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Abstract 

The proton-related fine structure of inelastic neutron spectra of glassy carbon, pure anthracite coal, furnace black and activated carbon  
has been evaluated using periodic density-functional perturbation theory models of graphene sheets with isolated (H1), vicinal hydrogen 
(H2) and mixed (H1, H2) termination. Significant differences in the out-of-plane aryl C-H bending/wagging mode region were observed 
which are not simply numerically correlated with the hydrogen content but with the fine structure of the carbons of different origin and 
production technology. The basic structural units in glassy carbon type 1 appear to be more uniform than in other carbons, H1 and H2 
terminations seems to occur in distinct domains and a mixture of the types is sparse. The neutron spectra of type 2 material and of acetylene 
blacks of low hydrogen content show similarity to the spectrum of pure graphite, however, transmission electron microscopy reveals 
distinct differences in morphology at the nanoscale.      

 

1. Introduction 

Glassy carbon (GC) [1,2] mainly consists of sp2 carbon 
with highly disturbed ordering and stacking [3]. This may 
imply enhanced surface ruggedness, disorder and 
differences in size, fine-structure and orientation of the 
basic structural units (BSU’s). Phenolic resin (e.g.) is used 
as a templating educt material to produce glassy carbon 
which according to the Jenkins model ‘memorises’ the 
molecular orientation of the tangled structure of the 
precursor polymer [4]. GC’s are reported to be non-
graphitising and resistant to degradation up to high 
temperature under inert gas or vacuum conditions. 
According to the Franklin model [5] it can be assumed that 
GC consists of smaller BSU’s than may be found in pure 
ordered graphitic matter or other grades of carbon such as 
coal, carbon blacks of different production technology [6] 
or activated carbons [7]. These differences could be 
accompanied by differences in hydrogen content and, 
correspondingly, varying relative proportions of 
hydrogenous substitutional patterns down to the nanometre 
scale [8, and 6].  

To improve the understanding of the fundamental 
differences between graphitising and non-graphitising 
carbons we have utilised the unique potential of inelastic 
incoherent neutron scattering (IINS) to selectively study the 
proton dynamics of carbonaceous matter from different 
feedstocks and of different hydrogen content. IINS spectra 
of acetylene-derived blacks with different degrees of 
ordering and gas and furnace blacks produced from natural 
gas and oil respectively were compared. Due to the high 
purity and sp2 character, acetylene black is used as a 

support material in the production of various hydrogenation 
catalysts for chemical syntheses. Gas blacks are used as 
brilliant black pigments and the furnace blacks as 
reinforcing fillers for tyres. High purity noble anthracite 
coal (Sophia Jacoba mine), activated carbon derived from 
beech wood and graphite as a reference material for 
background subtraction were included in this study. 
Transmission electron microscopy (TEM) at enhanced 
resolution revealed pronounced differences in the fine 
structure of these carbons. 

According to the model derived from transmission 
electron microscopy (TEM) the basic structural units of 
carbon blacks and other finely divided graphitising carbons 
consist of small graphite-like platelets which are arranged 
in turbostratic disorder to form spherical structures [6]. 
These entities must be terminated by (few) oxygen-, 
nitrogen- or sulphur-containing functional groups and, 
predominantly, by protons [8] - otherwise these flat open 
sp2 structures would not be stable and fullerenes or 
nanotubes would be formed. Curvature is induced by non-
hexagonal rings, e.g. corannulene-type entities [9].  Due to 
the absorption of electromagnetic radiation and the 
electrical conductivity of such finely divided carbons, these 
protons in edge termination can be studied exclusively by 
inelastic neutron scattering [10]. Carbon blacks can be 
graphitised to different degrees, whereas glassy 
(“vitreous”) carbons, which are used as electrode materials, 
in electronics and construction, and as crucibles, are known 
to be resistant to graphitisation.  

Recently we have investigated the proton 
dynamics of type 1 GC [11] (maximum service temperature 
under argon: 1000°C) on TOSCA [12, 13]. The IINS 
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spectrum showed a well separated sharp band in the out-of-
plane aryl C-H bending/wagging region which can be 
assigned to  two adjacent hydrogen entities in sp2 carbons, 
structures as dominating in the coronene molecule [14]. 
This indicates quite similar and uniform properties of the 
BSU’s in this synthetic grade of carbon derived from resin. 
Compared to GC IINS data on other carbons [10] revealed 
that the width of the out-of-plane vibrational mode region 
often is much broader and its fine structure more 
complicated and less resolved in various grades of coals 
[15, 16], activated carbons [14], diesel soots [17], carbon 
blacks [18] or technical cokes deposited or transformed on 
industrial catalysts [19]. This may indicate that such 
graphitising carbons are formed by BSU’s of a much 
broader or more irregular size distribution compared to 
non-graphitising GC’s and it may be presumed that this 
translates to different relative proportions of terminating 
protons (isolated/ vicinal/ ternary/quaternary). To probe 
this in more detail, a set of neutron spectra of carbons with 
comparable resolution were recorded on TOSCA and 
evaluated by computational methods focusing on isolated 
and vicinal bound protons in graphene planes which were 
used in a first approximation to model BSU’s and to check 
the feasibility of this approach in evaluating the inelastic 
neutron spectra of carbons.  

2.  Experimental 

2.1 Materials  
GC-powder and -plate samples of type1 and type 2 

specification were compared whose maximum service 
temperature under argon or in vacuum is defined as 1000 or 
3000 K, respectively. The samples 1-5 (Table 1) were 
purchased from Alfa Aesar®. High purity anthracite coal (> 
95% C) was obtained from the mine Sophia Jacoba 
(Hückelhoven-Ratheim, Germany). A steam activated 
carbon was derived from beech wood; the nitrogen surface 
area is > 1000 m2 g-1 and the total pore volume > 1.3 ml g-1. 
The surface area of the non-porous gas black and the 
furnace black are 320 and 35 m2 g-1, the acetylene blacks 
are 70 and 80 m2g -1. 

The integral hydrogen content was determined 
with a LECO TCH600 instrument. The sample weights 
used in the individual IINS experiment are noted in Table 1 
indicating that the observed differences in proton dynamics 
(section 3.2) are significant and averaged at the 
macroscopic level over bulk quantities of carbons.  
Sample 8 was measured by means of TEM as received and 
after subsequent graphitisation in an electro-furnace under 
argon gas.  
 
2.2 Transmission electron microscopy  
 A Jeol 2010F field emission transmission electron 
microscope (FE-TEM) was operated at 200 keV 
acceleration voltage. A 4k x 4k F416 TemCam (TVIPS) 
was utilised. 
 
 

Table 1 
Carbon materials, hydrogen content and sample weight in the IINS sample 
can. 
 Hydrogen content IINS 

sample 
weight 

 µg g-1  g 
1 Glassy carbon plate type 1, 4 mm  
2 Glassy carbon plate type 2, 4 mm 

4100 ± 200 
60 ± 20  

15.25 
14.66 

3 Glassy carbon powder type 1, 0.4-12 
micron  

5500 ± 200 47.81 

4 Glassy carbon powder type 2, 0.4-12 
micron  

950 ± 200 47.14 

5 Graphite rod  30 ± 10 107.2 
6 Acetylene black powder  273 ± 30 6.36 
7 Acetylene black powder 
8 Furnace black N660 1)  
9 Gas black FW1 powder 
10 Noble anthracite (bulk piece) 
11 Activated carbon pellets   

305 ± 30 
2100 ± 200 
4100 ± 300 
2990 ± 200 
2300 ± 20 

8.67 
41.28 
8.87 
16.64 
36.50 

   
1) After graphitisation 200 ± 30 µg g-1 

 
 
2.3 Inelastic incoherent neutron scattering 

The powder-shaped carbons and the porous 
pelletized activated carbon sample 11 were pumped down 
in their individual IINS sample can for 24 h at room 
temperature using a turbomolecular pump and sealed by a 
welded bellow valve (Nupro). 

IINS spectra were recorded using the spectrometer  
TOSCA [12, 13] at the spallation neutron source ISIS. A 
sample can was quenched in liquid nitrogen, loaded in a 
closed cycle helium cryostat and measured at 20 K. A 
reference measurement to verify the presence of traces of 
water in a glassy carbon sample (type 1) and the activated 
carbon were recorded using the MAPS spectrometer [20]. 
 
2.4 Computational methods  
 Periodic density functional theory (periodic-DFT) 
studies of the hydrogen termination of graphene planes was 
carried out using the plane-wave pseudopotential program 
method as implemented in CASTEP [21, 22]. The plane-
wave cut-off energy was 900 eV and exchange and 
correlation were approximated using the GGA PBE 
functional. Brillouin zone sampling of electronic states was 
performed on 10×8×1, 10×12×1 and 4×8×1 Monkhorst-
Pack grids for the [100], [110] and [310] systems 
respectively. The equilibrium structure, an essential 
prerequisite for lattice dynamics calculations was obtained 
by BFGS geometry optimization after which the residual 
forces were converged to zero within ±0.006 eV Å-1. 
Phonon frequencies were obtained by diagonalisation of 
dynamical matrices computed using density-functional 
perturbation theory [23]. For the [110] system, the 
dispersion across the entire Brillouin zone was calculated. 
The resulting dispersion curves were almost flat for the 
hydrogen modes. We note that the unit cells are sufficiently 
large that, relative to graphene, the Brillouin zone is well-
sampled. The atomic displacements in each mode that are 
part of the CASTEP output, enable visualization of the 
modes to aid assignments and are also all that is required to 
generate the IINS spectrum using the program ACLIMAX 
[24]. ACLIMAX uses the CASTEP output to generate an 



INS spectrum that has the same (Q,ω) trajectory as 
TOSCA. The program calculates all the transitions up to 0 
→ 10. Any value may be used for the Debye-Waller factor, 
in this case, we used the default value of the exponent of 
0.035 Å2. In the present instance of a periodic calculation 
on an extended solid, the distinction between internal and 
external modes is lost and all the modes are “internal”. 
Thus the standard calculation of overtones and 
combinations automatically includes the phonon wings. It 
is emphasised that for all the calculated spectra shown the 
transition energies have not been scaled. 

The structures considered were generated from the 
graphite crystal structure by cleavage along [100],[110],and 
[310] directions and hydrogen terminated top and bottom. 
To reduce the computational expense, the periodicity along 
the interlayer c direction was removed. The resulting two-
dimensional slabs were separated by a 10 Å vacuum gap. 
This had the side effect of reducing the restoring force 
perpendicular to the planes, thus some of the low energy, 
<100 cm-1, modes had much greater intensity than they 
would have had in graphite. These modes were set to have 
near-zero intensity. The thickness of the slab was 
investigated, it was found that 10 layers were needed for 
the [100] system to ensure that there was no interaction 
between the hydrogens at the top and the bottom of the 
layer. For the [110] and [310] systems seven layers were 
sufficient.   

3. Results and Discussion 

3.1 Transmission electron microscopy 
The TEM images in Fig. 1 a-d illustrate differences 
between the glassy carbon type 1 and type 2. The type 1 
material (1000 K operation) is highly disordered and of 
amorphous appearance (“vitreous carbon” [1,2 ]) whereas 
the type 2 (3000 K operation) material shows some 
graphitic ordering in the topmost surface region whereas in 
near-surface regions similarity to type 1 material is 
observed. The graphitic ordering in the surface region of 
the type 2 material (Fig. 1 d) seems slightly enhanced 
compared to a GL-200 glassy carbon sample [3]. 

 

  

  

 

  

   

Fig. 1. Top to bottom: a-d) Comparison of glassy carbon’s 
surface and selvedge region; left: type 1, right: type 2; e-f) 
furnace black before (left) and after (right) high 
temperature treatment under argon; g) noble anthracite coal 
(Sophia Jacoba mine); h) graphite rod; i-j) acetylene blacks 
sample 6 (left) and sample 7 (right) (Table 1).  

Different fine-structure is observed for carbon black: the 
paracrystalline microstructure appears (Fig. 1 e) according 
to the model described in  [6 p. 102] and the thermal post-
treatment leads to enhanced graphitic ordering and the 

a) b) 

c) d) 

e) f) 

g)  h) 
   

i) 
   

j) 
   



decrease of the d-values between the graphitic sheets from 
0.37 nm to 0.34 nm [25]. The noble anthracite coal shows 
even more disorder (0.36 nm - 0.34 nm) whereas the 
graphite reference (2990 vs. 30 µg g-1 H, Table 1) shows 
enhanced two-dimensional sp2-ordering (Fig. 1 g-h) 
compared to the topmost surface region of the type 2 GC-
plate (Fig. 1 d). The acetylene blacks of slightly higher but 
similar hydrogen content are partly ordered and partly para-
crystalline/disordered and the d-values show small 
variations accordingly (0.35 to 0.37 nm).    

3.2 Inelastic incoherent neutron scattering 
Fig. 2 and 3 show pronounced differences in the 

properties of GC carbon type 1 powder and plate whereas 
the spectral features of type 2 material are quite similar for 
both, powder and plate. The out-of-plane C-H 
deformational modes of the type 1 plate are much sharper 
than for the powder material which suggests some 
similarity to the spectrum of activated carbon (Fig. 4). The 
difference spectrum between powder and plate in Fig. 3 
shows the presence of traces of water in the material 
indicated by the characteristic shape, position and 
broadness of the librational modes of ice [26, 27] (please 
note that the IINS measurements are recorded at low 
temperature).  

Fig. 2. IINS spectra of type 1 and type 2 quality GC plates 
and powders 

This conclusion is supported by an additional 
measurement (after drying the sample at 105°C for 12 h) 
using the MAPS spectrometer (Fig. 2) which allows 
complementary access and signal assignment to the O-H 
modes. A weak, broad O–H stretch mode is apparent at 
~3600 cm-1 confirming the assignment of the ~500 cm-1 
band to water.  
 Comparison of the spectra of both the high 
temperature type 2 GC’s (Fig. 2) and the graphite rod (Fig. 
3) suggests some similarity. With respect to the low 
hydrogen levels (Table 1, 60/950/30 µg g-1 H) hydrogenous 
motions are largely missing. In spite of the different fine 
structures  seen in the TEM (Fig. 1 a-d, h) and that non-
graphitising material (or material that only shows some 
traces of surface-graphiticity, type 2 plate) is compared 
with graphitic carbon this similarity is striking: GC’s of 

type 2 at the given low hydrogen content can also not 
accommodate lattice dynamics at higher frequencies than 
pure graphite and the out-of-plane and in-plane aryl C-H 
wagging modes which dominate the IINS spectra of the 
GC’s type 1 are largely missing. The structural evolution of 
GC’s [28, 29] with temperature due to the loss of 
hydrogenous species is clearly and sensitively indicated by 
the changes in the low energy vibrational mode region 
below ca. 1800 cm-1 (Fig. 2).      

 

 
Fig. 3. IINS spectra of carbons. Top to bottom: activated 
carbon, graphite rod and Sophia-Jacoba anthracite. The 
inset shows the high energy region of the activated carbon 
sample recorded on MAPS. 

Also the features around 500 cm-1 in the spectrum of the 
activated carbon (Fig. 3) could be assigned to either 
graphitic material or absorbed water. From subtractions of 
the graphite rod and the carbon black N660 (Fig. 4) from 
the spectrum, it is clear that the carbon black is the better 
model and that absorbed water is present in the porous 
material of high surface area. This supported by the MAPS 
data, which shows an O–H stretch at 3460 cm-1.  

 

Fig. 4. IINS spectra of carbon blacks: gas black FW1 
(upper trace) and carbon black N660 (lower trace)..  



 The IINS spectra of the graphite rod (Fig. 3 ) and 
the acetylene blacks of different hydrogen content (Fig. 5) 
(Table 1, 30 vs. 273 and 305 µg g-1 H) are still more similar 
to each other ( Fig. 4) than to furnace black (Fig. 4) and gas 
black (Fig. 4) and to activated carbon (Fig. 3). The 
spectrum of the high surface area gas black FW1 in Figure 
4 is dominated by the presence of adsorbed water and this 
is confirmed by the subtraction of the spectrum of the lower 
surface area furnace black  N660. 

 
Fig. 5. IINS spectra of acetylene blacks and difference 
spectrum. 

It is of interest to see if the adsorbed/absorbed 
water varies between the different types of carbons: GC, 
porous carbon and high surface area gas black. Fig. 6  
compares the spectra of the water obtained from the 
subtractions. Apart from the artefact in the spectrum from 
the activated carbon due to a miscancellation, the spectra 
are very similar. In particular, the leading edge of the 
librational bands is at ~430 cm-1 in all three samples, 
indicating that the intermolecular OO distance is the 
same in all three materials and larger than in ice Ih. The 
sloping leading edge indicates that the water is disordered 
[26, 27]. The adsorbed water is not removed by pumping 
under high vacumm and in the case of the GC type 1 
powder not even  by high vacuum at 105 °C overnight. 
That the structure differs from bulk ice Ih is indicative of a 
significant interaction between the water and the surface of 
the carbon. The disorder is also different from that found in 
high density amorphous (HDA) ice [26], Fig. 6. It can be 
seen that both the librational and acoustic translational 
modes are at lower energy than HDA ice (465 cm-1 for the 
mid-point of the librational edge and 78 cm-1 respectively). 
Together with the  relatively high energy of the O–H 
stretch modes, ~3500 cm-1, seen in the glassy carbon and 
the activated carbon samples, the spectra suggest an open 
network of water molecules with relatively weak hydrogen 
bonding present.  

Previous work had shown that controlled gas-
phase oxidation of a corresponding high surface area gas 
black caused an additional vibrational feature at about 410 
cm-1 due to enhanced porosity by erosion with ozone [30]. 
This feature is not observed in the non-oxidised material.    

 

Figure 6: Comparison of adsorbed/absorbed water on 
carbons. Top to bottom: activated carbon, gas black FW1, 
dried type 1 glassy carbon powder and high density 
amorphous (HDA) ice. The dashed vertical line marks the 
mid-point of the librational edge of HDA ice.  

3.3 Computational results 
The nature of the edge termination of the graphene planes 
is of considerable interest. We have previously investigated 
this by generating molecules with one (H1), two (H2) or 
three (H3) adjacent hydrogens and calculating their 
vibrational spectra [14]. This approach has been adapted 
and extended to larger model systems [31]. An alternative 
method is to create a surface with appropriate termination 
and to use periodic-DFT to model it. Figure 7 shows a 
graphene plane cleaved along [100] (1a), [110] (1b) and 
[310] (1c) to generate H1, H2 and mixed H1, H2 
terminated surfaces respectively.    
 The IINS spectrum of the type 1 glassy carbon 
plate is compared to those generated from the [100] and 
[110] systems in Figure 8 a-c. It can be seen that together, 
the models for H1 and H2 termination account reasonably 
well for all the spectral features. By comparison to the C–H 
stretching mode at 3030 cm-1, we estimate that H1 and H2 
terminations are present in approximately equal numbers. 
To model this, the [310] system was created which has the 
same number of H1 and H2 hydrogen atoms. It can be seen, 
Figure 12 (d), that this is a very poor model of the system, 
neither the profile nor the relative intensities of the out-of-
plane deformation modes around 700 – 1000 cm-1 is well-
reproduced. This would indicate that H1 and H2 
terminations occur as distinct domains and that a mixture of 
the types is sparse, at least in glassy carbon.  



 

Fig. 7. A graphene plane cleaved along: (a) [100] showing 
six unit cells, (b) [110] showing four unit cells and (c) 
[310] showing two unit cells to generate H1, H2 and mixed 
H1 H2 terminated surfaces respectively. 

 Based on this analysis, for the materials 
investigated here, that contain a significant amount of 
hydrogen (Table 1), we suggest that: type I glassy carbon 
has H1 and H2 termination in a 2:1 ratio, (equal numbers of 
H1 and H2 hydrogens), furnace black N660 has H1 and H2 
termination in a 4:1 ratio (twice as many H1 as H2 
hydrogens), activated carbon has H1 and H2 termination in 
a 2:1 ratio (equal numbers of H1 and H2 hydrogens) and 
noble anthracite coal has H1 and H2 termination in a 1.5:1 
ratio (one-third more of H2 than H1 hydrogens), Table 2.  
 

 
Fig. 8. INS spectra of: (a) type 1 glassy carbon plate, and 
those generated from a graphene plane cleaved along: (b) 
[100] to give H1 termination, (c) [110] to give H2 
termination and (d) along [310] to give a mixed H1, H2 
(1:1) system.  

 Figure 9 compares the spectra generated from the 
models shown in Figure 7 with the IINS spectrum of type 1 
glassy carbon plate. It can be seen that the agreement is 
encouraging. The spectra shown are calculated only at the 
Γ-point in the Brillouin zone. The modes relating to carbon 
motions (< 800 cm-1) are likely to be highly dispersed and 

inclusion of these would require calculations across the 
complete Brillouin zone. While this would improve the 
agreement they are significant calculations and the time 
required could not be justified. 

 

Fig.9. Comparison of the IINS spectrum of type 1 glassy 
carbon plate (red) and that calculated from a 2:1 H1 to H2 
mixture (blue).  

Table 2. 
Calculated and observed transition energies of the out-of-
plane C–H bending/wagging modes and the H1:H2 ratio.  
 H1 / cm-1 H2 / cm-1 H1:H2 
CASTEP 880 785 935  
GC type I plate 873 806 954 2:1 
Noble anthracite 
coal 
 

875 770 950 1.5:1 

Activated carbon 877 821 933 2:1 

Furnace black 
N660 

864 800 950 4:1 

 

3.4  Discussion and outlook  
These results on the differences in hydrogen content (Table 
1), micro- and nanostructure (TEM, Figure 1) and, 
correspondingly, proton dynamics (IINS, Figure 2-6, 8, 9, 
and Table 2) indicate distinct differences between these 
carbons of different structural complexity and sp2/sp3 
character. 

The agreement between experimental neutron data 
and models of graphene planes of different hydrogen 
termination is encouraging and illustrates future potential in 
studying the proton-related properties as structural probes 
of the basic structural units in carbons. This will enable an 
improved  understanding of different technical properties 
due to different feedstocks, origin and synthesis conditions.  
The observation that the experimental neutron spectrum of 
a glassy carbon type 1 plate is well–approximated by H1 
and H2 terminated sheets of graphene but not by a mixture 
of H1 and H2 termination in the same BSU suggests that 



the cross-linked stacked graphene layers in non-
graphitising carbon according to the Franklin model [5]  
consists of distinct domains of equal hydrogen termination: 
H1 type hydrogen termination on the one hand and H2 
termination on the other. 

Size, shape, orientation and stacking as well as  
disorder, turbostratic arrangement and curvature of BSU’s 
and the type of terminating protons and H1/H2 ratios as 
usable properties of carbons are of relevance in many fields 
of application such as:   
1) the reinforcement of rubber materials - the interactions 
between the hydrogen terminated edges of the surfaces of 
carbon blacks and the polymer chains   
2) lithium ion cells - the correlation between hydrogen 
content and capacity for reversible lithium insertion in 
carbons and preferential bonding in the vicinity of the 
hydrogen atoms [32,33]   
3) catalysis - the preferential adsorption, deposition and 
particle growth of precious metal nanoparticles in edge 
decoration in technical catalysts [34] indicating interactions 
between terminating hydrogen in carbons with precious 
metal atoms on carbon blacks similar to the lithium ions in 
glassy carbon [33].       

Conclusions 
 The inelastic neutron spectra of glassy carbons of 
type 1 and type 2 show distinct differences which directly 
illustrates structural evolution [28, 29] with temperature 
and loss of hydrogen. The neutron spectra of type 2 GC and 
acetylene blacks show similarity to the spectrum of pure 
graphite, however, TEM reveals pronounced differences of 
the micro-/nanostructures.     
 In GC type 1 powder, highly porous activated 
carbon and a high surface area gas black sample residual 
adsorbed/absorbed water was observed which is of 
disordered structure in the ice-like-state.   
 The out-of-plane aryl C-H bending/wagging 
modes of type 1 GC appear as sharp and well-resolved 
signals compared to the broader and less-structured bands 
in the spectra of various coals, carbon blacks, activated 
carbons or technical cokes observed here and seen 
previously [10]. This may be attributed to a more regular 
size and shape distribution of the basic structural units in 
non-graphitising carbons. This conclusion is supported by 
DFT-calculations of graphene sheets in evaluating the 
relative proportions of isolated H1 and vicinal H2 
termination in analysing the IINS spectra of type 1 GC, 
furnace black, activated carbon and noble anthracite coal. 
No simple correlation with total hydrogen content of the 
carbons is found but with the fine structure according to 
grade and production technology.    
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