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Argon plasma bombardment was successfully used for the hydrogen activation of spectroscopic
graphite electrodes. The hydrogen evolution reaction (HER) in 1M KOH was investigated using
electrochemical techniques such as galvanostatic polarization and a.c. impedence spectroscopy; the
electrode surface was characterized by SEM. It is shown that the rate of HER at a given hydrogen
overpotential value increases exponentially with the etching time (ET), up to ETs of 30min, and
slightly decreases from 30 to 60min. The double-layer capacity (Cdl) was established against the
hydrogen overpotential for di�erent ETs, with Cdl reaching its maximum for ETs of 30min.
Moreover, it is shown that the etching process also leads to a signi®cant increase in intrinsic activity
toward HER.
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1. Introduction

Carbon is used extensively in electrochemistry due to
its numerous advantages, for example, it is relatively
inert chemically in many electrolytes. However, in
many applications, carbon electrodes su�er from
poor activity. To overcome this problem, many at-
tempts have been made to improve the surface
properties. Some common techniques include: me-
chanical polishing [1, 2], chemical [3], thermal [4] and
electrochemical [5] treatments, laser irradiation [6],
ion sputtering oxidation [7], and radio frequency
plasma [8]. Various explanations have been proposed
for the carbon electrode activation processes, such as
the removal of possible contaminants from the elec-
trode surface [5], the increase of the surface roughness
factor and the exposure of fresh edges planes,
microparticles, and defects that may be ideal sites for
electron transfer [9].

The e�ect of ion bombardment on highly oriented
pyrolytic graphite (HOPG) surfaces has recently been
investigated by a.c. electrochemical impedance
spectroscopy in relation to the hydrogen evolution
reaction (HER) [10]. It has been shown that the
double-layer capacitance of the electrodes increases
almost linearly with the etching time as a result of the
formation of cone-like peaks on the electrode sur-
face.

The present investigation deals with the e�ect of
argon plasma etching on the spectroscopic graphite
surface in relation to the HER in 1M KOH aqueous
solution of 25 °C. Spectroscopic graphite, which is
widely used in arc or spark emission spectroscopy,

provides a convenient material for solid electrodes.
Its high purity makes its use very attractive for elec-
trocatalysis applications. Special attention was paid
to the e�ect of the etching time (ET) on the surface
characteristics and the applied current and pressure
for sustaining the argon plasma on the HER were
also taken into account.

Activated spectroscopic graphite electrodes using
etching process are considered possible candidates for
the electrocatalytic hydrogenation of organic com-
pounds, since carbon materials have ideal character-
istics for this type of electrochemistry [11, 12].

2. Experimental details

2.1. Electrodes preparation

Crystal parameters of spectroscopic graphite rods
(Graf Spec, Spectrex Ltd) determined from XRD
measurements using a Rigaku D/MaxB di�ractome-
ter are presented in Table 1. The mean size of the
graphitic microcrystallite along the a-axis, La, and
the mean size of the graphitic microcrystallite along
the c-axis, Lc, are both calculated using the Scherrer
equation [13]. The values of d002, La and Lc are
characteristics of randomly oriented graphite [6],
which means a graphitized carbon with randomly
oriented graphite microcrystallites, which is di�erent
from an amorphous carbon.

Spectroscopic graphite rods (0.3 cm2 of geometric
surface area) were cut to obtain pellets approximately
0.5 cm in length. The samples were mechanically
polished with a sequence of smaller particle-size
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abrasive powders (silicon carbide): 200, 400 and 600.
After each polishing steps, the sample was rinsed with
triply deionized water and dried by forced air con-
vection. Immediately after, the pellet was placed in
a plasma-etching chamber, (Hummer VI Sputter
Coating); the pressure in the chamber was lowered to
50mtorr. High-purity argon (99.998%) was then in-
troduced in the chamber via a micrometric admit-
tance valve. For the ®rst set of experiments, the
pressure, which was measured with a Pirani gauge,
was stabilized at 120mtorr, and fresh spectroscopic
graphite surfaces were exposed to an argon plasma
discharge at a current of 15mA in an etching mode
over time intervals ranging from 0 to 60min. For
other sets of experiments, the pressure was varied
from 120 to 300mtorr, and the discharge current
from 5 to 45mA. The contamination of the argon
plasma (e.g. O2 and others contaminants) was pos-
sible below a pressure of 120mtorr and consequently,
a minimum pressure value of 120mtorr was consid-
ered.

Silver epoxy (EPO-TEK H20E, Epoxy Techn.,
Inc) was used to ensure good electrical contact. One
face and the sides of the electrodes were coated with
Epo®x resin (Struers) to obtain a projected geometric
surface area of 0.3 cm2. Epo®x resin, known for its
stability (i.e. no leaching) in alkaline solutions, was
used successfully in previous work to characterize
electrode behaviour [14].

2.2. Electrochemical measurements

The electrochemical measurements for the HER were
performed in a double-wall Pyrex glass cell in which
the anodic and cathodic compartments were sepa-
rated by a Na®onÒ membrane (Na®onÒ 901, Elec-
trosynthesis Co.). The electrolysis was carried out at
25 °C in 1M KOH (BDH 99.9%) prepared using
deionized water (Barnstead Nanopure water with
17.5mX resistivity). A pure platinum grid was used as
the counter electrode; a Hg/HgO/1M KOH reference
electrode was connected to the cathodic compartment
by a Luggin capillary. The measured value of the
HER reversible potential in 1M KOH was )925mV
with respect to the reference electrode. Nitrogen was
bubbled through the solution prior and during elec-
trolysis. The measurements were performed using
a PAR model 273A potentiostat/galvanostat, PAR
model 5210 two-phase lock-in analyser and Com-
modore PC2 microcomputer. A constant cathodic
current of 33mAcm)2 was applied for 30min and the

Tafel curve was recorded galvanostatically from
41mAcm)2 to 0.01 lAcm)2. The overpotentials were
corrected for the ohmic drop using the a.c. impedance
technique. The above procedure has been used for the
characterization of the electrode materials for the
HER [15, 16]; the procedure was repeated until no
di�erences were observed in the cathodic polarization
curves (after about three consecutive cycles). Once
the Tafel curve was recorded, the a.c. measurements
were carried out on the electrodes. The spectra were
recorded in a frequency range from 104 to 0.1Hz
using 5mV peak-to-peak amplitude. The selected
applied d.c. potentials were located in the linear
portion of the Tafel lines.

3. Results and discussion

3.1. E�ect of etching time during the etching process

As previously noted, spectroscopic graphite surfaces
were etched for 0, 5, 15, 30, 45 and 60min with
a discharge current of 15mA and a pressure of
120mtorr to correlate the e�ects of argon plasma
etching time on the electrocatalytic activity of the
electrode materials for HER. The log(i) against hy-
drogen overpotential (gH2

) curves are given in Fig. 1
for the di�erent ETs under consideration. The fol-
lowing has been deduced from the Fig. 1 curves: (i)
the log(i) versus the gH2

curves are practically linear
relationships, with the Tafel parameters given under
Fig. 1 for each ET, (ii) the HER electrocatalytic ac-
tivity has improved from 0 to 30min of ET to further
decrease for larger ETs and (iii) the Tafel slope in-
creases from 0 to 5min of ET to be practically con-

Table 1. Crystal parameters of a spectroscopic graphite surface

d002* La
  Lc

à

nm nm nm

Spectroscopic graphite 0.336 14.0 15.5

* d002: interplanar spacing.
 mean size of graphitic microcrystallite along a-axis.
àmean size of graphitic microcrystallite along c-axis.

Fig. 1. Tafel plots for spectroscopic graphite electrodes for ET of 0
(d), 5 (j), 15 (m), 30 (.), 45 (r) and 60min ( ); (120mtorr and
15mA) in 1M KOH at 25 °C. Tafel parameters: b � 167mVdec)1,
j0 � 0.15lAcm)2 for ET � 0min; b � 191mVdec)1 j0 �
1.15lAcm)2 for ET � 5min; b � 185mVdec)1, j0 �
1.65lAcm)2 for ET � 15min; b � 197mVdec)1, j0 � 11.8
lAcm)2 for ET � 30min; b � 189mVdec)1, j0 � 8.45lAcm)2

for ET � 45min; b � 195mVdec)1, j0 � 8.90lAcm)2 for
ET � 60min.
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stant from 5 to 60min of ET. It is relevant to note
that the HER rate jumps by a factor of about 40 from
ET� 0 to ET� 30min in the potential region ranging
from 350 to 600mV.

The a.c. impedance spectroscopy was used to
clarify the HER for di�erent ETs. Typical complex-
plane diagrams are shown in Fig. 2 for electrodes
with an ET of 30min and gH2

ranging from 342 to
537mV. Only one semicircle is noticed for all po-
tential values; the larger gH2

, the lower the charge
transfer resistance. The points correspond to the ex-
perimental data and the lines to the constant-phase
element (CPE) model simulation using the ®tting
program written by MacDonald [17]. The Fig. 3
Bode curves also show that very good ®ts are ob-
tained for all experimental sets of data. The surface
roughness factor induces frequency dispersion due to
nonuniform distribution of current density. Over
a wide range of frequencies such e�ects may be ac-
counted for with the empirical CPE model [18]. The
double-layer capacitance, Cdl, was calculated from
the a.c. impedance data for di�erent gH2

values and
ETs of 0, 15, 30 and 45min according to the ®tting
simulations, with detailed calculations provided in
[19]. Cdl values are expressed against gH2

in Fig. 4. Cdl

is linked to both gH2
and ET. At any overpotential

value, the lowest Cdl is observed for an ET of 0min
and the highest Cdl, for an ET of 30min; it is also
noted that Cdl increases with an ET of up to 30min to
further decrease with an ET ranging from 30 to
45min. Such an increase of Cdl with ET was already
found [10] for HOPG substrates under similar ex-
perimental conditions. The comparison of Cdl for the
same ET between HOPG and spectroscopic graphite
surfaces shows that the values of Cdl are higher in the
latter case. This is ascribed to the porous nature of
spectroscopic graphite compared to HOPG.

Surface modi®cations induced by argon plasma
etching were investigated by SEM analysis. Before
etching, a surface morphology characteristic of
pressed-graphite powder is noted. Up to an ET of
30min, as the argon plasma etching is processing,
new features are noticed for the surface morphology,
a longer ET, and a ®ner surface morphology, due to
the formation of small cone-like peaks (Fig. 5); the
height of these peaks is about 0.1±1.0 lm. Further, it
is deducted that the erosion process occurs mainly at
the crest of the pressed-graphite particles because
there is more exposure.

The charge transfer resistance obtained from a.c.
impedance measurements, together with the associ-
ated Tafel plots, was used in order to determine the
easiest pathway for the HER. It is well established
that the HER in alkaline solutions can proceed
through any of the following reactions:

Fig. 2. Complex plan plots obtained on spectroscopic graphite
etched for 30min (120mtorr and 15mA) in 1M KOH at 25 °C.
Points: experimental values, lines: calculated values according to
the CPE model. Key: (d) 342, (j) 380, (m) 416, (r) 479, ( ) 508
and (d) 537mV.

Fig. 3. Bode plots obtained on spectroscopic graphite etched for 30min (120mtorr and 15mA) in 1M KOH at 25 °C. Points: experimental
values, lines: calculated values according to the CPE model. Key: (d) 342, (j) 380, (m) 416, (r) 479, ( ) 508 and (d) 537mV.
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H2O�M� eÿ �MHads �OHÿ k1; kÿ1
(Volmer reaction) �1�

H2O�MHads � eÿ �M�H2 �OHÿ k2; kÿ2
(Heyrovsky reaction) �2�

2MHads � 2M�H2 k3; kÿ3
(Tafel reaction) �3�

where ki represents the rate constant of the forward
(+) and backward ()) processes. Water reduction
with hydrogen adsorption (Reaction 1) is followed by

electrochemical and/or chemical desorption (Reac-
tions 2 and 3, respectively). In the present inv-
estigation, it was found that the best approximation
of the experimental data with the theoretical model
(i.e. the easiest pathway for the HER) corresponds to
the Volmer±Heyrovsky (V±H) reaction. The experi-
mental values of the charge transfer resistance and
the associated simulated curves are illustrated in
Fig. 6 for electrodes made of spectroscopic graphite
having experienced argon plasma etching. The V±H
pathway is commonly observed in alkaline media for
some electrode materials [19]. The kinetic parameters
of the HER rate-determining step (r.d.s.) (the Volmer
reaction), are summarized in Table 2 for electrodes
with di�erent ETs. The parameters for the Heyrovsky
reaction are not given because k2 � k1 and the as-
sociated errors on k2 were larger than the values of
k2. It should be noted that the rate constant value of
the r.d.s. for spectroscopic graphite electrodes is ET-
dependent, longer ET, larger k1. k1 was divided by
the surface roughness factor (Rf) in order to estimate
the intrinsic electrode activity [19]. Assuming that the
capacitance of the basal plane for a freshly cleaved
HOPG electrode is about 3 lF cm)2 [20], Rf corre-
sponds to Cdl (lF cm

)2)/3 (lF cm)2). Table 2 sum-
marizes the intrinsic rate constant values. It is
deduced that the intrinsic activity of the spectroscopic

Fig. 4. Dependence of the double-layer capacitance of spectro-
scopic graphite electrode on overvoltage in 1M KOH solution at
25 °C for di�erent etching times.

Fig. 5. SEM pictures of a spectroscopic graphite electrode
(´6 500, inclined view 65°): (a) for a fresh electrode, (b) for
ET � 15min.

Fig. 6. Dependence of logA against HER overpotential for spec-
troscopic graphite electrodes etched during 0, 15, 30 and 45min
(120mtorr and 15mA). Points: experimental values, lines: calcu-
lated values according to the Volmer±Heyrovsky mechanism.

Table 2. HER kinetic parameters for composite-coated electrodes in

1M KOH at 25 °C using the Volmer±Heyrovsky reaction mechanism

Etching time 1012k1 a1 Rf 1014k1=Rf

/min /mol cm)2s)1 /mol cm)2 s)1

0 0.25 0.36 46 0.54

15 1.28 0.36 50 2.56

30 16.50 0.28 71 22.75

45 17.90 0.30 60 29.00
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graphite surface is increased by the argon bombard-
ment etching, that is, the HER electrocatalytic acti-
vation induced by the ionic bombardment is not due
to a geometric e�ect only. As already mentioned,
electrocatalytic enhancement of graphite electrodes as
a result of surface modi®cations other than an in-
crease in the roughness factor increase may be linked
to various phenomena such as the removal of con-
taminants, exposure of microparticles, defects, and
fresh edge planes that may be preferred sites for the
electron transfer. It is interesting to note that several
studies on pyrolytic graphite electrodes for HER in
acidic solutions [21, 22] have shown strong di�erences
between edges and basal planes as far as electrocat-
alytic activity is concerned. However, in the present
case, the origin of the intrinsic activity increase re-
mains to be determined and requires further in-
vestigation.

3.2. E�ect of the discharge current
during the etching process

Spectroscopic graphite surfaces were etched under
di�erent discharge currents for sustaining the plasma,
the other experimental conditions remaining un-
changed, that is, ET of 15min and the applied pres-
sure of 120mtorr. The Tafel plots for HER on
electrodes etched at a discharge current of 5, 15 and
45mA are illustrated on Fig. 7, with the Tafel pa-
rameters given under for each curve. It is noticed that
the Tafel slope for an electrode etched with a dis-
charge current of 15mA is signi®cantly lower com-
pared to the values obtained for electrodes etched at
5 and 45mA. For g>400mV, HER electrocatalytic
activity is at its maximum for a discharge current of
15mA. The latter observation is consistent with the

fact that increasing the discharge current leads to a
higher density of ionized argon in the incident ¯ux.
Consequently, more particles impinge the surface for
a given time. It is equivalent to maintaining the dis-
charge current constant and increasing the etching
time. However, as shown above, there is a critical
value for the time beyond which the etching process
has a negative in¯uence on electrode activity. The
same phenomenon seems to be predominant with the
current e�ect.

3.3. E�ect of the applied pressure
during the etching process

Pressure in the etching chamber ranged from 120 to
300mtorr, with the discharge current maintained at
15mA with ET of 15min. Figure 8 exhibits the Tafel
plots. It is noted that a maximum HER electrocata-
lytic activity is obtained for 120mtorr and that the
Tafel slope increases from 120 to 300mtorr.

The lower electrode activity with a higher applied
pressure above 120mtorr may be explained by the
sputtering erosion [23]. Increasing the pressure gives
rise to a higher number of collisions between ions and
neutral gas atoms and decreases the e�ciency of the
plasma, resulting in a higher number of bombard-
ments with particles having an average energy that is
often less than 10% of the applied potential [24].
Consequently, the erosion process is less e�cient thus
leading to a lower electrocatalytic activation.

4. Conclusion

The electrocatalytic activity of spectroscopic graphite
surfaces was improved for the HER by using argon
plasma etching. It has been shown that this surface

Fig. 7. Tafel plots for spectroscopic graphite electrodes for a dis-
charge current of 5 (s), 15 (h) and 45mA (r), (120mtorr and
ET � 15min). Tafel parameters: b � 225mVdec)1, j0 �
3.94lAcm)2 for a discharge current of 5mA; b � 185mVdec)1,
j0 � 1.64lAcm)2 for a discharge current of 15mA; b �
223mVdec)1, j0 � 4.56lAcm)2 for a discharge current of 45mA.

Fig. 8. Tafel plots for spectroscopic graphite electrodes and an
applied pressure of 120 (d), 200 (j) and 300mtorr (m), (current
discharge of 15mA and ET � 15min). Tafel parameters are
b � 185mVdec)1, j0 � 1.65lAcm)2 for an applied pressure of
120mtorr; b � 197mVdec)1, j0 � 1.61lAcm)2 for an applied
pressure of 200mtorr; b � 225mVdec)1, j0 � 2.96lAcm)2 for
an applied pressure of 300mtorr.
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pretreatment leads to a signi®cant increase of the
HER rate at a given overpotential value. Further, it
has been shown that induced modi®cations on the
electrode surface are such that they give rise to
intrinsic electrocatalytic activity together with an in-
crease in surface roughness. Finally, it has been shown
that the experimental conditions used for sustaining
the plasma such as argon pressure and working cur-
rent play an important role for the treatment e�ciency
for the electrode activation toward HER.
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