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Abstract 

Composites carbon foams based on sucrose-based char matrix and graphite filler were 

prepared and characterised with the aim of hosting sugar alcohols as phase-change materials 

(PCMs) in the context of thermal energy storage (TES). Seasonal solar TES demands an 

excellent undercooling of the molten PCM infiltrated in the foam, so that the heat can be 

stored as long as possible. The present paper demonstrates how the surface of such composite 

foams, i.e., comprising two carbon phases of different reactivities, can be modified for 

promoting undercooling. For that purpose, 8 different hydrophobisation treatments were 

applied, and the results were compared with those of the non-treated foam, in which 

heterogeneous nucleation could not be avoided. We show that one kind of functionalisation 

was successful, i.e., it fully preserved the melting point and the enthalpy of melting of the 

hosted phase-change material and completely avoided the heterogeneous nucleation of the 

PCM, while maintaining the thermal conductivity in the range required for this kind of 

application. 

 

Keywords: Seasonal thermal heat storage; Sugar alcohols; Carbon matrix; Hydrophobisation; 

Subcooling; Heterogeneous nucleation 
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1. Introduction 

Despite a significant number of researches all over the past decades, storing efficiently 

solar thermal energy is still challenging. Most commercially available systems are indeed 

based on sensible heat storage technologies, which usually provide very low energy density, 

especially in applications where heat is stored over a narrow range of temperature. Latent heat 

storage based on phase-change materials (PCMs) offers the opportunity to overcome such 

drawback. Indeed, PCMs are able to absorb heat upon melting, and delivering it back upon 

crystallisation, at almost constant temperature and they provide energy density five to ten 

times higher than that of sensible heat storage [1-4]. However, the thermal conductivity of 

PCMs is most of the time too low, thus leading to heat exchangers oversizing and reduction of 

the efficacy of the systems, especially when the temperature of the heat transfer fluid is close 

to the melting/crystallisation point of the PCM, as it is the case of solar thermal energy 

storage (STES) applied to the building sector [5-7]. Besides using finned heat exchangers, 

heat transfer enhancement in PCM-based storage technologies can also be achieved by other 

ways [8-11], among them the encapsulation of PCMs, either in small spheres suspended in the 

heat transfer fluid, or in highly conducting porous matrices in close contact with the heat 

exchanger. The second option has been widely investigated, and various materials mainly 

based on graphitic porous structures have been developed [9,12-18]. 

The problem becomes more complex when seasonal STES is considered. Unlike most heat 

storage applications, for which the storage time is short (typically less than one day), seasonal 

storage near room temperature is expected to work over periods of several weeks to several 

months and therefore requires additional conditions for being efficient. PCMs are only useful 

for STES if it can be guaranteed that the PCM does not crystallise spontaneously during the 

storage period, which would lead to loss of the charge prior to use. This can be achieved by 
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sizing the thermal insulation to prevent the temperature of the PCM from falling below its 

melting point. However, this solution entails unaffordable costs. An attractive alternative to 

oversized thermal insulation consists in using PCMs with very low probability of 

homogeneous nucleation. Obviously, heterogeneous nucleation must be avoided too; thus, 

solutions of heat transfer enhancement promoting such a phenomenon should be discarded. If 

these conditions are fulfilled, it is therefore expected that the heat can be stored for quite long 

times in undercooled PCMs, and might be recovered at the desired moment by any 

perturbation of the system such as mechanical or thermal shock [19-23]. 

Seasonal STES based on the use of sugar alcohols as PCMs was shown to be particularly 

relevant, since the latter combine highly valuable properties such as low cost, availability and 

natural origin, absence of toxicity and of corrosive character, high energy density (130 – 200 

kWh m
-3

), rather low melting points (typically in the range 70 – 120°C), and significant but 

stable undercooling [24,25 and refs. therein]. 

Whether used pure or as eutectic mixtures for getting PCMS, sugar alcohols such as 

xylitol, sorbitol, erythritol and mannitol, among others, are highly polar molecules. Therefore, 

their encapsulation in porous carbonaceous hosts of low surface energy should prevent the 

nucleation of crystallites and hence favour undercooling. Therefore, storing energy at 

temperatures far below the melting point should be possible for long periods, thus reducing 

thermal losses. In a recent work, composite carbon foams made of sucrose coke as matrix and 

natural graphite flakes as filler were produced and shown to meet all aforementioned 

prerequisites for seasonal STES after impregnation by sugar alcohols used as PCMs [26]. Our 

group indeed demonstrated that, depending both on the requirements of the application (e.g. 

delivered power, temperature, operating conditions during heat delivery) and on the nature of 

the sugar alcohol, carbon foams having at the same time high open porosity (typically higher 
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than 80%), moderate thermal conductivity (typically from 3 to 8 W m
-1

 K
-1

) and affordable 

cost (less than 6 €/kg) were needed. We showed in the same work how to fulfil such 

antagonistic properties using experimental design and related modelling (analysis of variance 

and response surface analysis) in order to find the optimum formulation. However, no 

experiments had been published proving the efficiency as such carbon foams as hosts for 

sugar alcohols for seasonal STES. These PCMs indeed have a low thermal conductivity in the 

solid state, typically 0.3 – 1.3 W m
-1

 K
-1

 [25], and still the proof of concept was missing. 

Furthermore, no surface treatment had been performed for making them more hydrophobic 

than they actually were, with the goal of observing a beneficial effect on long-term 

undercooling after heat storage. 

The present paper thus aims at evaluating the aforementioned optimised carbon foams as 

conductive porous hosts for seasonal STES based on sugar alcohols. These carbon materials 

were tested as such as a reference and, after various hydrophobisation treatments, their 

efficiency in terms of delivered power upon heat discharge and undercooling was evaluated. 

We show that grafting fluorine atoms or depositing silica onto a carbonaceous surface is an 

efficient route to increase its hydrophobic character and prevent heterogeneous PCM 

nucleation, thus promoting longer heat storage. The most promising sugar alcohols for 

seasonal STES, namely erythritol, xylitol and, more specifically, their eutectic mixture [24, 

25], are used in this work. Not only do they have a melting point suitable for seasonal STES 

and a high latent heat of melting, but also, unlike many other sugar alcohols, they have fairly 

good thermal stability [27-29]. 
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2. Materials and methods 

2.1 Preparation of carbon foams 

The synthesis and properties of carbon foams having both porous structure and thermal 

conductivity optimised for being used as hosts for sugar alcohols have been thoroughly 

described elsewhere [26]. However, it is useful to recall here that such materials were 

prepared by dissolving sucrose and suspending natural graphite flakes in an aqueous solution 

of nickel nitrate. After homogenisation, the resultant blend was heated for 2 days in a 

ventilated oven at 120°C. During this step, polycondensation of sucrose catalysed by the 

metal salt occurred, the result of which was the release of water vapour and the production of 

rigid foam. After stabilisation of the latter, pyrolysis was carried out at 900°C in nitrogen 

flow, leading to a composite (sucrose char / graphite particles) carbon foam. It was shown that 

nickel behaved as a catalyst for both foaming and subsequent partial graphitisation. Catalytic 

graphitisation was required for further improving the thermal conductivity, which was not 

possible by adding more graphite filler since the latter reduced the final porosity. Finding the 

delicate compromise leading to the optimal amount of each compound therefore required the 

use of experimental design and the statistical analysis of the results. Fig. 1 shows a few 

samples having open porosity and thermal conductivity of 85.8% and 3.1 W m
-1

 K
-1

, 

respectively. 
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Fig. 1. Typical composite (sucrose char / graphite particles) carbon foams for seasonal STES 

based on sugar alcohols. Each sample is about 1.5 cm thick and 6 – 7 cm long, on average. 

2.2 Hydrophobisation of carbon foams 

Various kinds of surface treatment were considered here for making sucrose-based carbon 

foams more hydrophobic: direct fluorination with molecular fluorine, silanisation, chemical 

grafting of perfluoroalkyl chains, and electrochemical grafting of fluorinated moieties. 

2.2.1 Direct fluorination by molecular F2 

Direct fluorination by F2 is the easiest method for covalent grafting of fluorine atoms onto 

carbon materials and guarantees a very homogeneous treatment when the treatment conditions 

are optimised. However, because the present materials were composite foams, i.e., containing 

two kinds of carbon (sucrose char and graphite) with very different reactivities, many trials 

had to be carried out to find the best way of fluorinating them. All the corresponding details 

are given in section I of the Supplementary Information, leading to Figs. S1 – S6. A lot of 

information about the reactivity of carbon with fluorine is also given there, supporting the 
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need of multiple preliminary trials for getting a material of relevant composition for the 

intended application. 

2.2.2 Silanisation 

Sucrose-based composite carbon foams were covered by silica using a sol-gel process 

described elsewhere and already successfully carried out for hydrophobising activated 

carbons [30] and, more recently, organic foams for thermal insulation [31]. In order to 

promote the grafting of silane, the carbon surface was first oxidised to create as much surface 

functions as possible. Then, decarboxylation was carried out by heating the material, and the 

remaining oxygenated surface functions were selectively reduced into hydroxyls. Finally, 

vinyltrimethoxysilane (vtmos) was grafted by refluxing in dry toluene. The scheme of the 

process is given in Fig. S7, and the equipment used for the last step is shown in Fig. S8 of the 

Supplementary Information. The resultant sample was named CF900_vtmos. 

2.2.3 Grafting of perfluoroalkyl chains 

Grafting long perfluoroalkyl chains was carried out in a very similar way as before, using a 

method inspired from [32]. Composite carbon foam (1.82 g) was again first oxidised in nitric 

acid, washed, then heat-treated at 450°C in N2 atmosphere, and reduced by NaBH4 (0.5 g in 

100 mL of dry ethanol). Then, the resultant carbon foam was soaked in 100 g of methanol 

containing 1 g of perfluorodecyltrimethoxysilane (pfdtms). The resultant mixture was stirred 

(300 rpm) for 3 h (see Fig. S9 of the Electronic Supplementary Information). The grafted 

sample was finally thermally treated at 140°C in N2 atmosphere, and was called 

CF900_pfdtms. 
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2.2.4 Electrochemical grafting of fluorinated moieties 

Since carbon is an electrically conducting material, grafting fluorinated functions has been 

possible by electrochemical reduction of diazonium salts according to a procedure described 

elsewhere [33]. All experimental details are given in the Supplementary Information, 

especially the general scheme of the process in Fig. S11. The experimental device and typical 

voltammograms are shown in Fig. S12. 

Four samples of grafted carbon foam were first prepared, in aqueous sulphuric acid (0.1 

mol L
-1

) or in acetonitrile containing NBu4BF4 (0.1 mol L
-1

) as electrolyte, and from two 

amines as diazonium precursors: trifluoro-methyl-aniline and pentafluoro-aniline, leading to 

the functionalisation of carbon surface by –C6H5CF3 and –C6F5 groups, respectively. The 

preparation conditions are summarised in Table 1. 

 

Table 1. Conditions of electrochemical reduction of diazonium salts for grafting aromatic 

fluorinated moieties (amine concentration 2 × 10
-3

 mol L
-1

, tBuNO2 or NaNO2 6 × 10
-3

 mol L
-1

). 

Sample name Solvent used Initial amines Grafted function 

H2SO4-CF3 
Aqueous H2SO4          

(0.1 mol L
-1

)  
 

H2SO4-CF5 
Aqueous H2SO4         

(0.1 mol L
-1

) 

 
 

ACN-CF3 Anhydrous CH3CN   

(NBu4BF4 0.1 mol L
-1

)   

ACN-CF5 Anhydrous CH3CN    

(NBu4BF4 0.1 mol L
-1

) 
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2.3 Infiltration of carbon foams with molten sugar alcohols 

A eutectic xylitol-erythritol blend, prepared by mixing 64 parts of xylitol and 36 parts of 

erythritol, was used. In the following, such intimate blend will be referred to as Molecular 

Alloy based on Sugar Alcohols (MASA). The physical properties of xylitol, erythritol and 

MASA are shown in Table 2. 

Given the hydrophobic nature of studied carbon foams, vacuum-assisted infiltration is 

necessary to prepare the carbon foam – sugar alcohol composites. It is well known that a 

porous medium with interconnected (open) porosity can be infiltrated with a non-wetting fluid 

by establishing a pressure difference between the inside and the outside (ΔP), which forces 

the intrusion of fluid into the porous structure. The minimum ΔP required for intrusion to 

occur is determined by the Young-Laplace equation [34]:               , where   and 

  are, respectively, the surface tension and the contact angle.   is the pore diameter and   is 

the geometry coefficient of the pores (      for cylindrical pores,       for spherical 

pores). The carbon foams studied in this work are characterised by large globular pores of 

millimetre size [26]. As shown in Table 7, the observed contact angles range from 96° to 

155°. The surface tension of sugar alcohols is of the order of 60 mJ/m
2
 [35]. Therefore, 

considering       ,      ,        and           , we obtain            , 

which means that using primary vacuum is largely sufficient to achieve the infiltration of the 

foam with the molten sugar alcohol. 

Sucrose-based carbon – graphite composite foam samples (5 – 7 cm
3
) were first 

ultrasonically cleaned with water and next dried in a ventilated oven at 120°C for 12 hours. 

The carbon foams were then impregnated with the xylitol-erythritol (64 / 36 %) blend in a 

vacuum oven heated at 120°C for 6 hours. After the MASA was molten and infiltrated, the 
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whole was cooled down to room temperature under vacuum. Under these conditions, it took 

around 12 hours for the blend to solidify. It should be noted that in DSC experiments, which 

are rather short, unlike the present case, it is generally not possible to observe the 

crystallisation of the undercooled eutectic mixture. After solidification, the excess blend was 

removed from the foam by cutting it with a knife, the carbon-MASA hybrid materials were 

weighed, and their physical characteristics and properties were measured. 

 

Table 2. Physical properties of sugar alcohols xylitol, erythritol and MASA [25]. The values 

of density and thermal conductivity are those of the solid phase at room temperature. 

Property                                Sugar alcohol Xylitol Erythritol MASA 

Density (g cm
-3

) 1.52 1.45 1.50 
(*)

 

Melting point (°C) 92-96 121 82 

Latent heat of fusion (J g
-1

) 267 340 270 

Thermal conductivity (W m
-1

 K
-1

) 1.32 0.76 0.38 

(*)
 The density of MASA (xylitol-erythritol 64/36 %) was calculated from density data of 

xylitol and erythritol as 1.52  64/100 + 1.45  36/100  1.5 g cm
-3

. 

Sucrose-based carbon – graphite composite foam samples infiltrated with molten erythritol 

were also prepared (called carbon-SA hybrid materials hereafter). They were only used to 

study the efficacy of hydrophobisation by Differential Scanning Calorimetry (DSC). Although 

xylitol-erythritol eutectic mixture has more interest for seasonal STES application than 

erythritol, the latter is preferred for DSC testing because the eutectic presents a very low 

nucleation rate. This characteristic, which is searched for long-term TES, is however a 

drawback for DSC testing purpose. On the one hand, it implies too long testing times because 

of the very long nucleation induction time. On the other hand, it reduces significantly the 
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sensitivity of subcooling to the chemistry, to the morphology and to the texture of foreign 

surfaces, which are key parameters that will influence SA nucleation within the studied 

carbon foams. Therefore, the use of erythritol, which exhibits much faster nucleation kinetics 

than the xylitol-erythritol mixture, allows both shortening the DSC testing and magnifying the 

effects of foreign surfaces on nucleation, thus provides a suitable way for evaluating and 

comparing the different hydrophobisation methods under study. 

2.4 Characterisation methods 

2.4.1 Characterisation of carbon foams 

Composite carbon foams were thoroughly characterised in terms of porous structure and 

surface area, wettability, carbon nanotexture and crystallinity, surface chemistry, thermal 

conductivity and mechanical properties. All these properties are extremely important for the 

intended application, since they govern: (i) the ability of the carbon foams to be impregnated 

in depth by the molten phase-change materials; (ii) the preservation of the sub-cooling; (iii) 

the level of the thermal transfers; and (iv) the mechanical stability of the whole system. For 

this purpose, the following analytical methods have been used: adsorption of gases, contact 

angle measurements, Raman and X-ray photoelectron spectroscopies, nuclear magnetic 

resonance of 
19

F, X-ray diffraction, thermal conductivity measurements, and compression 

tests. All the corresponding details and justification of the experimental choices can be found 

in section II of the Supplementary Information. 

2.4.2 Calorimetry of SA – and MASA – carbon foam hybrid materials 

Calorimetry tests aimed at evaluating the efficacy of the different hydrophobisation 

methods in preventing heterogeneous nucleation of the sugar alcohols on the surface of the 

carbon foams. The carbon-MASA hybrid materials, as well as pure erythritol used as 
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reference, were tested in two different DSC apparatuses, which are referred to as small-

volume DSC (Steraram SENSYS Evo) and large-volume DSC (Setaram MHTC 96) hereafter. 

The small-volume DSC allows sample volumes up to 0.3 mL to be tested, whereas the 

maximum volume that is allowed by the large-volume DSC is 6.5 mL. The testing conditions 

used are detailed in Fig. 2 and Table 3. To minimise the thermal gradients within the samples, 

especially during the cooling of the subcooled melts, the applied heating/cooling rates were 

1°C min
-1

 and 0.5°C min
-1

 in small and large-volume DSC, respectively. The duration of the 

isotherm preceding the cooling stage was 15 min in the small-volume DSC but was higher (1 

h) in the large-volume DSC to achieve isothermal conditions within the sample before starting 

the cooling stage. The erythritol content in large samples of hybrid materials varied between 

1300 mg and 4470 mg, depending on the sample. Therefore, in order to make comparisons, 

different samples of pure erythritol were tested within this range of mass. In all cases, the 

DSC experiments were carried out in open crucibles continuously flushed by high-purity 

nitrogen. The combination of small- and big-volume-DSC with applied operation conditions 

thus allowed the effect of key external parameters on subcooling, such as sample volume and 

cooling rate, to be studied. 

 

Fig. 2. Temperature cycle used in DSC experiments, see also Table 3 for details. 
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The same DSC tests were used to analyse whether or not the confinement of the sugar 

alcohol into the carbon foam or the applied hydrophobisation treatments modified the melting 

point or the latent heat of the phase-change material. The melting temperature was determined 

by the onset temperature of the endothermic peak in the DSC-thermograms, whereas the 

latent heat was calculated by integration of the latter, assuming a linear baseline. The DSCs 

were calibrated for heat flow and temperature using high-purity (> 99.99 %) reference 

materials: indium, tin, zinc and aluminum. The accuracy in the determination of melting 

temperatures was about ±1 K, whereas that of the enthalpies of phase transition was ±5 %. 

 

Table 3. Parameters of the temperature cycle shown in Fig. 2. 

 Small volume-DSC Big volume-DSC 

β (°C min
-1

) 1 0.5 

t1 (min) 15 30 

t2 (min) 15 60 

Nature of spans Al Al 

Diameter (mm) 6.17 14 

Height (mm) 11.3 45 

Mass of erythritol (mg) ca. 30 1300 - 4770 

Total mass (mg) 34 - 37 1750 - 6500 
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3. Results and discussion 

3.1 Characteristics of hydrophobised carbon foams 

Structural and thermal properties of the pristine carbon foam were investigated in our 

former work [26]. Hence, the study now mainly focuses on the analysis of surface chemistry 

and roughness, which are the main parameters that can influence the wettability properties of 

the foams and, therefore, the subcooling phenomenon in the encapsulated sugar alcohol. The 

main features of the different hydrophobised carbon foams are presented in sections 3.1.1 to 

3.1.3, whereas wettability properties of all of them are discussed in section 3.1.4. 

3.1.1 Stoichiometry, nanotexture and surface chemistry after direct fluorination 

The compositions of all carbon foams obtained after treatment in pure F2 in the various 

dynamic conditions detailed in section I of the Electronic Supplementary Information are given 

in Table 4. The resultant stoichiometry formula was calculated from the weight uptake of the 

sample during the fluorination process. As expected, under the same fluorination conditions, the 

composite (graphite / sucrose char) foams having less reactivity due to their graphite content led 

to less F-rich compounds than pure sucrose carbon foams [36]. Besides, the fluorination 

increased for all the foams when increasing the temperature of the F2 stream. The nanotexture 

of these materials has been investigated by Raman spectroscopy, 
19

F NMR was used to study 

the surface chemistry, and XRD was employed to analyse whether direct fluorination may 

have modified the carbon structure. Nitrogen and carbon dioxide adsorption studies were not 

carried out on these materials because of the risk of desorbing highly corrosive fluorine 

compounds during the degassing step. 
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Table 4. Stoichiometry of fluorinated carbons obtained by direct fluorination with F2 under 

dynamic conditions. 

Samples 
Dynamic F2 

(1 h, 300°C) 

Dynamic F2 

(1 h, 280°C) 

Dynamic F2 

(1 h, 180°C) 

Pure sucrose-based carbon foam 
 CF0.23 CF0.09 

Graphite / sucrose char composite carbon foam 
CF0.21 CF0.07 CF0.02 

The Raman spectra of pure sucrose-based carbon foams and composite (graphite/sucrose 

char) foams are shown in Fig. 3. Pure sucrose-based carbon foam has, as expected, a rather 

disordered carbon structure since the intensity of the G band is only slightly higher than that 

of the D-band. Fluorination in increasingly harsh conditions did not really change this 

characteristic, suggesting that the additional disorder that has been introduced by the chemical 

treatment is negligible. Fluorine indeed first reacts with the more reactive carbon areas, i.e., 

with the most disordered ones (edges of carbon layers and other structural defects), reducing 

their extent and letting the most organised parts of the material almost unchanged, at least at 

the beginning of the reaction. However, a shift of D- and G-bands towards lower 

wavenumbers can be seen when the severity of the fluorination increased, and corresponds to 

an increasing number of sp
3
 carbons. The D-band is thus shifted towards the expected position 

of diamond. Furthermore, it is known that the D-band shift is correlated linearly to the F/C 

atomic ratio of the compound [37]. 
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(a) 

 
(b) 

 

Fig. 3. Raman spectra of carbon foams before and after direct fluorination in a stream of hot 

molecular F2 at different temperatures indicated on the plots: (a) pure sucrose-based carbon 

foam; (b) composite carbon foam. 

Carbon composite foam before fluorination presents a much more intense G-band, 

attributed to the graphite particles it contains. After fluorination, the G/D intensity ratio 

decreased when the treatment temperature increased, thus evidencing the disorder in the 
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carbon structure induced by fluorination. At the highest temperature, the G/D intensity ratio 

was very similar to that of the pure, non-treated, sucrose-based carbon foam. The same shift of 

the D-band was observed, having the same meaning as before, i.e., an increase of the F content. 

19
F NMR spectra are shown in Fig. 4. Despite the high Magic Angle Spinning speed (34 

kHz), superimposition of spinning sidebands (marked by asterisks) and isotropic bands could 

not be completely avoided. The main band at a chemical shift in the -160 – -190 ppm range is 

assigned to the covalent C-F bonds [37-43]. Because this band consists in the superimposition 

of components related to different covalent C-F bonds, more or less weakened by hyper-

conjugation (see section I of the Supplementary Information for details), the narrower is this 

band, the more homogeneous is the chemical environment, i.e., the lower is the number of 

different fluorinated species close to the considered C-F bond. This is what happens in a 

carbon foam destroyed at composition CF1 and with fluorinated graphite obtained under 

static fluorination conditions at 450℃. 

Regarding the materials fluorinated in dynamic conditions (Table 4, Fig. 4), the following 

comments can be made. The chemical shift of the C-F bonds clearly increases when 

composite and pure carbon foams of low F content (with respect to highly fluorinated graphite 

and foam) are considered. It is indeed well known that the chemical shift moves toward 

higher positive values when the covalence of the C-F bond decreases. Indeed, hyper-

conjugation involving C-C bonds into the carbon sheets and C-F bonds results in the lowering 

of the C-F bonding order, from covalent to semi-covalent and semi-ionic [38,44]. Such 

hyperconjugation is allowed by the coexistence of conjugated C-C double bonds into non-

fluorinated parts and covalent C-F bonds in corrugated fluorocarbon regions. 
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Fig. 4. MAS 
19

F NMR spectra (30 kHz) of several carbon materials submitted to direct 

fluorination in a stream of hot F2. The asterisks just mark spinning bands. 

The low amount of F in the formula of fluorinated composite foams, and the temperatures 

which have been used for preparing CF0.09, suggest that the graphite did not react with F2 and 

remained electrically conducting in the absence of sp
3
 carbons. The presence of free electrons 

disturbed the acquisition of the NMR signal, hence the very noisy spectra of CF0.09 despite 
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similar recording conditions (scan number and received gain). This obviously does not apply 

to CF0.21. 

Rather high amounts of CF2 groups are evidenced in fluorinated, pure sucrose-based, 

carbon foam. These F-rich moieties originate from the reaction of carbon layers edges and 

structural defects, initially present in higher amounts. Higher reaction temperature made the 

number of CF2 and CF3 groups increase, the next step being the burning of the foam into CF4 

and C2F6. Finally, the spectra of CF0.07 is noisier than that of CF0.23 only because of the lower 

amount of F, which decreased the signal/noise ratio. 

As the covalent grafting of fluorine atoms by F2 has been proved by 
19

F NMR, XPS was 

not performed with these samples. 

XRD studies have been carried out to see whether direct fluorination may have modified 

the carbon structure. The corresponding XRD patterns are given in Fig. 5, where the effect of 

grafting fluorinated functions is also shown for comparison. The intense, narrow bands in the 

pristine composite carbon foams correspond to the graphite filler, whereas the diffusion 

background is mainly due to the highly disordered sucrose-based carbon. The comparison 

with the fluorinated material suggests that the chemical treatment was mostly superficial, 

since no significant change could be noticed. As shown in the Electronic Supplementary 

Information (Fig. S13), modelling the XRD pattern at Bragg angles ranging from 40 to 50° 

indicates that the fraction of rhombohedral phase of graphite in the composite carbon foam 

after fluorination by molecular F2 (7.2 %) is decreased compared to that found for non-treated 

composite foam (9.7 %). The higher reactivity of rhombohedral graphite compared to 

hexagonal graphite explains that the volume fraction of the former decreased upon 

fluorination. Fig. 5 also evidenced that grafting perfluorodecyltrimethoxysilane did not 

change anything to the bulk of the carbon structure, as expected. Since grafting 
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vinyltrimethoxilane also is a surface modification only, no additional XRD study was carried 

out. 

20 40 60 80 100

(c)

(b)

(a)

 

 

In
te

n
s
it
y
 (

a
.u

)

2

 CF900

 CF900 (F2)

 CF900 (PFDTMS)

 
Fig. 5. XRD patterns of composite carbon foam before fluorination (CF900) and after 

fluorination by molecular F2 (280°C, 1h: CF0.07) or by chemical grafting of 

perfluorodecyltrimethoxysilane (pfdtms, heated at 140°C). 

3.1.2 Porous texture after silanisation and grafting of perfluoroalkyl chains 

Nitrogen adsorption-desorption isotherms of the composite carbon foam before chemical 

grafting, referred to as CF900, are shown in Fig. 6(a), and the corresponding carbon dioxide 

adsorption isotherm is given in Fig. 6(b). Those of samples grafted with vtmos and with pfdtms 

are also presented in Fig. 6. 
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       (a)           (b) 

  

(c) 

 

Fig. 6: Adsorption isotherms of composite carbon foam before and after surface treatment by 

chemical grafting of silica (through vtmos) and pfdtms (heated at 140°C): (a) Nitrogen (full 

and empty symbols stand for adsorption and desorption, respectively), and (b) carbon dioxide, 

used as molecular probes. (c) Corresponding pore size distributions of composite carbon 

foams before (CF900) and after surface treatment by chemical grafting of silica (through 

vtmos) and of pfdtms, using nitrogen and carbon dioxide as molecular probes. 
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All N2 isotherms are combinations of types I and IV, according to the IUPAC classification 

[45], characteristic of micro-mesoporous materials. The adsorbed amounts are low, which 

indicates that the corresponding pore volumes are also low, unlike the macroporosity that can 

never be evidenced by adsorption techniques. Surface treatments led to lower adsorbed volumes 

with respect to the reference sample CF900 with a corresponding decrease of the plateau height, 

which indicates that a significant amount of microporosity (pores < 2 nm) has been lost. CO2 

isotherms evidenced the opposite trend, i.e., an increase of microporosity induced by surface 

treatment. The corresponding data are given in Table 5. Based on the value of surface area, the 

amounts of reactants required for the chemical grafting of vtmos and pfdtms could be 

calculated as explained in the Supplementary Information. 

Table 5. Pore texture parameters derived from Fig. 6. 

Sample 
ABET            

(m
2
 g

-1
) 

V0.99             

(cm
3
 g

-1
) 

Vµ (N2)            

(cm
3
 g

-1
) 

Vµ (CO2)          

(cm
3
 g

-1
) 

Vm        

(cm
3
 g

-1
) 

Non-treated 

composite foam 

140 0.093 0.054 0.050 0.04 

Treated with 

pfdtms (140°C) 

84 0.045 0.038 0.063 0.01 

Treated with 

vtmos 

46 0.053 0.017 0.208 0.04 

ABET: apparent surface area; Vµ: micropore volume; V0.99: total pore volume; Vm: mesopore volume. See 

section II of the Supplementary Information for details of their calculation. 

It is useful to recall here that CO2 allows probing narrower pores than N2. Thus, finding 

almost similar values of Vµ (CO2) and Vµ (N2) for the non-treated carbon foam indicates that no 

extremely narrow micropores exist in this material. In contrast, the chemical treatment blocked 

the wider micropores, but created new narrow micropores inside the grafted layer. 
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In N2 isotherms, all the hysteresis cycles at high relative pressure are broad and of H2 type. 

Type H2 corresponds to porous channels with a pore mouth smaller than the pore body (this is 

the case of ink-bottle-shaped pores). The surface treatments decreased the width of the cycles, 

suggesting a slight loss of mesoporosity (2 nm < pores < 50 nm), see again Table 5. 

The pore size distributions calculated by application of Density Functional Theory (DFT) to 

the isotherms are presented in Fig. 6(c). They clearly confirm the decrease of the amount of 

wide micropores (black curves) and the increase of the amount of narrow micropores (red 

curves) after surface treatment. As expected, CO2 allowed to complete and to extend the pore 

size distribution in the narrow pore range of the plot. 

3.1.3 Surface chemistry after electrochemical grafting of fluorinated moieties 

X-ray photoelectron spectroscopy (XPS) studies were performed on samples treated by 

electrochemical diazonium salt reduction, thanks to which the surface composition could be 

estimated. Representative examples of the corresponding spectra are given in Fig. S14 of the 

Supplementary Information, and the results for all samples are reported in Table 6. As the 

covalent grafting of fluorine atoms by F2 has been proved by 
19

F NMR, XPS was not 

performed with those samples. 

The quantification of the amount of fluorine at the surface is given by the at.% of F from 

the C1s bands. The amount of F in C-F bonds only is given by the at.% of F from the F1s 

band. The difference between C1s and F1s thus corresponds to the at.% of F involved in CF2 

and CF3 groups. The sample H2SO4-CF5, i.e., prepared in 0.1 mol L
-1

 H2SO4 with 

pentafluoro-aniline, presents 19.75 at.% of F at its surface. The fluorine content is thus the 

highest in this material, followed by ACN-CF3 (8.29 at.%), H2SO4-CF3 (6.70 at.%) and 

ACN-CF5 (1.13 at.%) for which the grafting was poor. But electrochemical grafting in H2SO4 
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also induced an increase of oxygen at the surface, and the O content of H2SO4-CF5 was also 

the highest (9.9 at.%). Therefore, it is possible that the positive effect of –C6F5 groups with 

respect to hydrophobisation can be reduced by an enhanced hydrophilicity due to a higher 

number of oxygenated moieties. These results also show the significant impact of the grafting 

conditions, since a same molecule (see again Table 1) can produce very different fluorine 

concentrations at the carbon surface. This is especially the case with pentafluoro-aniline, 

which produced the highest atomic F fraction when grafted in H2SO4, but the lowest one in 

acetonitrile. 

 

Table 6. XPS results in terms of binding energy (BE, expressed in eV) of elements C (C1s of 

CF, CF2 and CF3 groups), F (F1s of CF bonds) and O (O1s), and corresponding abundance 

(expressed in atomic %). 

 C1s bands F1s bands O1s 

 BE (eV) at. % BE (eV) at. % BE (eV) at. % 

Non-treated foam      2.72 

H2SO4-CF3 286 – 293 6.70 686 – 689 5.10 532 – 534 4.02 

H2SO4-CF5 286 – 293 19.75 686 – 689 15.28 532 – 534 9.90 

ACN-CF3 286 – 293 8.29 686 – 689 6.87 532 – 534 3.13 

ACN-CF5 286 – 293 1.13 686 – 689 0.38 532 – 534 3.56 

The samples hydrophobised by electro-reduction of diazonium salts were not investigated 

by adsorption methods, neither by XRD. On the one hand, the amount of material produced is 

too low for getting a meaningful information of their porous texture by absorption methods. 
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On the other hand, electrochemical grafting involves a surface modification only (such as 

grafting perfluorodecyltrimethoxysilane above) and, therefore, it is not expected that it 

changes anything to the bulk of the carbon structure.  

3.1.4 Wettability properties 

The water contact angles, obtained by fitting the (circular) shape of the water droplet 

deposited on the surfaces of the carbon foams, themselves fitted by a linear baseline, are 

presented in Table 7. The values show that, whatever the treatment, an increase of contact of 

angle is observed. Whereas the non-treated foam was already spontaneously (although 

moderately) hydrophobic, an enhanced hydrophobicity was noticed, but the effects are very 

different from each other. The highest hydrophobic character was obtained by direct 

fluorination at the highest amount of F incorporated in the carbon structure (CF0.07), but the 

chemical grafting of perfluoroalkyl chains (pfdtmos) also had a significant effect. Silanisation 

by vtmos also proved to be as effective as the latter treatment. In comparison, the 

electrochemical grafting of fluorinated surface groups was rather disappointing and, 

unexpectedly, some treatments of this kind (H2SO4-CF3, ACN-CF3, ACN-CF5) were even 

almost ineffective with respect to the raw carbon foam. 

Overall, the values presented in Table 7 are in good agreement with former data reported in 

the literature. The presence of fluorine atoms on the carbonaceous surface through covalent 

C-F bonds indeed allows an increase of the hydrophobic character of, for instance, carbon 

fibers [46,47], even at low fluorine content for which the advancing water contact angle 

increases up to 115° (102° for CF0.02 composition) [48]. In comparison, flat 

polytetrafluoroethylene (PTFE) exhibits a contact angle of 110°. The grafting of pfdtmos on 

organic foams has been shown to lead to contact angles ranging from 137 to 143° [31], 

whereas the same applied to ordered mesoporous carbons gave 150° [49]. As for the 
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deposition of silica, a rather broad range of contact angles has been reported, typically from 

less than 60° to 120° [50], and even up to 165° [51] due to different final surface roughness. 

 

Table 7. Contact angles measured for non-treated and hydrophobised carbon foams. 

Hydrophobisation treatment Contact angle (°) 

None 96.1 ± 4.3 

vtmos 133.9 ± 2.5° 

pfdtmos 128.7 ± 4.5° 

F2 (280°C, 1 h): CF0.07 155.2 ± 1.4° 

F2 (180°C, 1 h): CF0.02 123.1 ± 3.8° 

H2SO4-CF3 99.2 ± 2.7° 

H2SO4-CF5 110.9 ± 3.1° 

ACN-CF3 101.8 ± 3.0° 

ACN-CF5 98.0 ± 1.5° 

 

Indeed, surface roughness and possible nano/micro-texturation can account for improved 

hydrophobicity. Only the Cassie-Baxter equation [52], contrary to Wenzel’s one [53], can 

predict extremely high contact angles, which indicate the presence of air between the droplet 

and the surface. The Cassie-Baxter equation can be written as cos θ = rf f cos θS + f – 1, where 

θS is the contact angle measured on a smooth surface, rf is the roughness ratio of the substrate 

wetted by the liquid, f the solid fraction and thus (1 − f) is the fraction of air. This equation 

can lead to superhydrophobic properties if the air fraction is extremely high and to very (yet 

not “super”) hydrophobic properties if the air fraction is less important. Many examples of 

this effect have been reported in the literature. The combination of surface chemistry and local 

roughness of carbon foams surfaces thus explains the range of values observed in Table 7. 
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3.2 Properties of MASA – carbon foam hybrid materials 

3.2.1 Impregnation by MASA 

Two samples of non-treated composite carbon foam, whose characteristics are listed in 

Table 8, were tested for calculating the yield of impregnation by a molten blend of xylitol and 

erythritol. After impregnation, their characteristics changed according to the values presented 

in the same Table 8. It can be seen from the latter that 85 – 86% of the total porosity of the 

carbon foams has been filled. Pictures of sample #1 before and after impregnation are shown 

in Fig. 7. A second impregnation carried out in the same conditions only increased the yield up 

to 91%. Of course, the resultant hybrid materials cannot retain the PCM by capillary action once 

it has melted within the porous support structure. Indeed, due to the hydrophobic characteristics 

of the carbon foams, spontaneous extrusion of the liquid from the pores may occur. From a 

practical point of view, this means that the proposed hybrid materials must be properly enclosed 

in the storage vessel to prevent leakage. 

 

Table 8. Main characteristics of composite carbon foams before and after impregnation. 

Im
p
re

g
n
at

io
n
 

Sample 

# 

Mass 

(g) 

Volume 

(cm
3
) 

Density 

(g cm
-3

) 

Porosity 

(%) 

Initial 

pore 

volume 

(cm
3
) 

Infiltrated 

MASA 

volume 

(cm
3
)

a
 

Infiltration 

yield (%)
b
 

Thermal 

conductivity 

(W m
-1

 K
-1

) 

B
ef

o
re

 

1 

2 

8.13 

7.92 

25.4 

24.7 

0.32 

0.32 

85.8 

85.8 

21.79 

21.19 

- 

- 

- 

- 

3.1 

3.1 

A
ft

er
 1 

2 

36.5 

34.8 

25.4 

24.7 

1.44 

1.41 

- 

- 

21.79 

21.19 

18.91 

17.92 

86.8 

84.6 

3.6 

3.6 

a
 assuming a blend density of 1.5 g cm

-3
 

b
 defined as the ratio: Infiltrated MASA volume (cm

-3
) / Initial pore volume (cm

-3
) 
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(a)      (b) 

         

Fig. 7: Photographs of composite carbon foam: (a) before MASA impregnation; (b) after one 

single MASA impregnation. The diameter of the sample is close to 6 cm. 

XRD studies were then carried out for detecting whether the presence of the carbon foam 

surface modified or not the structure of the solidified xylitol – erythritol (64 /36 %) blend 

after infiltration in the porous structure. Fig. 8(a) gathers the XRD patterns of: (i) composite 

carbon foam alone (CF900 in this plot); (ii) MASA blend alone; and (iii) MASA-carbon foam 

hybrid material. It can be seen that the peaks of the latter are exactly the same as those of the 

MASA alone, and also perfectly overlap those of the porous carbon in which the blend was 

infiltrated. It can therefore be concluded that no change of crystalline structure, possibly 

induced by the confinement in the porous carbon structure, happened. 

Two samples of two kinds of hydrophobised carbon composite foams were tested for 

measuring the impregnation yield by the MASA: (i) grafted with pfdtms; and (ii) directly 

fluorinated with F2 at 280°C during 1 hour. The corresponding characteristics of these 

materials before impregnation are listed in Table 9. 
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Fig. 8. XRD patterns of (a) CF900 alone (black), xylitol-erythritol blend alone (red) and 

CF900 impregnated with xylitol-erythritol blend (green); and (b) CF900 impregnated with 

xylitol-erythritol blend before (black) and after (red) hydrophobisation by pfdtms. 

The impregnation protocol carried out in the same conditions as for the non-treated carbon 

foams (same xylitol – erythritol blend, same temperature, same impregnation time, same 

vacuum oven) led to the following observation. Unlike what happened with pristine carbon 

foams, the MASA did not solidify and the foam floated at the surface of the liquid blend. It 

was necessary to push the foam beneath the surface of the molten blend and to keep the 

material at 120°C for 6 additional hours before cooling down to room temperature. But the 

blend took around 24 hours to solidify. After solidification, the excess blend was removed 

with a knife from the carbon-MASA composite materials, which could be investigated. Their 

new characteristics are given in the second part of Table 9. 

The second part of Table 9 shows that the efficiency of the impregnation dramatically 

decreased with respect to non-hydrophobised foams, since the impregnation yield was 

significantly lower than what was found for non-treated samples. Only 54 – 72 % of the total 

porosity was indeed filled. Hydrophobisation, although not changing the macroscopic 
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porosity, made the vacuum impregnation much less efficient. For samples treated with 

pfdtms, a second impregnation was thus tried in the same conditions as for the first one. The 

results are also given in Table 9. They show that the impregnation ratio increased 

significantly, but remained lower than typical values of non-hydrophobised foams. 

 

Table 9. Main characteristics of hydrophobised carbon foam samples before and after MASA 

impregnation. 

Before MASA impregnation 

Hydrophobisation 

method 

Sample 

# 

Stoichiometry Mass (g) Volume 

(cm
3
) 

Density   

(g cm
-3

) 

Porosity 

(%) 

Thermal 

conductivity 

(W m
-1

 K
-1

) 

pfdtms 1 - 1.82 5.7 0.32 85.8 3.1 

pfdtms 2 - 1.80 5.6 0.32 85.8 3.1 

F2 1 CF0.03 2.02 6.3 0.32 85.8 3.2 

F2 2 CF0.05 1.89 5.9 0.32 85.8 3.2 

After MASA impregnation 

Hydrophobisation 

method 

Sample 

# 

Mass (g) Density 

(g cm
-3

) 

Initial pore 

volume 

(cm
3
) 

Infiltrated 

blend 

volume 

(cm
3
) 

Infiltration 

yield (%) 

Thermal 

conductivity 

(W m
-1

 K
-1

) 

pfdtms 1a 6.34 1.11 4.89 3.09 63.2 3.3 

pfdtms 2a 6.88 1.23 4.80 3.45 71.9 3.3 

pfdtms 1b 7.4 1.30 4.89 3.80 77.7 3.3 

pfdtms 2b 7.6 1.36 4.80 3.93 81.9 3.3 

F2 1 6.43 1.02 5.41 2.94 54.3 3.2 

F2 2 6.25 1.06 5.06 2.91 57.5 3.2 

NOTE: Samples pfdtms 1a and 2a correspond to one MASA impregnation, whereas samples pfdtms 

1b and 2b refer to previous ones after a second MASA impregnation. 
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Just like before, XRD studies have been carried out to check any possible effect of the 

hydrophobised carbon surface towards the crystallisation of the xylitol – erythritol blend. Fig. 

8(b) compares the XRD patterns of the MASA-carbon foam hybrid materials: (i) based on 

pristine composite carbon foam, and (ii) based on composite carbon foam hydrophobised by 

pfdtms. It can be seen that the two patterns are again identical, and that the peaks are also the 

same as those of the pure xylitol – erythritol blend. It can therefore be concluded that no 

change of crystalline structure, possibly induced by the hydrophobisation of the porous carbon 

structure, happened. 

3.2.2 Thermal and mechanical properties 

The impact of the surface treatment on the thermal conductivity of the composite carbon 

foam designed to serve as porous host for enhancing the thermal transfer towards phase-

change materials was checked. The conductivity of the pristine composite carbon foams was 

indeed 3.1 W m
-1

 K
-1

 (see again Table 8) [26], and this value should ideally not decrease due 

to some possible thermal resistance created by the surface treatment. Whatever the kind of 

hydrophobisation, no change of thermal conductivity outside of the typical uncertainty for this 

kind of measurement could ever be observed, as expected from so thin and superficial 

chemical modification. For instance, as seen in Table 9, the samples hydrophobised by pfdtms 

and by molecular F2 have thermal conductivities of 3.1 and 3.2 W m
-1

 K
-1

, respectively. The 

treated carbon foams can therefore be considered as hydrophobised without any drawback 

with respect to their initial requirements, i.e., as high porosity and as high thermal 

conductivity as possible at the same time. 

In contrast, replacing the air filling the porosity of the carbon foams by solid MASA was 

expected to have a significant impact. Thermal conductivity studies of the blend alone and of 

the blend-carbon foam hybrid materials were then carried out at room temperature. The 
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measured thermal conductivity of the solid MASA alone was found to be 0.65 W m
-1

 K
-1

. 

After impregnation, the thermal conductivity of the MASA-carbon foam hybrid materials 

reached 3.6 W m
-1

 K
-1

 (see again Table 8). 

Such 16% increase with respect to the non-impregnated composite carbon foam is readily 

explained by the higher thermal conductivity of the MASA compared to that of air (0.0257 W 

m
-1

 K
-1

) at room temperature. Indeed, the thermal conductivity of open-cell foams,  (W m
-1

 

K
-1

), is expected to follow the well-known equation of Gibson and Ashby [54], which reads 

(neglecting the contribution of radiative transfer, quite low at room temperature): 

      
 

 
               (1) 

where   (dimensionless) is the porosity, s (W m
-1

 K
-1

) is the solid thermal conductivity (i.e., 

the thermal conductivity excluding the sample porosity), and g (W m
-1

 K
-1

) is the thermal 

conductivity of the gas saturating the porosity. In our former work, s was found to be 65 W 

m
-1

 K
-1

 [26]. Filling the porosity of the foam with a MASA having a thermal conductivity 

MASA (W m
-1

 K
-1

) and with an infiltration yield Y (dimensionless) leads to Eq. (2): 

                   
 

 
            (2) 

Using the average infiltration yield Y = 0.85 taken from Table 8 and the measured value MASA 

= 0.65 W m
-1

 K
-1

, one finds that the thermal conductivity of the MASA – carbon foam hybrid 

material is 3.55 W m
-1

 K
-1

, in excellent agreement with the measurements. This is a very 

positive finding for the foreseen (seasonal STES) application that the thermal conductivity of 

MASA-carbon foams hybrid materials is always higher than that of each individual 

component. 
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After hydrophobisation, and as already shown in the second part of Table 9, the yield of 

the first infiltration was lower than without surface treatment. Consequently, the hybrid 

materials based on hydrophobised foams after a first MASA impregnation had a slightly 

lower thermal conductivity than that of materials prepared from non-treated carbon foam. 

After a second impregnation, however, the thermal conductivity of samples hydrophobised by 

pfdtms did not change and remained equal to 3.3 W m
-1

 K
-1

. All these values are lower than 

what can be calculated from Eq. (2) using the data of infiltration yields given in Table 9. In 

contrast, Eq. (2) led to excellent predictions when non-treated carbon foams were used. This 

finding suggests that a non-negligible thermal resistance exists between the hydrophobised 

surface of carbon foam and the MASA, which might favour undercooling, and which is the 

desired effect once the MASA has been molten for storing heat. This point will be addressed 

in the next subsection. 

Finally, mechanical tests have been carried out on the hybrid material based on xylitol – 

erythritol (64 / 36) blend infiltrated in composite carbon foam. Fig. 9 compares the stress–

strain compression curves of the composite carbon foam before and after MASA 

impregnation. The general behaviour did not change after impregnation, since the usual three 

distinct regions: linear elastic, collapse and densification are observed. The corresponding 

compressive strengths and elastic moduli calculated from Fig. 9 are listed in Table 10. 

Impregnation by MASA, which is a hard material after solidification, made the compressive 

strength and the elastic modulus increase from 3.0 to 9.5 MPa and from 107.5 to 195.9 MPa, 

respectively. 
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Fig. 9: Stress-strain characteristics of sucrose-based carbon – graphite composite foam before 

(red) and after impregnation (green). 

Table 10: Mechanical properties of composite carbon foam before and after impregnation. 

Samples Compressive strength 

(MPa) 

Elastic modulus 

(MPa) 

Composite carbon foam 3.0 107.5 

Impregnated carbon composite foam  9.5 195.9 

 

3.2.3 Effect of hydrophobisation on SA subcooling 

The presence of interfaces can modify the nucleation process through various means, such 

as favourable molecular interactions with the crystallising molecule and a lattice match 

between the substrate and the compound to be crystallised. In addition, surface morphology, 

especially in porous structures, is also known to play an important role in controlling 

nucleation kinetics [55-57]. 

The heterogeneous nucleation rate, or the number of nuclei surpassing the nucleation 

barrier per unit area per unit time [58], is a direct measure of the nucleation activity of a 
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surface with regard to the liquid of interest. Due to the stochastic nature of nucleation events, 

determining nucleation rates requires statistical measurements performed under exactly the 

same conditions, involving too long experimental time. However, the objective of this paper 

was not to perform rigorous analysis of nucleation kinetics but to qualify the ability of 

hydrophobised carbon foams to prevent heterogeneous nucleation of sugar alcohols and to 

discard inefficient hydrophobisation methods. To this end, DSC testing as described in section 

2.4.2 was used. Indeed, DSC thermograms (temperature vs. compensation heat flux) easily 

allow identifying the onset of crystallisation and the corresponding temperature. The latter is a 

good indicator of the SA nucleation activity of a surface, because it can increase dramatically 

when the presence of this surface lowers the kinetic barriers to nucleation. 

Pure erythritol was tested in both small-volume DSC (1 sample of 30.28 mg) and large-

volume DSC (3 samples with different masses, see Table 11). In all cases, comparable values 

for the melting point (118 ± 0.5°C) and the enthalpy of melting (340 ± 17 J.g
-1

) were 

obtained. The most relevant information is, however, the temperature of the sample at the 

onset of the crystallisation (shortly, crystallisation onset). The results achieved are also 

reported in Table 11, which indicates the crystallisation onset range observed over the five 

cycles of melting/crystallisation applied, namely 

                                                  where      represents the onset of the 

crystallisation during the k
th

 cycle. The maximum and minimum subcooling observed, 

calculated as the difference between the melting temperature and the onset of crystallisation is 

also given. It can be seen that deep subcooling (> 68 °C) is observed in all cases. Moreover, 

the crystallisation onset range shifts progressively towards higher temperatures as the volume 

of the sample is increased. This reveals that the nucleation is affected by impurities in the 

erythritol melt, which act as potential sites for heterogeneous nucleation. It is indeed well 
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known that, for a fixed value of impurity content in a product, small samples are less likely to 

contain these foreign agents than large samples, which justifies the increase in subcooling 

observed with the reduction of sample volume. 

Table 11. Results of DSC-testing of pure erythritol and carbon-SA materials with non-

hydrophobised foams. 

Sample name 
Mass of 

erythritol (mg) 

Onset of 

crystallisation 

range (°C) 

Maximum 

subcooling 

observed (°C) 

Minimum 

subcooling 

observed (°C) 

Pure erythritol 

4771.73 

2707.89 

1795.40 

30.28 

{46, 50} 

{41, 46} 

{39, 43} 

{32, 45} 

72 

77 

79 

86 

68 

72 

75 

73 

CF900 - 

eryrhritol 

4771.18 

1305.53 

30.28 

29.10 

{56, 63} 

{53, 58} 

{53, 57} 

{53, 58.5} 

62 

65 

65 

65 

55 

60 

61 

59.5 

DSC testing for CF900 materials (non-hydrophobised carbon foams) infiltrated with 

erythritol was also performed for small- and large-volume samples. Fig. 10(a) shows the DSC 

thermograms (heat flux vs. temperature) obtained for a large-volume sample subjected to five 

heating and cooling cycles. During heating, all the endothermic (melting) peaks are 

superimposed except the first one, which, as usual, behaves differently due to thermal 

resistances of the powders before the first melting. During cooling, the crystallisation of the 

sample (exothermic peaks) occurs at a much lower temperature than melting. It can be seen 

that the crystallisation peaks have a loop, which means that the DSC apparatus is not able to 

dissipate/compensate for the heat flux delivered during sample crystallisation so that the 
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sample temperature rises. This is typically the case for samples with a high degree of 

undercooling, where crystallisation is a kind of explosive phenomenon involving a large 

amount of heat delivered in a very short time that the DSC cannot accommodate. The 

crystallisation temperature is determined as the onset temperature of the thermal loop 

(crystallisation peak). It can be seen that, in contrast to melting, the onset of crystallisation is 

sharp and, therefore, the uncertainty in determining the crystallisation temperature is lower 

(less than ±0.5 K approximately) than in melting (±1 K approximately, according to the 

calibration performed). The crystallisation onset ranges                 are reported in Table 

11 and are also displayed in Fig. 10(b). 

Compared to pure erythritol, it can be seen that: (i) the effect of the volume of the sample 

is much lower this time (Fig. 10(b)), with comparable subcooling values for small-volume and 

large-volume samples (Table 11); and (ii) the crystallisation onset ranges are shifted towards 

much higher temperatures. These two observations indicate that the nucleation of erythritol 

mainly takes place on the surface of the carbon foam (heterogeneous nucleation). On the one 

hand, heterogeneous nucleation is determined by the nucleation activity of the carbon foam 

surface and, therefore, it depends on the surface density of active sites for nucleation and on 

the specific surface area of the foam and not on the volume of erythritol. On the other hand, it 

is well known that a surface rich in nucleation sites decreases significantly the nucleation 

barriers and, therefore, reduces subcooling effects. 
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(a) 

 
(b) 

 

Figure 10. (a) DSC-thermograms (5 cycles) obtained for CF900-erythritol hybrid material 

(1305.53 mg of erythritol content) in large-volume DSC; (b) Upper and lower limits of the 

onset of crystallisation, as a function of the mass of the sample. Pure erythritol (circles) and 

CF900-erythritol hybrid material (squares). 
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Since the aforementioned results show that the sample volume has little influence on the 

nucleation outcomes, the tests on carbon-SA hybrid materials with hydrophobised carbon 

foams were carried out only in small-volume or large-volume DSC, depending on the volume 

of available samples. The crystallisation onset ranges observed during DSC testing are 

reported in Table 12. 

Table 12. Results of DSC-testing of carbon-SA materials with hydrophobised carbon foams. 

Hydrophobisation method Sample Name 
Mass of 

Erythritol  

(mg)  

Onset of 

crystallisation 

range (°C) 

Direct fluorination by molecular F2 

 

CF0.02 1514.53 {48.5, 56.5} 

CF0.07 1163.31 {44, 46} 

Grafting of perfluoroalkyl chains pfdtms 2708.71 {48, 58} 

Silanisation by grafting 

vinyltimethoxysilane  
vtmos 1795.05 {48, 52} 

Electochemical grafting of 

fluorinated moieties 

ACN-CF3 29.77 {53, 58} 

ACN-CF5 29.30 {58, 60} 

H2SO4-CF3 29.53 {55, 58.5} 

H2SO4-CF5 29.92 {50, 56} 

 

In Fig. 11(a), the crystallisation onset range of each carbon-SA hybrid material is 

represented by a vertical thick bar, whereas the onset crystallisation range of pure erythritol is 

displayed by horizontal dashed lines. It can be seen that all hydrophobised carbon-SA 

materials perform better than CF900, but only CF0.07 seems able to avoid completely 

heterogeneous nucleation. Indeed, the crystallisation onset range for CF0.07 lies within that of 
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pure erythritol. In order to rank hydrophobisation methods by their ability to prevent 

heterogeneous nucleation, the following efficiency indicator has been defined: 

                                 ]      (3) 

where       ,      and   represent the upper limits of the crystallisation onset ranges of 

CF900, of pure erythritol and of hydrophobised hybrid materials, respectively. The choice of 

the upper limits of the crystallisation interval in the definition of   (instead of the lower 

limits) is due to the fact that, for the application under consideration, it does not matter how 

deep the subcooling may be, but rather what is the minimum temperature that guarantees the 

absence of spontaneous crystallisation. According to Eq. (3), the efficiency indicator is     

when         , which means that the hydrophobisation method does not work, the 

performance obtained being equal to (    , or worse than (   ), that of CF900. Values 

such that       correspond to              : the higher the value of  , the closer the 

behaviour of the hybrid material is to that of erythritol (    for       ). The best possible 

result corresponds to hydrophobised foams without nucleation sites, so that the hybrid 

material behaves like pure erythritol. In such a case,        and the efficiency indicator is 

   . It should be noted that   values below      can only be observed due to the random 

nature of the nucleation process as is the case with sample CF0.02 (Fig. 11a). In other words,   

values above 1 have no physical meaning. For this reason, the maximum value of the 

efficiency indicator was set to 1. 
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(a) 

 

(b) 

 

Figure 11. (a) Crystallisation onset ranges of carbon-SA hybrid materials; (b) Efficiency 

indicator in preventing nucleation of carbon-SA hybrid materials with hydrophobised carbon 

foams. Acronyms used in the X-axis are explained in Table 12. CF900 corresponds to the 

non-hydrophobised carbon foam 
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The efficiency indicator in preventing nucleation of the different hydrophobised carbon-SA 

material is displayed in Fig. 11(b). It can be seen that the most efficient sample in preventing 

nucleation is CF0.07 (   ), followed by the sample vtmos (      ). Samples CF0.02 and 

H2SO4-CF5 show similar performances with η values close to 5. The worst performances 

correspond to samples pfdtms, ACN-CF3, H2SO4-CF3 and ACN-CF5, whose efficiency 

indicator is less than 0.4. 

Despite its widespread occurrence, mechanistic understanding of the role of a surface in 

heterogeneous nucleation still is limited. Nevertheless, to provide preliminary understanding 

of the results above, it is worth recalling the role of several factors, such as the surface 

chemistry and the surface morphology (especially porous structures: pore size and pore 

morphology), which might have great relevance in our context. In a first attempt to separate 

the contribution of these two factors to the nucleation kinetics, Daio et al. [57] proved that the 

surface chemistry influences the surface nucleation activity through interfacial free energies 

only, and they also revealed the importance of surface polarity on the nucleation activity of 

polar substances. The studies of Page and Sear [55,59] clearly demonstrated the important 

role of surface geometry on the nucleation behaviour. They found by Monte Carlo simulation 

of Lennard-Jones molecules that nucleation in nanoporous surfaces is orders of magnitude 

faster than on smooth surfaces, provided that the pores have a size close to that of the 

crystallites. They also showed that the nucleation in grooves formed by two intersecting 

planes is many orders of magnitude faster than on a flat surface. Moreover, when the wedge 

angle is the same as an intrinsic angle of the crystal, the nucleation rate reaches a maximum. 

The latter findings provide theoretical explanation for a common observation; that is, the 

beginning of crystallisation on edges, kinks and structural defects. 
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The nucleation results of the carbon-SA materials based on hydrophobised foams are next 

discussed considering the preceding remarks. As pointed out in section 3.1.1, regarding the 

direct fluorination method, fluorine first reacts with the most disordered carbon areas, such as 

edges of carbon layers and other structural defects, which are typically also the most active 

sites for nucleation. The nucleation activity of the foam surface is therefore reduced. This can 

explain the better ability to prevent nucleation shown by CF0.02 and CF0.07 compared to 

CF900. In addition, CF0.07, with higher fluorine content, appears to provide greater reduction 

of structural defects and shows excellent nucleation prevention efficiency. 

The vtmos sample also performs quite well, probably because (i) its specific surface area is 

significantly reduced compared to CF900 (Table 5); and (ii) the pore size distribution changes 

in the right way. Regarding this latter factor, it must be highlighted that samples CF900 and 

pfdtms present a significant number of pores narrower than 0.4 nm, whereas such small pores 

are not present in vtmos sample (Fig. 6). Likely, the pore size maximising the nucleation rate 

is less than 0.4 nm. The pfdtms sample behaves slightly better than CF900 but much worse 

than vtmos. The raison for this is probably that it has a lower surface area than CF900 but 

higher than vtmos in addition to pores narrower than 0.4 nm. The combined effect of 

micropores and low surface energy has indeed also been suggested for explaining the 

remarkable hydrophobicity of fluorinated activated carbon fibres [60]. 

For samples obtained by electrochemical grafting of fluorinated moieties, there is a quite 

good correlation between the amount of fluorine at the surface of the foam (Table 6, 3
rd

 

column) and the nucleation results (Table 12), which indicates that the ability of the carbon 

foam in preventing the nucleation of erythritol on its surface decreases as its fluorine content 

is increased. The best hydrophobisation methods that emerge from the initial screening carried 

out are, therefore, direct fluorination and silica deposition through silanisation. 
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Finally, yet importantly, it must be noticed that in none of the cases, neither the melting 

temperature nor the latent heat of erythritol were significantly modified by the presence of 

carbon surfaces (see Table 13). The latent heat of the erythritol confined into the carbon foam 

has been calculated as Q/mery, where mery is the mass of erythritol within the carbon foam (see 

Tables 11 and 12) and Q represents the energy of the peak of melting calculated from the 

DSC thermogram. The uncertainty values in Table 13 have been estimated from all 

experimental results available for each material (one or two samples, depending on the 

material, and 5 cycles of heating and cooling per sample). It can be seen that both the melting 

point and the latent heat of pure erythritol measured by DSC (118℃ and 350 J g
-1

, 

respectively) are always within the estimated uncertainty range. 

Table 13. Melting temperature and estimated values of the latent heat of erythritol confined 

within the composite carbon foams. 

Hydrophobisation 

method 
Sample Name Melting point (℃)  

Latent heat of 

melting (J g
-1

) 

None 
CF900 117.5 ± 1.5 348 ± 17 

Direct fluorination 

by molecular F2 

 

CF0.02 118.2 ± 1.0 343 ± 17 

CF0.07 117.6 ± 1.0 351 ± 15 

Grafting of 

perfluoroalkyl chains 

pfdtms 118.2 ± 1.0 341 ± 19 

Silanisation by 

grafting 

vinyltimethoxysilane  

vtmos 117.3 ± 1.0 345 ± 13 

Electochemical 

ACN-CF3 118.1 ± 0.5 352 ± 10 

ACN-CF5 117.6 ± 0.5 347 ± 13 
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grafting of 

fluorinated moieties 

H2SO4-CF3 118.0± 0.5 345 ± 15 

H2SO4-CF5 117.8 ± 0.5 349 ± 11 

 

4. Conclusion 

Hydrophobisation of sucrose-based carbon – graphite filler composite foams was carried 

out by four different techniques: (i) direct fluorination under a flow of hot molecular F2; (ii) 

silanisation followed by heat treatment; (iii) chemical grafting of perfluoroalkyl chains; (iv) 

electrochemical grafting of trifluoro-methyl-benzene and pentafluoro-benzene. Whereas not 

all characterisation techniques could be systematically used, the enhanced hydrophobic 

character of treated samples could be observed, although to very different extents. 

Direct fluorination was highly efficient from that point of view, but rather difficult to 

control because the resulting stoichiometry is hardly predictable. Silanisation was easier and 

the resultant hydrophobicity was only a little less than with the carbon foam fluorinated at the 

highest F stoichiometry. Grafting long perfluoroalkyl chains was also easy and quite efficient. 

Finally, electrochemical grafting led to very different results, depending on the nature of the 

diazonium salt and the solvent in which the synthesis was done. Overall, the final 

hydrophobicity was the combination of surface chemistry and roughness / microporosity. 

Whatever the treatment, all carbon foams could be successfully impregnated with molten 

sugar alcohols, and the structure of the latter, once crystallised, was not influenced by the 

presence of the carbon host. The mechanical properties and the thermal conductivity of the 

hybrid materials based on sugar alcohol infiltrated in carbon foam were significantly higher 

than the pristine carbon foams. A very important point is that no surface treatment induced 

losses of either macroscopic porosity or thermal conductivity. The hydrophobised materials 
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thus fully retained their initial characteristics, making them relevant for solar thermal energy 

storage. 

Moreover, DSC experiments clearly stated that neither the melting point nor the enthalpy 

of melting of the hosted phase-change material was modified by the presence of carbon 

surfaces, whether hydrophobised or not. Most importantly, the most hydrophobic carbon 

foams were able to induce a significant subcooling of the hosted phase-change material, 

which is an excellent feature for long-term, i.e., seasonal, heat storage. The carbon foam with 

stoichiometry CF0.07 was the only material able to avoid completely heterogeneous nucleation 

of the sugar alcohol. A demonstrator is presently about to be built to prove the interest of 

hybrid materials based on carbon foam infiltrated by sugar alcohols for the seasonal storage of 

solar thermal energy. Several options for activating the crystallisation of the sugar alcohol on 

demand are being investigated and the most efficient one will be implemented in the 

demonstrator. In parallel, a thorough analysis of the thermal stability of the sugar alcohol is 

being carried out. 
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