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Surface characterization of natural graphite powder 
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Graphite powder electrodes bonded by polymerized LAP04 have been investigated for the 
first time by atomic force microscopy (AFM). The interest in investigating this material stems 
from the fact that graphite electrodes intercalated, or not, with various metals and bonded 
with LAP04 have shown very good mechanical and electrochemical stability during the 
hydrogen evolution reaction (HER) in 1 M KOH aqueous solutions. Examination of their 
surfaces by scanning electron microscopy has revealed that these electrodes are very 
porous. AFM furnishes additional data about the surface and can therefore be considered 
a powerful tool for surface characterization. 

1. Introduction 
Since its invention in 1985, atomic force microscopy 
(AFM) has been presented as a new technique for 
obtaining high-resolution surface topography [1]. 
Like its predecessor, the scanning tunnelling micro- 
scopy (STM) [2], AFM is a powerful tool for this 
purpose but it has a major advantage over STM in 
that it also allows atomic resolution of non-conduc- 
tive surface materials [3-4]. Its signal is generated by 
variations in the force between the tip and the local 
surface under examination [5]. 

So far, the investigation of graphite by STM was 
done mainly on highly-oriented pyrolytic graphite 
(HOPG). Work on other layered materials has sim- 
ilarly focused on single or quasi-crystals, particularly 
in work involving high-resolution, i.e. atomic-scale 
images. While single crystals offer the obvious 
advantage of possessing macroscopically planar and 
highly ordered surfaces, however, they are neither 
common nor readily prepared forms of most solid 
electrodes. 

A few authors have described STM analyses of 
graphite in forms other than HOPG,  e.g. kish (single 
crystal) graphite [6], flakes [7] and fibres [-8]. Re- 
cently, Zhang et aI. [9] achieved atomic resolution on 
pressed graphite powder (SP1 grade, 99.999% with an 
average particle diameter of 100 pm) a conductive 
material which allows a tunnelling current to flow. 

In the case of materials containing an insulating 
binder, such as carbon paste electrodes of the Adams 
type in which various hydrocarbons are used as 

binding substances, STM clearly discriminates spatial 
variations of conductive and insulating regions on 
surfaces. Wang et al. [10] have characterized the 
microdistribution of these regions for such electrode 
materials as a function of the concentration of Nujol 
oil but obtained no information about the insulating 
regions, which appear as "black holes". 

As far as electrochemistry is concerned, the applica- 
tion of scanning probe microscopy (SPM) has focused 
on in situ monitoring of redox reactions, plating, elec- 
trofinishing and other electrochemical processes on 
very flat surfaces (HOPG, Au, Pt etc.) [11, 12]. For 
industrial applications, however, it is the investigation 
of rough or porous materials that is more important. 
The particles, in pellets of such materials, commonly 
exhibit a strong preference toward orientation with 
the basal plane parallel to the pellet surface, as shown 
by X-ray powder diffraction studies. Recently, pel- 
letized graphite powder electrodes in which the par- 
ticles were bonded with lanthanum phosphate poly- 
mer, were characterized for the hydrogen evolution 
reaction (HER) in 1 M KOH [13]. It was observed that 
the electrode material is extremely porous. Microcrys- 
talline graphite powders with mean particle sizes in 
the 40-80 ~tm range contain crystalline faces with or- 
dered regions that are much larger than (he scale of 
the AFM experiment. On the basis of these consider- 
ations, there seems to be no reason why AFM images 
cannot be readily .obtained on pellets pressed from 
these powders. The present paper is devoted to further 
surface characterization of electrodes by AFM, 
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( A ) STM 

the tips. The deformation induces a signal, which is 
recorded during a scan. Again two modes of operation 
are possible: (i) constant-force mode, which a feed- 
back circuit moves the tip (or sample) forward and 
backward to keep the distance between the tip and the 
sample practically constant, and ( i i)non-contact  
mode in which the tip is moved in a plane while 
recording the variations of the signal. 

From the above considerations, it can be seen that 
STM requires a conductive material and relatively flat 
samples while AFM can image both conductive and 
non-conductive materials regardless of their surface 
roughness. 
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( B ) AFM 

Figure 1 Schematic representation of STM (A) and AFM (B). 

thereby illustrating its usefulness as a new investigat- 
ing tool. 

2. General considerations 
Scanning tunnelling microscopy consists of measuring 
the tunnelling current between a polarized sharp tip 
located a few nanometres away from the surface under 
investigation (Fig. 1). Application of a potential differ- 
ence between the tip and the surface with a sufficiently 
small gap between the two, generates a tunnelling 
current whose dependence on the distance, between 
the tip and the sample, d, is given by the relationship 

1 0(7. e 2d/S° (1) 

where So is the characteristic height of the "cloud" of 
electrons surrounding the tip and the sample. How- 
ever, the tunnelling current depends not only on the 
distance between the tip and the sample but also on 
the number of electrons available in the "cloud" i.e. the 
nature of the atoms involved. The surface may be 
examined in two different ways: (i) in constant-height 
mode, where the current variations are monitored 
during the surface scan, and (ii) in constant-current 
mode, where the current is kept at the same value with 
the aid of a feedback circuit and the tip motion is 
recorded during a surface scan. 

In STM, the tip exerts a substantial force on the 
sample surface through the atoms at its apex, a force 
of the same order of magnitude as the interatomic 
forces. In AFM, on the other hand, the tip is located at 
end of a flexible microcantilever which is deformed by 
the forces generated in reaction to the forces acting on 

3. Experimental procedure 
Natural graphite was used to prepare the C/LaPO4 
electrodes. The binder was prepared by combining 
acid lanthanum phosphate and lanthanum hydroxide 
[14]. 

A powder of La(H2PO4)3 + 2 La(OH)3 was mixed 
thoroughly with natural graphite in a ratio of 1 : 1 wt. 
Approximately 1 g of the resulting powder was 
pressed in a mould under vacuum at a pressure of 
7040 kg cm 2. The polymerization reaction was car- 
ried out under argon by heating the pellets for 4 h at 
400 °C. The overall polymerization reaction involved 
is 

La(H2PO4)3 + 2 La(OH)3 -+ 3 LaPO4 + 6 H 2 0  

Scanning electron microscope (SEM) images were 
obtained on a Jeol JSM-840A. The AFM measure- 
ments were made on a commercially available Nano- 
Scope II scanning probe microscope. The AFM was 
operated in constant-force mode and all scans were 
performed at ambient conditions. 

4. Results and discussion 
Fig. 2 is a close-up of the graphite electrode surface 
obtained by SEM which shows very clearly that this 
material is rough and contains pores. The white spots 
(indicated by arrows) correspond to LaPO4 which, 
since it is non-conductive, causes the resistivity of the 
electrode material; the higher the LaPO4 content, the 

Figure 2 Large-scale view of the graphite composite electrode sur- 
face obtained by SEM ( x 1400, 20 kV, WD33). 
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Figure 3 • Resistivity (p) and [] overpotential (fl) for HER in 1 M 
K O H  at 250 mA c m - 2  of the carbon/LaPO4 electrodes as a func- 
tion of the LaPO4 content. 

greater the resistivity (Fig. 3). The surface is therefore 
a mixture of non-conductive and conductive regions. 
Because of the regions with poor conductivity due to 
the presence of LaPO4 or impurities such as sulphur 
or silica in the natural graphite used, enlargement with 
SEM reaches a limit close to 50000 x magnification 
(for non-metallized surfaces) but AFM is not deterred 
by non-conductive regions and allows larger magnifi- 
cation of the electrode surface. 

A graphite powder electrode surface with 50 wt % 
LaPO4 for the bulk material is seen in Fig. 4; the 
image was obtained with the AFM technique in con- 
stant-force mode. The graphite particles were ob- 
served to be generally oriented in such a way that their 
basal plane is almost parallel to the pellet surface as 
reported for pelletized pure graphite [9] except that 
the material bond with LaPO~ had more particles 
with their edge plane parallel to (or growing from) the 
surface, as illustrated in the top right corner of Fig. 4. 
his tendency to present a disordered surface after 
pressing, which can be explained by the presence of 
LaPO4, provides key information as far as the electro- 
chemical behaviour for the HER is concerned since 
the electrochemical characteristics of graphite elec- 
trodes are quite different for edge and basal planes 
[15-17]. 

Fig. 3 shows the resistivity of electrodes measured 
by the four point method for different LaPO4 concen- 
trations in the pellet. The resistivity increases slightly 
from 30 to 60 wt % LaPO4 and substantially from 60 
to 80 wt % owing to the non-conductive nature of 
LaPO4. The same figure contains the rl250 versus 
LaPO4 concentration curve, where qas0 is the correc- 
ted hydrogen overpotential obtained for the HER in 
1 M K O H  for a current of 0.250 Acm -2 at 25 °C. The 
shape of this curve suggests that the electrocatalytic 
activity of the electrode material for the HER is pos- 
sibly related to two parameters: (i) the surface dis- 
order tends to increase with the LaPO4 content since 
the latter is associated with greater exposure of edge 
planes, which tends to promote the electrochemical 
activity, (ii) since LaPO4 is non-conductive and non- 
catalytic, the electrocatalYtic activity should decrease 
with a higher LaPO4 content. 

Figure 4 Large-scale AFM view of the graphite composite 
(50 wt % LaPO4) electrode surface obtained in constant force- 
mode. 

Figure 5 AFM image of the composite (50 wt % LaPO4) electrode 
surface. 

For the material concerned, STM is ineffective at 
the scale indicated in Fig. 4 for two reasons. Firstly, 
the constant-height mode cannot be used because t h e  
surface is too porous and the tip scratches the highest 
points, causing tunnelling-current interruptions at 
cavities; secondly, the constant-current mode cannot 
be used because the tip may be damaged in regions 
where LaPO4 polymer is present. 

Fig. 5 clearly evidences the layered nature of the 
electrode material. The basal plane region appears 
very clearly with defined contours. The high-resolu- 
tion capability of AFM coupled with a digital data 
acquisition system allows a detailed quantitative ana- 
lysis of the surface texture, i.e. the roughness factor (R). 
The latter is defined as the mean value of the surface 
relative to the centre plane and is calculated by the 
following relationship 

Ly L~ 
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Figure 6 AFM image of the composite (50 wt % LaPO¢) electrode 
surface. 

Figure 7 Atomic resolution on the composite (50 wt % LaPO4) 
electrode surface by AFM. 

wheref(x,  y) is the surface relative to the centre plane 
and Lx and Ly are the dimensions of the surface. The 
roughness factor differs from one spot to another, with 
a mean value of 34.82, and depends on the surface 
enlargement. This can be anticipated from Fig. 6 
which corresponds to the flat region of Fig. 5. R is 
approximately four times lower (8.366) for surface 
shown in Fig. 6 compared to that in Fig. 5. 

AFM has two limitations for the determination of 
R. Firstly, it is blind for surfaces that are re-entrant, or 
"folded", so that the corresponding micrographs must 
be interpreted with care. Secondly, the tips themselves 
limit the resolution to which roughness can be meas- 
ured, since the micrograph convolutes the surface with 
the tip shape. 

The roughness factor is generally high for a region 
characterized by large differences in the height of the 
highest and lowest points on the surface compared to 
the mean plane. A relatively flat surface may also give 
a high value of the roughness factor when strongly 

inclined; in these cases, determination of the fractal 
dimension [18] should allow discrimination with 
a non-flat surface. In order to calculate the fractal 
dimension, a three-dimensional array of cubes is 
superimposed on the three-dimensional image to com- 
pletely encompass the image. The cube size is varied 
and the number of cubes intersected by the image is 
recorded for each size. For  a given cube size, rougher 
samples intersect more cells than smooth samples. The 
fractal dimension is defined as the slope of the line 
obtained by plotting the log of the cell size versus the 
log of the cell count. The fractal dimension increases 
with the microroughness, from a minimum of 2 for 
a perfectly flat sample to a maximum of 3 for an 
extremely rough sample. It was 2.048 for Fig. 5 and 
2.033 for Fig. 6, which indicates that the surface was 
smoother in the latter case. 

The search for a very flat region is interesting be- 
cause atomic-scale imaging can be performed on a flat 
spot. Fig. 7 was obtained after image treatment. The 
graphite surface is composed of carbon atoms occupy- 
ing unequivalent A and B sites in a hexagonal struc- 

516 

j ~ s 

s 
" y "l 

I 

i B 
I 

I 

" ¥ ' H  
-f  

<> J 

Figure 8 Two staggered layers of the (0001) graphite surface 
shown by solid and dotted lines. Two different (A and B) atomic 
sites in the top layer are indicated by small and large dots, respec- 
tively. The H site is the centre of the hexagon. 

ture (Fig. 8). Batra and Ciraci [.19] have shown that 
AFM probably responds to A atoms on graphite, 
whereas STM responds to B atoms. It is also relevant 
to note that AFM is sensitive to t h e  total charge 
density in the contact region, and STM to the charge 
density close to the Fermi level. For  an AFM image 
on graphite, the distance between two consecutive 
protrusions (assumed to be A sites) should be theoret- 
ically 0.246 nm. A value of ~ 0.23 nm is obtained 
from Fig. 9. The small difference (0.23 versus 
0.246 nm) can probably be explained by large atomic- 
scale corrugations and an irregular surface. Pre- 
viously, these corrugations were explained as 
anomalies in the surface electronic structure and de- 
formation of graphite surface. Albrecht and Quate [3] 
explain that deformations are probably caused by 
variations in the quality of the lever/sample contact 
area, which result in simultaneous imaging from mul- 
tiple contact points. Moreover, for imaging natural 



Figure 9 Parameter measurements at atomic scale on composite (50 wt % LaPO4) electrode surface by AFM. 

graphite in air, possible contamination of the tip [20] 
and relative humidity E21] must also be considered. 

Surface calculations can be performed for the case 
illustrated in Fig. 7 where R is small (0.353) and the 
fractal dimension high (2.447). The values for the real 
surface area calculated at the scale of Fig. 7 by AFM 
and that by Brunauer-Emmett-Tel ler  (BET) may be 
compared. The real surface area is defined as the 
three-dimensional area for a given projected geomet- 
ric surface. In AFM, this value is the sum of the areas 
of the triangles formed by three adjacent data points. 
For  Fig. 7, the real surface area is 1.50 x 10 -4 l, tm 2 
while the surface area ratio (defined as the ratio of the 
three-dimensional surface area to the two-dimensional 
surface area corresponding to the product of the 
length and width of the picture) is 23. BET measure- 
ments on the electrode gave 7.8 m 2 for an electrode of 
1 g with a geometric surface area of 2.6 cm 2 and the 
surface area ratio is 30 000. This large difference can- 
not be explained by the limitations of AFM discussed 
above but is due to the fact that measurements at this 
scale on this particular material can only be taken on 
the basal planes of graphite powder. On the other 
hand, the active surface and the catalytic activity are 
strongly related to the edge planes [16]. 

5. Conclusion 
For the first time, atomic force microscopy has been 
successfully used for surface characterization of graph- 

ite composite electrodes allowing the roughness factor 
to be calculated down to the atomic scale. 
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