increasing the non-specular reflection signal of neutron reflectometers and reducing the 
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thickness of samples for small-angle scattering, tomography
31

. The variety of applications of 

CN is well-known and does not need justification. Finally, a principal possibility of obtaining 

record-breaking pulses of cold and thermal neutrons of nearly the same phase-space density 

from low-power neutron sources
32,33

 has to be explored.  

In order to fill the reflectivity gap of very slow neutrons, we have developed in this 

work a new type of reflectors. They are based on Bragg scattering exactly as in the case of 

conventional graphite, however, with significantly larger interplanar distances. We chose 

graphite fluoride (GF) as such a crystal for the following reasons. It consists of atoms with 

very small capture cross sections (    
         and     

         at the thermal neutron 

velocity, respectively) and large coherent scattering length (           and    

       , respectively). Graphite is relatively free from impurities and can be further purified 

to a significant extent.
34

 Interplanar distances in GF can be dramatically increased compared 

to pristine graphite, up to by a factor of ~3. Moreover, they can be optimized for specific 

applications by selecting fluorination conditions or applying moderated external pressure
35

. 

Two other reasons are related to the intrinsic properties of GF: i) their high thermal and 

chemical stabilities and ii) their hydrophobicity.  

The compounds which combine carbon and fluorine elements can be classified in two 

types: fluorine graphite intercalation compounds (F-GICs) usually denoted CxF and graphite 

fluorides, CFx. Although its high reactivity, pure gaseous molecular fluorine (F2) reacts with 

graphite only when the temperature is higher than 350°C.
36-41

 Nevertheless, F-GICs are 

synthetized at temperature lower than 100 °C thanks to volatile fluorides or their mixture HF, 

IF5, BF3, WF6, …. Molecular fluorine F2 can be added in the catalytic mixture in order to 

increase the reactivity and then the content of intercalated fluorine. Because of the low 

fluorination temperature, the resulting C-F bonding in F-GICs is in between ionic and 

weakened covalent character (rather than semi-covalent or semi-ionic).
42-45

 The C-F bonds are 
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then less stable in F-GICs than in covalent graphite fluorides prepared at high temperature 

(350-650 °C under pure F2 gas).  

So, in the present work the latter compounds with the highest thermal and chemical 

stabilities are considered in order to avoid changes under high radiation fluxes and at high 

temperatures that might be associated with the operation of such neutron reflectors. Moreover, 

covalent bonds and CF2 groups on the sheet edges are responsible for the hydrophobic 

character of GF. Such a property is of primary importance for the reflection of slow neutrons 

because it avoids physisorption of water molecules. Hydrogen in those molecules must be 

absent in the reflector because of its capture cross section of     
        and huge inelastic 

scattering cross sections.  

Among covalent GF, two structural phases exist. Poly(carbon monofluoride) (CF)n 

with composition CF0.92 was first synthesized by Ruff and Bretschneider
46

. The works by W. 

Rüdorff and G. Rüdorff in between 1947 and 1959 were then related to GF with compositions 

CF0.68 to CF0.995.
47

 In 1979, poly(dicarbon monofluoride) (C2F)n has been discovered par Kita 

et al.
48

. The interlayer distance d in (CF)n and (C2F)n types allows us to select the latter as the 

most efficient for the neutron reflection. Whereas each carbon atom is fluorinated in (CF)n 

resulting in a FCF/FCF stacking sequence with an interplanar distance d equal to    , half of 

the carbon atoms is bound to fluorine in (C2F)n phase. So, the stacking sequence is 

FCCF/FCCF and d =     (Fig. 1). The higher the content of (C2F)n phase in GF, the higher the 

efficiency of the reflector for neutrons. The synthesis of pure (C2F)n phase is challenging 

because it is an intermediate compound before the completion of the fluorination and the 

formation of (CF)n type stating from graphite. According to Kita et al.
49

, the fluorination 

temperature must be ranged in between 350 and 400 °C. The reaction duration must be longer 

enough to promote fluorine diffusion and avoid residual graphitic regions. As fluorination is a 

heterogeneous gas/solid reaction, a higher fluorination rate could be reached in the outer parts 
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of the grain. Moreover, the addition of F2 gas must be controlled in order to avoid the partial 

exfoliation of the fluorocarbon sheets. Our aim for neutron reflection needs materials as dense 

as possible and the partial exfoliation results in both structural disorder and the decrease of the 

density. Our strategy lies in two points: i) the use of graphites with large grain size (44 and 

200-400 m) in order to slow down the conversion of (C2F)n into (CF)n type thanks to the 

limitation in the fluorine diffusion and ii) long fluorination duration, i.e. 72 h (see 

experimental part), for the completion of the graphitic phase fluorination. The neutron 

reflection measurements need high quantities of GF and the process must be up-scalable. A 

minute control of both the fluorination temperature increase and the addition of fluorine gas 

are mandatory.  
 

 

Figure 1. Structures of graphite, poly(dicarbon monofluoride) (C2F)n and poly(carbon 

monofluoride) (CF)n 

 

2. Experimental 

2.1. Fluorination of graphite 

The graphite fluorides were first prepared from a Timrex KS44 graphite with 44 m 

grain size through a direct fluorination process using pure gaseous molecular fluorine, F2. The 

second sample was natural graphite NG (Sigma Aldrich) with small flakes of 200-400 m 
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lateral size and 1-150 μm thick. An up-scalable static mode was used to perform the 

fluorination for 72 h in a 5 L tubular reactor made of nickel alloy and passivated with NiF2. In 

this mode, fluorine was added in a closed reactor starting from primary vacuum (10
-3

 mbar). 5 

g of graphite were located onto 2 plateaux. Before the reaction, moisture and oxygen were 

removed by applying a primary vacuumm (10
-3

 mbar) at 200 °C. Figure 2 displays the process 

with pulsed addition of F2 gas.  

In order to determine the fluorination temperature, the fluorine pressure was recorded 

as a function of the time and temperature (Fig. 2). As discussed in the introduction part, the 

reactive gas was added at 200 °C, a temperature at which no reaction occurs. The first 

temperature step was 270 °C without reaction. At 360 °C, F2 was slightly consummed in 

accordance with Kita’s “(C2F)n rich” region, i.e. 350-400 °C. The fluorine pressure droped at 

430° C sign of a drastic fluorination. The high granulometry of KS44 graphite shifted the 

fluorination temperature in comparison with Kita’s work: “(C2F)n rich” region
48

. F2 gas was 

added to compensate its consumption. 430 °C was maintained for 16 h before multi-step 

increase up to 600 °C for annealing purpose.  

Taking into account those data, a series of two-step fluorinations for both KS44 and 

NG graphites was carried out as follows: after the preliminary step (primary vacuum at 200 

°C, addition of F2 at 270 °C, step at 360 °C for 2 h), the reaction temperature was first 

maintained at 450°C for 24 h to form the (C2F)n phase and then increased to TF (450, 550 and 

610 °C) to enhance the structural homogeneity by annealing. The annealing temperature was 

maintained for 24 h. For TF = 520 °C, the duration is only 18 h for technical reason. The 

samples are denoted F450-KS, F520-KS, F550-KS, F610-KS for KS44, and F440-NG for 

NG, respectively; F for flurination is followed by the reaction tempearture and KS44 and NG 

are the starting samples. Only for this latter starting sample and according to the 

characterization data the fluorination temperature was maintained at 410°C for 48 h and the 
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sample is denoted F410-NG. Addition of F2 gas was performed when the pressure drop was at 

least of 0.2 bar. After the fluorination reaction and during the cooling of the reactor, the 

reactive atmosphere was flushed with nitrogen gas.  

Figure 2. Pulsed additions of F2 gas and monitoring of the fluorination temperature. 

 

2.2. Physicochemical characterization 
 

19
F and 

13
C solid-state nuclear magnetic resonance (NMR) spectra were acquired on a 

Bruker AVANCE spectrometer. 2.5 mm zirconia rotors rotating at 30 kHz were used. For 

MAS (magic angle spinning) spectra, a simple sequence was performed with a single π/2 

pulse length of 4.0 and 3.5 s for 
19

F and 
13

C, respectively. 
13

C NMR was performed at a 

frequency of 73.4 MHz and tetramethylsilane (TMS) was used as the reference. 
19

F NMR was 
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carried out with a frequency of 282.2 MHz and the spectra were externally referenced to 

CFCl3. 

Fourier-transform infrared (FTIR) spectra were recorded on a Nicolet 6700 FT-IR 

(Thermo scientific) spectrometer in transmission mode at 4 cm
-1

 resolution and 256 scans 

were taken for each spectrum. 

X-ray diffractograms were recorded on a Bruker D8 Advance diffractometer using a 

molybdenum anticathode (λKα1 = 0.70930 Å) and equiped with a 2D LynxEye detector and a 

2.5° divergence Soller slit. The recorded spectra were accumulated for 1 h in a 2-45 ° (2θ) 

angular range, repeated 8 times in order to increase the signal-to-noise ratio. Samples were 

placed in Lindemann glass capillaries (1.5 mm diameter) and rotated at 10 rpm in order to 

minimize the preferential orientation. 

For TEM and High Resolution TEM (HRTEM) analysis, F-KS44 was dispersed in 

ethanol under sonication during 15 min. One droplet of the dispersion was deposited on a 

200-mesh-size holey carbon grid provided by Delta Microscopies. The TEM observations 

were carried out using a JEOL ARM 200F cold FEG apparatus (operating voltage of 80 kV) 

equipped with a nitrogen liquid-cooling (-175 °C) sample holder.  

 

2.3. DFT calculations 

The details of the Density Functional Theory (DFT) simulations performed for the 

study of the C2F system in sp
3
 hybridization (in both bulk and slab form), in sp

2
-sp

3
 

hybridization [composed by (CF)n-type structure within intercalated graphene layers] and of 

bulk CF are similar to those of previous work
35,50

 We used the Vienna Ab Initio Simulation 

Package (VASP) computational code, which implements the projector-augmented wave 
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method (PAW), with the Perdew-Burke-Ernzerhof (PBE) generalized gradient approximation 

(GGA), including dispersive corrections within the so-called Grimme’s D2 scheme
51-55

. The 

cutoff in the plane waves basis set was taken at 600 eV. For the study of the lattice vibrations, 

we used the density functional perturbation theory (DFPT, or linear-response method) as 

implemented in the VASP code, using the Phonopy package to calculate the phonon density 

of states
56

.  

 

2.4. Special neutron diffractometer 

In order to characterize the produced samples in terms of the efficiency of such 

reflectors, a specialized diffractometer was home-designed. The reason is that standard 

diffractometers typically use neutron wavelengths outside the range of our interest (we are 

interested in wavelengths well above   
         

), and/or they do not allow measurements of 

different wavelengths over a wide range, and/or they do not allow measurements of scattered 

neutrons at nearly all angles. The details are given in Appendix 1 of supplementary 

information. 

 

3. Results and discussion 

3.1 Towards a pure (C2F)n phase 

 

A F/C molar ratio close to 0.6 was obtained by weight uptake for the GF starting from 

KS44 and NG whatever the temperatures of fluorination and annealing; the value is slightly 

higher than the value expected for the (C2F)n phase (F/C = 0.5). This is the first indication of 

the preparation of a majority (C2F)n phase. 

First, solid state NMR allows the investigation of the structural type at the short range 

order. 
13

C NMR spectrum of a perfect (C2F)n phase is theoretically composed of only two 

lines with equal integrated surfaces and assigned to carbon atoms involved in C-F bonds 
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(denoted C-F in Fig. 3) and non-fluorinated carbons with sp
3
 hybridization (C-C-F), their 

chemical shifts are 84 and 42 ppm, respectively
54,57-60

. CF2 groups are evidenced with a line at 

110 ppm. Their content is expected very low in GF with large lateral size such as those 

obtained from KS44 and NG. Considering 
19

F nuclei, only one line is expected for a perfect 

(C2F)n; phase at -176 ppm for covalent C-F bonds (C-F). A minor component at -120 ppm can 

be recorded because of the presence of CF2 groups. 

 

Figure 3. MAS NMR spectra of F450-KS and F410-NG on 
13

C (a) and 
19

F nuclei (b). The 

spinning rate is 10 and 30 kHz, respectively. 

 

Solid-state 
13

C MAS NMR of F450-KS reveals the absence of sp
2
 hybridized carbon 

atoms in the sample which signature is expected in the 130-140 ppm
40,43,57-61 

range (Fig. 3a). 



  

12 

 

CF2 are negliegable since no line is observed at 110 ppm
40,43,57-61

. The lines at 42 ppm (C-C-

F) and 84 ppm (C-F) are observed with different integrated surfaces. The content of C-F 

bonds is higher than that expected for (C2F)n, the resulting excess is explained by the 

formation of (CF)n phase. C-F bonds exhibit similar chemical shift in (C2F)n and (CF)n, i.e. 84 

ppm
61

. The performed fitting of the spectra allows to evaluate the ratio of two phase contents. 

According to the integrated surface of the lines SC-F  and SC-C-F, the formula 100*(C2F)n/(CF)n 

= 100*SC-C-F/SC-F was used to calculate the percentage of (C2F)n structural type. 76 % of C-F 

bonds are included in the (C2F)n structural type (24 % in (CF)n). Moreover, the F/C ratio can 

be extracted from the fits thanks to the formula F/C= SC-F/(SC-F + SC-C-F), where it remains 

constant around 0.50-0.60 regardless of the fluorination and annealing temperatures (see Fig. 

SI2a and Table SI1 in supplementary information) and in good agrement with the weigth 

uptake method. The %(C2F)n is 70 %, 72 % and 67 % for F520-KS, F550-KS and F610-KS, 

respectively. The higher the annealing temperature, the higher the content of (CF)n type. The 

shorter fluorination duration for F520-KS 18 h explains the slightly higher % (C2F)n. 

The case of 
19

F spectra is more complex since 5 lines are recorded in addition to the 

minor ones of CF2 (-120 ppm) and CF3 (-80 ppm) instead of one expected (Fig. 3b)
57,58,61,62

. 

Differences appear according to the fluorination and annealing temperatures (Fig. SI2b). 

When those temperatures increase, the integrated surfaces of the lines at -160 and -168 ppm 

decrease. Those lines are assigned to 
19

F in C-F bonds in (C2F)n and (CF)n types with non-

fluorinated sp
2
 carbon in their neighboring, denoted (C2F)(Csp

2
) and (CF)(Csp

2
) for lines at -

160 and -168 ppm, respectively. 
13

C data (Fig. 3a, SI1a and SI2a) evidence the presence of 

(CF)n regions and the corresponding chemical shift is the lowest (the more negative); so the 

line at -190 ppm is assigned to the C-F bonds in (CF)n (CF)-(CF). The two last lines are 

related to C-F bonds in (C2F)n with C2F ((C2F)n) and CF ((CF)n) neighborings at -178 ppm 

(noted (C2F)(C2F)) and -183 ppm ((C2F)(CF)), respectively. This assignement is in perfect 
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aggreement with the chemical shift at -178 ppm of fluorinated nanodiamonds, i.e. Csp
3
-CF 

(the 
13

C chemical shift is 42 ppm)
15

. Fig. 3b summerizes the above assigments with the 

notation (C2F)(Csp
2
), (CF)(Csp

2
), (C2F)(C2F), (C2F)(CF) and (CF)(CF). The content of 

(C2F)(C2F) is nearly constant (Fig. SI2b) and increasing the fluorination and annealing 

temperatures increase the contents of (C2F)(CF) and (CF)(CF).  

For the best of our knowledge, all the components of 
19

F NMR in (C2F)n-rich GF are 

assigned for first time. The high content of (C2F)n phase (76 %) is confirmed at the short 

range order. To go further with our strategy that involves graphite-based compounds with 

large lateral size (KS44 with 44 m grain), natural graphite flakes (NG with 200-400 m 

lateral size ) were fluorinated at 430 °C for 24 h and annealed 24 h at 440 °C (F440-NG). 
13

C 

spectrum reveals 94 % of (C2F)n phase in F440-NG (Fig. SI3a and table SI1). For the sample 

with the higher content of (C2F)n phase, i.e. 96 % was achieved with a fluorination carried out 

at 410 °C for 48 h (Fig. 3). With such content, the amounts of residual sp
2
 C and C-F in (CF)n 

are low, as well as the components (C2F)(Csp
2
), (CF)(Csp

2
), (C2F)(CF) and (CF)(CF). The 

corresponding 
19

F spectrum is dominated by the (C2F)(C2F) component (-178 ppm) in perfect 

line with our assigments. Another observation is consistent with these findings: (C2F)(CF) 

and (CF)(CF) exhibit nearly the same integrated structure because they are both related to the 

content of (CF)n. 

For both FTF-KS and FTF-NG series (TF is the fluorination temperature), the increase 

of the annealing temperation does not increase the content of (C2F)n phase, i.e. around 72 and 

95 % for FTF-KS and FTF-NG series, respectively (Fig. SI2 and SI3 and Table SI1). On the 

contrary, when the annealing temperature is increased to 610 °C, the content of (C2F)n phase 

decreases down to 67 % in both series. In that case, the percentage of (C2F)n region converted 

to (CF)n increased, probably close to the material surface. 
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As revealed by NMR, the samples exhibiting close short range order with mainly 

(C2F)n as structural phase, X-ray diffraction (XRD) was performed with selected samples 

(F450-KS and F-NG-440) ; the patterns are given in Figure 4. Both samples exhibit five 

diffraction peaks localized at the same position. The two first peaks are indexed as (001) and 

(002) planes, while the remaining peaks are due to (hk0) planes: (100), (110) and (200) at 

2.18, 1.28 and 1.09 Å, respectively. Because of the scattering at low angles masking partially 

the (001) peak, the position of the (002) diffraction peak was used to determine the interplanar 

distance in the synthesized (C2F)n. The obtained d-spacing of F450-KS and F440-NG are of 

9.0 and 9.2 Å, respectively, in agreement with the literature
63,64

. Even though (CF)n phase was 

evidenced by NMR spectra, no overlap of the 00l peaks of (CF)n is observed (expected at 6 Å 

for (001) plane).
 37,40,41

 XRD results evidence the obtaining of a quasi (C2F)n single phase in 

the long range order. No significant difference between samples can be noted regarding their 

crystallinity, as peak widths and positions of the hk0 reflections remain quite similar. 
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Figure 4. XRD patterns of fluorinated graphite prepared from pristine KS44 at 450 °C (red) 

and NG at 440 °C (black) respectively. A Mo Kα source was used (0.70930 Å). 
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Thus, regardless of the starting graphite (KS44 or NG), the XRD patterns 

corresponding to fluorinated graphite can be indexed as (C2F)n phase and no other diffraction 

peak seems to be necessary to fully assign the observed features. No diffraction peak 

corresponding to pristine graphite or (CF)n phase is observed. 

The TEM investigations performed on F450-KS are presented in Figure 5. Figure 5a 

shows a typical single foil deposited on the TEM holey grid and the observations have been 

focused on the edges of the F450-KS foils. Multiple-layer sheets could be well observed in 

Figures 5b and 6c, being a magnified area of the image shown in Figure 5b. The HRTEM 

image (Figure 5c) allows to perform a Fast Fourier Transform (FFT) image (insert), 

represented by the yellow area on the edge of the observed foil in Figure 5c. The FFT image 

exhibits four diffraction spots which are attributed to the lattice planes (001) of (C2F)n, (001) 

of (CF)n and the (002) and (004) planes of the (C2F)n structure. The interlayer spacing is 

estimated to be of 8.59 Å, 5.30 Å, 4.23 Å and 2.12 Å, respectively. In order to confirm the 

FFT indexation, profile lines were drawn on two areas of the foil: i) the extreme edge (blue) 

and ii) an area further away from the edge of the foil (green). The layer spacing measured is 

shown in Figure 5d. The edges at the flake extremity seem to be terminated by a few (CF)n 

layers since a d-spacing of 5.94 Å is measured. This profile line measurement confirms the 

presence of the (001) plane of (CF)n in the FFT image, which is certainly favorized at these 

zones where F2 diffusion is easier. This could explain the presence of (CF)n type in the 
19

F 

NMR spectra (Figure 3b). Conversely, the inside of the foil is constituted of the (C2F)n phase 

where multiple d-spacing is observed, ranging from 8.54 Å to 10.24 Å. The XRD peaks 

broadening could be explained by these interlayer distances. Fluorination results in a partial 

exfoliation located at sheet edges that may explain the highest d-spacing. For several other 

investigated regions, not shown, the same outcome with a major (C2F)n phase and small 

fractions of (CF)n at the foil edges is obtained.  
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From TEM, d-spacing profile lines and FFT are in very good agreement with XRD 

results showing that the experimental conditions used for fluorination of KS44 and NG lead to 

synthesize of the stable (C2F)n phase. 

 

Figure 5. TEM images of the F450-KS sample showing a single foil deposited on the TEM 

holey grid (a) and the edge of another foil (b). (c) is an HRTEM image of the edge of the foil 

presented in (b), with corresponding FFT image (insert) taken on the yellow area and 

associated profile lines of the edge (green rectangle) and the extreme edge (blue rectangle) of 

the foil (d). Blue is associated to (CF)n structure while green stand for (C2F)n.  

 

F440-NG can then be considered as a quasi-perfect (C2F)n phase whereas the series for 

KS44 are rich-(C2F)n compounds. The assignment of the infrared (IR) spectra can be up-dated 

in comparison with the literature. The IR spectrum of F450-KS and its decomposition are 

shown in Fig. 6. The vibration of covalent C-F bonds is located at around 1220 cm
-1

 for both 
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phases
34,49,58,60-62

. The spectrum is characterized by strong vibrational bands at 1350 and 940 

cm
-1

. This band is assigned in the literature to antisymmetric elongation of >CF2 groups
65

. Its 

intensity is not compatible with this attribution. As a matter of fact, CF2 groups are only 

possible at the edges of sheets (C-F only in the fluorocarbon sheets). In conventional graphite, 

carbons at the sheet edges are negligible compared with those in the sheets. Conversely, the 

band visible at 1075 cm
-1

 in the spectrum of the (CF)n phase corresponds to the symmetrical 

elongation of >CF2 groups
47-53

. The bands at 1350 and 940 cm
-1

 are strongly related to the 

(C2F)n phase. To confirm this hypothesis, DFT calculations were performed. Additionally, IR 

spectra of different annealing temperature were acquired for the FTA-KS series (Fig. SI4) and 

the same bands than those of F450-KS are observed. 
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Figure 6. IR spectrum of F450-KS. Decomposition on the spectrum (black) was achieved by 

nine Lorentzian profiles, with (C2F)n and (CF)n in green and blue, respectively, while the 

resulting sum of the fitted curves is in orange.  
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Figure 7 shows the calculated vibrational density of states (DOS) for the C2F–sp
3
 

system as bulk and slab form (a, top) and for the CF and C2F systems in sp
2
- sp

3
 hybridization 

(b, bottom). 

At low frequencies (up to about 500 cm
-1

) and for both materials, the contribution of 

the F atoms (green curve) is dominant over that of the C atoms (black), with the opposite 

behavior at high frequencies, for which the phonon peaks correspond mainly to carbon atoms.  

CF (where each carbon atom is bonded to one fluorine atom) and the C2F -sp
2 

- sp
3
 

form (composed by intercalated layers of CF and graphene) show similar characteristics, with 

a strong interaction among these atoms at intermediate domain frequencies (between 500 cm
-1 

and 750 cm
-1

), as seen in Figure 7b). 

The mechanical representation of the CF and C2F–sp
3
 (bulk and slab) hexagonal 

structures (with space group No. 164, P-3m1) yield similar multiplicities for the irreducible 

representations of the modes at the zone center:  n A1g (R) + n Eg (R) + n A2u (IR) + n Eu (IR), 

where R indicates Raman-active modes, IR indicates infrared active modes and n (multiplicity 

factor) has the value 2 (CF), 3 (bulk C2F – sp
3
) and 9 (C2F – sp

3
 slab). The positions of the 

calculated vibrational modes are represented by colored tick marks in Figure 7. 

For the C2F sp
2
-sp

3
-hybridized form (space group No. 1), the mechanical 

representation for the irreducible modes is 36A where all A modes are both Raman and 

infrared active, as represented by pink ticks in Figure 7 (b). The vibrational modes around 

1300 cm
-1

 correspond to contributions of the CF layer, whereas the modes at frequencies 

around 1450 cm
-1 

correspond only to vibrations of the carbon atoms of sp
2
 hybridization 

(graphene layer).  

An exhaustive analysis of the eigenvectors involved in the vibrations of each mode has 

been carried out. Of special interest is the study of the A2u infrared mode, corresponding to 

the contribution of the C-F bond vibration. Figure SI5 shows the calculated intensities of the 
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IR spectra for the structures with hexagonal symmetry, where the peaks correspond to the 

frequencies of the irreducible modes A2u and Eu.  

The peaks corresponding to A2u (red ticks in Figure 7) are assigned to antisymmetric 

C-F stretching modes, whose values are very close to those observed experimentally. For bulk 

structures with hexagonal symmetry, the following values are obtained for the A2u modes: 

1153 cm
-1

 (CF), 917 cm
-1

 and 1287 cm
-1

 (bulk C2F-sp
3
).    

The slab structure contains mostly both bulk modes and those associated with surface 

effects, as it can be seen from the ticks in Figure 7a. From the intensities of the peaks of the 

IR spectrum in Figure SI5 one sees that the relevant A2u modes involved in the vibration, are 

those corresponding to frequencies 450, 936, 954, 1150, 1319, and 1344 cm
-1

, with the largest 

intensity found for the modes at 936 and 450 cm
-1

. The results obtained for the IR A2u modes, 

1344 and 936 cm
-1

, are in good agreement with the experimental data. 
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Figure 7. Contribution per species (green – fluorine atoms, black – carbon atoms and grey the 

sum of all contributions) of the phonon density of states calculated at 0 GPa. The ticks under 

the plot indicate the positions of the modes, color-coded for symmetry, as obtained for each 

structure. 

 

IR spectroscopy is therefore an easy-to-use technique for distinguishing between 

(C2F)n and (CF)n phases according to the intensities of the vibration bands at 1350 and 940 

cm
-1

. To go further, we reviewed the IR spectroscopy data of a set of materials; the data are 
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either published
61,66

, from commercial product (ARC300 from ARC, USA, F/C = 0.83 from 

13
C NMR), or synthesized for the comparison (from KS4 with different F/C, i.e. 0.61, 0.71 

and 0.83; the fluorination temperatures were 380, 480 and 550 °C for 3 h in pure F2). The 

non-published IR and 
13

C NMR spectra are shown in Fig. S6a and b (IR and 
13

C NMR data, 

respectively). The ratios of the intensities of the bands at 1350 (940) cm
-1

 and 1220 cm
-1 

are 

plotted as a function of the percentage of (C2F)n phase (%(C2F)n calculated from fit of 
13

C 

NMR data) (Fig. 8). The data for pure (CF)n phase is fixed at zero for I1350/I1220, I940/I1220 and 

%(C2F)n (no line at 42 ppm). Both I1350/I1220 and I940/I1220 are linearly related to %(C2F)n 

which definitely proves the assignment of the vibration lines to the (C2F)n structural type. An 

IR spectrum is recorded in a few minutes with ATR mode, whereas NMR requires the 

equipment and several hours for a signal/noise ratio enough high to perform the fit for 
13

C 

nuclei. As seen in the XRD part, this technique requires precaution to extract the relative 

contents of (C2F) and (CF)n phases. Using the I1350/I1220 versus %(C2F) curve, those contents 

can be easily extracted. Nevertheless, the proposed method cannot be applied when residual 

graphitic phase is present and affects the baseline of the IR spectrum. Moreover, the line at 

940 cm
-1

 is splitted into 2 components when sp
2
 carbons are present in significant amount (see 

the typical examples of ARC3000 and CF0.83 in Fig. S6b). I1350/I1220 will be preferred than 

I940/I1220 for the proposed method. In order to evidence the origin of the doublet for ARC3000 

and CF0.83, fluorinated KS graphites with F/C ratio close to 0.8 and content of (C2F)n in 

between 10 and 20 % were also considered (see FTIR spectra in Fig. SI7). The granulometry 

of the precursor for fluorination is different, i.e. 4, 6 and 15 m grain size. The common point 

of this samples is a quite short fluorination duration (3 h) at 550°C in order to reach a F/C 

close to 0.8 (sub-fluorination). In all these samples as for ARC3000, (C2F)n and (CF)n phases 

co-exist with residual carbon with sp
2
 hybridization in significant amount (see the evidence by 

13
C NMR in Fig. SI6a). This observation allows us to be exhaustive for the assignment of the 
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IR bands: the doublet is related to the coexistence of (C2F)n and residual sp
2
 carbons. Without 

one of these two components, the doublet is absent (FTF-KS and FTF-NG series). 

 

Figure 8. Correlation between IR vibration mode intensity, I1350/I1220 and I940/I1220, versus 

%(C2F) from 
13

C NMR data. Data of CF0.61 and expanded samples are extracted from 

references 59 and 66. 

 

Two (C2F)n-rich samples with an interplanar distance d at least 9  , i.e. the maximum 

value for a covalent GF, were selected for neutron beam measurements, F440-NG and F450-

KS with 96 % and 74 % of (C2F)n, respectively. 

 

3.2 Compaction of the powdery graphite fluorinated samples 

In order to avoid sample wrapping (and thus the effect of neutrons scattered by Teflon 

or other materials) and to explore future possibilities for scaling up fluorinated graphite as 
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neutron reflector, we investigated the compaction ability of the F450-KS powder by applying 

a pressure up to 1 GP at room temperature. The study is discussed in supplementary 

information (Appendix 2) 

 

 

3.3 (C2F)n phase as slow neutron reflector 

 

We measured the differential macroscopic neutron scattering cross section 
      

  
 for 

two powdered samples of F450-KS (the density                     ) and F440-NG 

(                    ), as well as a sample graphite KS44 (                 ), 

which was used to prepare the sample F450-KS. Strictly speaking, it consists of elastic and 

inelastic parts but the elastic part strongly dominates. Fig. 9 shows preliminary results on 

      

  
 for the KS44 (graphite, Fig. 9a) and the F450-KS (intercalated graphite, Fig. 9b) 

samples. The samples were not compressed or shaked to increase the density. Some effect of 

neutrons scattered on the Teflon packaging of the samples (       spacing, bright blue 

dashed lines in Fig. 9) and distortions at small scattering angles are not eliminated. The 

abscissa axes correspond to the scattering angle  . The ordinate axes correspond to the 

wavelength    [in  ], the brightness corresponds to 
      

  
 [in              ]. The blue 

and green solid lines show how the scattering peaks should occur on the crystal planes with 

the largest interplanar spacing,    and for the d-space of the (100) plane in each sample; 

              and               . 
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Figure 9. Differential macroscopic neutron scattering cross section 
      

  
 (mainly elastic) for 

KS44 (a) and F450-KS (b). Brightness corresponds to 
      

  
 [in              ]. In blue 

and green, the scattering peaks of the largest interplanar spacing d0 and d100. Bright blue 

dashed lines indicate weak peaks from the Teflon packaging of samples. 

 

 Fig. 10 shows data on the total macroscopic cross section for neutron scattering in the 

angle range          for the three measured samples: F440-NG (black), F450-KS (red) 

and KS44 (blue). Scattering of neutrons into unmeasured angles will slightly increase the 

scattering cross sections, however, this effect is insignificant due to the relative smallness of 

the corresponding phase space elements, and might only improve the scattering efficiency.  
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Figure 10. a) Total macroscopic scattering cross section in the angle range          for 3 

samples: F450-KS (red), F440-NG (black) and graphite KS44 (blue). The sample densities are 

           ,             and            , respectively. The red dashed line shows the 

expected scattering cross section for F450-KS with the density of           (the maximum 

achieved value after decompression, see Figure SI8). As clear from the comparison of solid 

red and dashed red curves, the density of F450-KS can strongly change as a function of the 

sample preparation procedure. Analysis of the results is in the text below. b) The same cross 

sections normalized to one atom. 

 

Analysis of the results shown in Figure 10 allows us to draw several conclusions. Let's 

compare the results for the sample KS44, on the one hand, and the pair of samples F450-KS 
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and F440-NG, on the other hand. The cross section for neutron scattering on the sample KS44 

drops sharply near (slightly lower than) the wavelength   
         

, as would be expected. 

Note that a slight scattering of neutrons with wavelengths    
         

 is probably observed 

not on the sample itself, but on its Teflon holder (dashed lines if Figure 9). It cannot be 

eliminated completely by subtracting the results measured with an empty holder, because it is 

due to neutrons scattered first by the sample itself and then a second time by the holder. 

Apparently, the scattering of neutrons with wavelengths    
         

 proper in the sample is 

negligible. The scattering of neutrons with wavelengths    
         

 in samples F450-KS 

and F440-NG is approximately equal to the scattering in the starting graphite KS44, but at 

wavelengths    
         

 the scattering increases to values even significantly exceeding the 

cross sections of neutrons with wavelengths    
         

.  

Reflectivity of F450-KS layers of different thicknesses is shown in Figure 11. It was 

simulated using the algebraic method for calculating neutron albedo. The method is similar to 

the diffusion approximation, but is valid in a wider region
71

. The measured differential elastic 

macroscopic neutron scattering cross section (Fig. 9) was used to calculate the corresponding 

transport cross sections. An account for a difference between elastic and total cross sections 

would decrease the calculated reflectivity, however, this effect is small and it’s negligible is 

the reflector is cooled down. The cross section for neutron capture by nuclei was evaluated 

from the assumption that the F450-KS material consists only of carbon and fluorine in the 

structural phase of (C2F)n. Neutrons are isotropically incident on the surface of the flat layer, 

and during their interaction with the F450-KS material, only the processes of elastic neutron 

scattering and their capture by nuclei are taken into account. 

It is important to note that the experimental differential elastic scattering cross section 

was measured in an incomplete range of polar scattering angles, from 10 to 150 °. This gives 

a lower limit in the albedo estimate, since additional neutron scattering in the angle ranges 
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from 0 to 10 ° and from 150 to 180 ° was not taken into account. However, as can be seen in 

Figure 9, the most intense broad Bragg diffraction peak for sample F450-KS does not exceed 

110 ° in the wavelength range up to 10 Å. This means that the scattering of neutrons at large 

angles, which were not taken into account in the albedo calculation, has little effect on the 

transport cross section and, accordingly, the albedo due to the small number of such neutrons. 

Neutron scattering into the region of small angles up to 10 ° also affects the albedo 

insignificantly, since it makes a small contribution to the transport cross section by definition. 

Thus, we believe that the proposed approach allows us to reasonably estimate the albedo 

value. To more accurately calculate the reflectivity of F450-KS, it is necessary to explicitly 

take into account neutron scattering on the structural model of its crystal lattice. This would 

be a separate topic. 

 

Figure 11. Calculated neutron albedo, as a function of wavelength         , for the F450-KS 

layers of different thickness (5 cm (green squares), 10 cm (bright blue up triangle), 20 cm 

(blue down triangle), infinite (red)); the density is 2.6 g/cm
3
.  
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Thus, 1) we confirmed the main initial hypothesis that graphite fluorides with (C2F)n 

structural phase are efficient reflectors for neutrons with wavelengths    
         

; 2) to 

characterize different graphite fluorides, as well as samples of other potentially interesting 

materials with large interplanar distances and low neutron losses, a specialized diffractometer 

developed as part of this work should be used, rather than standard diffractometers. 

Let us now analyze the range of neutron wavelengths for which these conclusions are 

valid. At wavelengths of     , the cross sections for neutron scattering from F450-KS and 

F440-NG samples continue to increase (or at least approach saturation) while the sensitivity 

of the diffractometer begins to drop sharply. This drop in sensitivity is due to several factors. 

Although the brightness of the neutron beam at the PF1B instrument has a record value
33

, the 

neutron flux rapidly decreases with increasing neutron wavelength. Moreover, the small Li-

rubber apertures (7 and 8 in Fig. SI1), required for working with small samples, further reduce 

the flux of the slowest neutrons. Finally, the maximum neutron flux that can be measured 

without dead-times and distortions by the BIDIM PSD detector is quite limited, and is 

determined by faster neutrons. Note that the problem of low sensitivity of the specialized 

diffractometer for the slowest neutrons can be significantly reduced in the future due to the 

appropriate shaping of the initial beam. For example, this can be done by isolating spectral 

bands with spectral shaping devices; one such device (the polarizer
70

) is a standard option at 

the PF1B instrument at ILL. 

However, from the general knowledge of neutron diffraction by crystals, and also by 

analogy with the results shown in Fig. 10 for pristine graphite (KS44), we can confidently 

state that the range of effective neutron reflection from the (C2F)n samples continues to values 

approximately equal to   
                

                . Direct measurements of 

scattering cross sections for wavelengths        require further improvement of the 
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diffractometer. The range of neutron wavelengths and velocities for which poly(dicarbon 

monofluoride) (C2F)n provides high efficiency of neutron reflection is shown in Fig. 12. 

 

Figure 12. The elastic reflection probability for an isotropic neutron flux as a function of 

neutron velocity (bottom scale) and wavelength (top scale) for various carbon reflectors: 1) 

diamond-like coating (DLC) (solid line), 2) the best supermirror
68

 (dashed line), 3) hydrogen-

free DND powder of infinite thickness (green solid line), calculation, 4) calculation using the 

Monte Carlo N-Particle® (MCNP) standard program for reactor graphite reflector
69

 with 

infinite thickness at ambient temperature (dashed-dotted line). Velocity (wavelength) ranges 

of ultracold, very cold, cold and thermal neutrons are separated by broad grey vertical lines. 

The range of neutron wavelengths and velocities for which Poly(dicarbon monofluoride) 

(C2F)n provides high efficiency of neutron reflection is shown with blue arrow; the initial 

reflectivity gap is shown with red arrow, and the simulated neutron albedo in the measured 

range is shown with red dotted line (infinite F450-KS layer, the simplified model described 

above). 
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4. Conclusion 

We have shown that (C2F)n-rich graphite fluoride can be used an efficient reflector for 

neutrons with wavelengths in the range   
         

   
             and below, 

completely covering the gap in the reflectivity of modern neutron reflectors. To test this 

hypothesis, we have synthesized GF samples of different types, built a dedicated 

diffractometer to work with slower neutrons, and carried out a series of measurements using 

the neutron beam at the PF1B instrument in ILL, Grenoble, France, as well as a series of non-

neutron methods for characterizing these samples. The measurements confirmed our 

assumptions and made it possible to make quantitative estimates. The most promising sample 

turned out to be (C2F)n covalent graphite fluoride with the largest interplanar distance d of 

~9  . This new type of reflectors is of significant interest, since they can make it possible for 

the first time to design neutron reflectors that are efficient in the full range of neutron 

wavelengths, to design neutron sources of a new type with unique parameters, to obtain 

record fluxes of cold and very cold neutrons. In order to overcome the difficulties for 

compaction of graphite fluoride powders, another strategy involves the use of graphite foils as 

starting material
72

. A detailed comparison of different intercalation modes is needed to 

optimize the efficiency of such reflectors, and a study of their radiation resistance is needed to 

assess the maximum radiation fluences/fluxes at which such reflectors can be practically used. 

The expected heating of the powder in the high radiation fluxes (gamma-quanta, fast neutrons 

etc), where such reflectors can be used, would not exceed about 100°C provided when a 

gaseous helium cooling is applied. The details of the cooling system (or its absence) largely 

depend on the concrete project. The thermal stability of graphite fluoride was extensively 

studied. In particular, the reference 73 gives the data for a graphite fluoride with (C2F)n phase 

and a CF0.57 composition. The decomposition of the C-F bonds in inert atmosphere starts at 
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520°C but most of them are broken around 580°C then far from the operating condition at 

100°C thanks to He gas cooling (100°C). 
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