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Porous carbon materials, with different porosities and surface chemistry have been pre-
pared and characterized to obtain a better understanding of the mechanism of the electro-
chemical storage of hydrogen. The hydrogen storage capacity depends, not only on the

porosity of the material, but also on the surface chemistry, which is a critical factor. The

results show that the higher the amount of surface oxygen groups, the lower is the hydro-

gen uptake. Measurement of the number of active carbon sites shows the important role of

the unsaturated carbon atoms in the process. In situ Raman spectroscopy has been used in

order to further explore the structural changes in the carbon material during the charge-

discharge processes. This technique has allowed us to observe the formation of the
C(sp®)—H bonds during the cathodic process and its reversibility during the oxidation step.

© 2008 Published by Elsevier Ltd.

1. Introduction

Carbon materials have been extensively studied as electrodes
for energy storage devices since they present a very interest-
ing electrochemical behaviour. These materials may have
high electrical conductivity and can both donate and accept
electrons [1]. Carbon electrodes have a good polarizability
and their properties are tuneable depending on the porosity,
thermal treatment, microtexture, hybridization, content of
heteroatoms, etc. Moreover, they are chemically stable in
most solvents and present relatively low cost and easy pro-
cessability [2]. One important application is in rechargeable
batteries in which carbon materials are used as a lithium res-
ervoir at the negative electrode [1]. Additionally, the storage of
energy in supercapacitors, based on the electrical double
layer and pseudocapacitance of carbon materials, has also
been deeply analysed with very promising results [2—4].

A different electrochemical application is the electrochem-
ical storage of hydrogen by electrodecomposition of water in
alkaline medium at cathodic conditions. Several nanostruc-

* Corresponding author: Fax: +34 965 903537.
E-mail address: cazorla@ua.es (D. Cazorla-Amords).
0008-6223/$ - see front matter © 2008 Published by Elsevier Ltd.
doi:10.1016/j.carbon.2008.03.016

tured carbon materials, mainly nanotubes (CNT), have been
tested for this application [5-11]. However, the results ob-
tained present an important scattering. In fact, taking into ac-
count theoretical calculations and experimental results, it is
highly unlikely that a significant amount of hydrogen can
be stored in CNT [8]. The different results could be justified
by the different degree of purity of the samples (CNT often
contain amorphous and disordered carbonaceous material
or residual metal catalyst) [8,12].

Porous carbons have also been extensively studied for this
application, giving higher values for hydrogen storage and
much better reproducibility. Probably, the most relevant re-
search in this area has been done by Beguin, Frackowiak
and co-workers [13-19]. Similar results have been obtained
by other authors using ordered porous carbons with tailored
pore size [12], carbon blacks [20] or necklace-like hollow car-
bon nanospheres [21]. From these studies, the role of porosity
has been discussed as well as the importance of the dangling
carbon atoms in the hydrogen storage. In general, the higher
the narrow porosity, the higher the hydrogen uptake [16] and
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the uptake decreases with decreasing the number of dangling 2.3. Thermal treatments in N, 96
atoms [15].

However, the role of surface chemistry has not been dis- Activated carbons with different amounts of surface oxy- 97
cussed in detail in the previous work done on this topic and gen complexes were obtained by subjecting the oxidized sam- 98
the experimental evidence of the mechanism of hydrogen ple Cp to thermal treatments at different temperatures (from 99
storage remains unknown. Thus, in this work, we have ana- 300 to 900°C). These treatments were carried out in N, 100
lysed the effect of the surface oxygen complexes on the elec- (200 ml/min) and using a heating rate of 5°C/min. After 101
trochemical storage of hydrogen; additionally, in situ Raman reaching the heat-treatment temperature, it was kept for 102
spectroscopy has been used to get information on the struc- 1h. Temperatures used are shown in Table 2. Additionally, 103
tural changes occurring in the carbon material during the samples Ap and Bp were heat treated at the same conditions 104
charge-discharge process and the type of interaction between up to 900 °C in order to remove most of the oxygen com- 105
hydrogen and carbon. plexes. With this series of samples, we can compare the 106

behaviour of materials with different porosity and similar sur- 107
2. Experimental face chemistry (i.e., samples C6, B and A) and materials with 108
similar porosity and different surface chemistry (i.e., samples 109
2.1. Activation process C1-C6) (Table 2). 110
Chemical activation was done in N, (800 ml/min) at750°C (1h ~ 2.4.  Porous texture characterization 111
at this maximum temperature), using KOH as activating agent
and an anthracite as precursor. Details of the preparation pro- Porous texture of all samples was determined by physical 112
cess are available elsewhere [22]. The activating agent to car- adsorption (N, at 77 K and CO, at 273 K) using an automatic 113
bon ratio for each sample are included in Table 1. adsorption system (Autosorb-6, Quantrachrome) after sam- 114
ples out-gassing at 523 K under vacuum for 4h. The total 115
2.2. Chemical oxidation with HNO; micropore volume was calculated from the application of 116
the Dubinin-Radushkevich equation to the N, adsorption at 117

Sample Cp was subjected to chemical oxidation with HNO3 77 K. The narrow micropore volume (i.e., pore size smaller 118
in order to produce a large amount of surface oxygen com- than around 0.7 nm) has been assessed from CO, adsorption 119
plexes. The oxidation was carried out by mixing 1.5 g of acti- at 273 K using the DR equation and for relative pressures be- 120
vated carbon (Cp) with 20 ml of concentrated nitric acid low 0.025. The densities of the adsorbed phases used for the 121
during 3 h at room temperature. After this treatment, the sam- calculations, were 0.808 and 1.023 g/ml for N, and CO,, 122
ple was washed several times with hot distilled water until the respectively [23]. 123
pH of the filtrate was the same as the washing water. Then, the
sample was dried at 100 °C. 2.5.  Active surface area characterization 124

The active surface area (ASA) gives a measurement of the 125

number of reactive carbon atoms or active carbon sites of a 126

carbon sample. The ASA of samples C6, B and A was esti- 127

Table 1 - Activating agent/carbon ratio in chemical mated by a modification of the Laine eF al. method [24]. Firstly, 128
activation the samples were treated up to 950 °C in helium to remove the 129
surface complexes present as a result of the previous activa- 130

Sample Activating agent/carbon ratio tion process. The ASA was then determined from the amount 131
Ap 11 of surface oxygen complexes formed at 300 °C in synthetic air 132
Bp 2:1 flow during 7 h (a longer time did not result in an increase the 133
Cp 31 weight of the sample). The number of oxygen complexes can 134
be determined either from the weight uptake of the samples 135

Table 2 — Thermal treatment temperature, porous texture, surface chemistry characterization, % wt of hydrogen

electrochemically storage and active surface area (ASA) for the different samples

Pristine Sample T (thermal BET surface area Vpr (Np) Vpr (CO,) umol umol % wt H ASA
sample treatment) (°C) (m?%g) (cm®/g) (cm®/g) CO/g CO,/g (m?%/g)
Cp C1 - 2340 1.14 0.64 5026 2610 0.58 -

Cp Cc2 300 2380 1.16 0.62 4066 2063 0.71 -

Cp C3 450 2450 1.18 0.62 4520 1134 0.82 -

Cp C4 600 2435 1.17 0.62 2662 747 0.86 -

Cp C5 750 2250 1.14 0.59 747 313 0.94 -

Cp Cc6 900 2270 1.07 0.58 229 260 0.94 27

Bp B 900 1655 0.81 0.54 240 271 0.73 19

Ap A 900 930 0.45 0.43 208 212 0.42 17
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or measuring the CO and CO, desorbing groups in a subse-
quent temperature programmed desorption (TPD) experiment
[25]. We chose the former method. We have used a TA ther-
mobalance (SDT 2960) with a sensitivity of 1 pg; the error of
the ASA, obtained from the measurement of at least three
samples of the same material, is within 5%.

2.6.  Surface chemistry characterization

Temperature programmed desorption experiments were
done in a DSC-TGA equipment (TA Instruments, SDT 2960
Simultaneous) coupled to a mass spectrometer (Thermostar,
Balzers, GSD 300 T3), to characterize the surface chemistry
of all samples. In these experiments, 5 mg of the sample were
heated up to 950 °C (heating rate 20 °C/min) under a helium
flow rate of 100 ml/min.

2.7. Electrochemical characterization

For the electrochemical characterization, composite elec-
trodes were prepared from powder porous carbon material,
acetylene black (Strem Chemicals) and binder (PTFE, aqueous
dispersion (60% solids), Aldrich), in a ratio 80:10:10 wt%,
respectively. The materials were mixed and deposited over a
graphite current collector. The total electrode weight used
for the measurements was about 20 mg. The standard three
electrode cell configuration was employed. Reversible hydro-
gen electrode (RHE) was used as reference and a platinum wire
was employed as a counter electrode; however, all the poten-
tials have been referred to the normal hydrogen electrode
(NHE). 6 M KOH was used as aqueous electrolyte.

In this work, the term charge refers to the negative polari-
zation of the electrode. The term discharge is used for the po-
sitive polarization. The galvanostatic charging process was
carried out with a high current density (—500 mA/g). The rea-
sons for this excess of charge are explained in [18]. The hydro-
gen uptake was evaluated from the charge consumed in the
oxidation step (at 25 mA/g), subtracting the corresponding
double layer charge, determined previously by cyclic voltam-
metry at 5mV/s.

All electrochemical measurements were carried out with
an EG&G Potentionstat/Galvanostat model 273 controlled by
software ECHEM M270. All the solutions were prepared with
ultrapure water (Purelab ELGA).

2.8.  In situ RAMAN spectroscopy characterization

The Raman spectra were obtained with a LabRam spec-
trometer (Jobin-Yvon Horiba). The excitation line was pro-
vided by a 17 mW He-Ne laser at 632.8 nm for sample C6; a
given spectrum corresponds to the average of four measure-
ments with an acquisition time of 40 s for each of them. The
calibration of the spectrometer was performed with a slice of
Si (521+2cm™Y). The laser beam was focused through a
50 x long-working objective (0.5 NA) into a 2 um spot at the
electrode surface. The sample viewing system consisted of a
television camera attached to the microscope. The spectrome-
ter resolution was better than 3 cm ' and the detector was a
Peltier cooled charge-couple device (CCD) (1064 x 256 pixels).
The slit and confocal pinhole were set to 200 and 600 mm

and a 600 lines grating was employed. The excitation line used
in the case of sample C1 was a 784.8 nm diode laser because
with the excitation line of 632.8 nm the fluorescence hides
any spectrum as a consequence of the high oxygen content
in this sample; in this case, the acquisition time was 60 s and
4 averages were performed. All the spectra are presented as
obtained.

The carbon samples were deposited on a glassy carbon
disc (3 mm in diameter) sheathed in a PTFE piece. This sub-
strate is then mounted on a spectroelectrochemical PTFE cell
designed to acquire in situ Raman spectra. The cell was de-
signed with a silica window to form a closed system in order
to prevent the etching of the lens. More details on the spectro-
electrochemical cell can be found in reference [26]. A Pt wire
was used as a counterelectrode, whereas a saturated Ag/AgCl
electrode was used as reference electrode contacting the
working solution (6 M KOH) through a Luggin capillary. The
potentials are referred as the normal hydrogen electrode.

3. Results and discussion

3.1. Porous texture and surface chemistry by TPD

The activated carbons prepared present type I isotherms,
what is characteristic of microporous solids. Table 2 contains
the BET surface area and the micropore volumes calculated
from N, adsorption data at 77 K [Vpr(N,)] and CO, adsorption
data at 273 K [Vpr(CO,)] for each sample.

It can be observed that samples from C1 to C6 have very
similar porosities, being the fraction of narrow microporosity
(Vpr(CO2)/Vpr(Ny)) close to 54% in all these samples. Samples
C6, B and A have different BET surface areas and also differ-
ent pore size distributions, being sample A the one presenting
the highest fraction of narrow microporosity.

When the carbon materials are subjected to TPD experi-
ments, surface oxygen groups decompose producing CO and
CO, at different temperatures. The quantification of the
amount of these compounds desorbed in the TPD experiments
is included in Table 2. It can be observed that samples from C1
to C6 present a very different surface chemistry, while samples
A, B and C6 have a similar content in surface oxygen groups.

3.2. Electrochemical characterization

Figs. 1 and 2 present the results obtained from the galva-
nostatic charge-discharge for all the materials. In the first
one, the results for samples C6, B and A, are shown. The
shape of the curves is similar in the three samples. During
the discharge process until the same final potential, a plateau
at about —0.7 V is observed, indicating the oxidation of the
hydrogen trapped in the carbon sample. This plateau is
clearer in samples B and C6. Sample C6, with the highest
porosity presents a better performance for this application,
since the charge delivered is higher. The slope of the final part
of the curves, from —0.47 to —0.27 V, depends on the surface
area of the material, since it is mainly related to the double
layer contribution. The higher the slope, the lower the capac-
itance, in agreement with the lower porosity of the material.
Fig. 2 shows the same plots for samples from C1 to C6.
Although the porosity of the samples is very similar, the elec-
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Fig. 1 - Galvanostatic charge/discharge curves for samples
C6, B and A. 6 M KOH.
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Fig. 2 - Galvanostatic charge/discharge curves for samples
from C1 to C6, 6 M KOH.

trochemical behaviour is different. Sample C1, the one with
the highest amount of surface oxygen complexes hardly pre-
sents a defined oxidation plateau. As the oxygen content de-
creases, the oxidation plateau appears more clearly.

Fig. 3 plots the hydrogen electrochemically stored vs. the
Vpr(N,) for all the samples studied, taking into account the oxi-
dation charge, once subtracted the double layer contribution.

It can be observed that when the amount of surface oxy-
gen complexes is low, the hydrogen storage keeps a linear
relationship with the porosity of the material. A very similar
relationship is found if the wt% of hydrogen stored is plotted
against the Vpr(CO,) (not shown). Other researchers have
published a linear trend followed by the porosity and the per-
centage of hydrogen electrochemically stored [19,20]. Never-

1.00+
0.901
0.801
0.701 o
0.601 o
0.50 1
0.401
0.301

0.201 @ Similar porosity. Different surface chemistry

Wit% Hydrogen

0.10- m Different porosity. Similar surface chemistry

0.00 T T T T T T T T T T T )
0.00 0.10 0.20 0.30 0.40 0.50 0.60 0.70 0.80 0.90 1.00 1.10 1.20

N, volume (cm3lg)

Fig. 3 - Weight% Hydrogen stored vs. Vpg N, volume.

theless, they have also found deviations from this trend
[16], and have explained them with the pore size distribution.
Thus, it seems that the narrow porosity between 0.6 and
0.7 nm is the responsible for the hydrogen storage [16] and
that the wider porosity does not improve the performance
of the porous carbon material as a hydrogen reservoir. How-
ever, this approximation is not completely satisfactory, since
the correlation between the narrow porosity (0.6-0.7 nm) and
the hydrogen stored does not cross the origin [16].

However, if the porosity is kept almost constant but the sur-
face chemistry is modified by increasing the amount of surface
oxygen groups, the hydrogen storage decreases dramatically
(Fig. 3). This can be observed more clearly in Fig. 4, where the
amount of hydrogen stored is plotted vs. the amount of surface
oxygen groups. Then, the higher the oxygen amount in the
samples, the lower the hydrogen uptake.

Taking into account the previous comments, and the fact
that the surface oxygen complexes strongly affect the
amount of hydrogen stored, we believe that not only the
porosity is governing the process but also the surface chemis-
try of the material.

Table 2 shows the active surface area (ASA) for samples A,
B and C6, which are the samples with different porosities and
the initial lowest content in surface oxygen groups. It can be
observed for these samples that the larger the active surface
area, the higher the hydrogen uptake.

Therefore, all the results presented to the moment suggest
that the actives sites of the material have an important role in
the hydrogen trapping mechanism. Thus, if the active sites are
saturated with surface oxygen groups, then they cannot con-
tribute to the hydrogen storage. In this way, when a carbon
material is thermally treated in inert atmosphere, the surface
oxygen complexes are removed, generating unsaturated sites
in the structure. These sites are especially reactive and can be
used during the cathodic process in alkaline medium, where
water molecules are reduced and the nascent hydrogen gener-
ated can interact with those reactive carbon atoms.

Thus, the active sites seem to control, at least partially, the
hydrogen storage. It is known that porosity and active sites
are related, since, as the porosity is developed, the amount
of active sites increases. This could be the reason why accept-
able correlations with either porosity or active sites are found.
Moreover, when oxygen complexes are present in the sample,

1.00
095{ ¢ ocCs
0.90
0.85
0.80
0.75 1
0.70 1 e C2
0.65 -
0.60
0.55 1

e C4
o C3

Wit% Hydrogen

50
0 1000 2000 3000 4000 5000 6000 7000 8000 9000
CO + CO, desorbing groups (umol/g)

Fig. 4 - Weight% Hydrogen stored vs. CO + CO, desorbing
groups.
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Fig. 5 - Raman spectra for sample C6 at different potentials. Excitation line = 632.8 nm, 6 M KOH.

the unsaturated sites become saturated and cannot be used
for hydrogen chemisorption.

3.3. In situ Raman spectroscopy characterization

In order to confirm the above hypothesis, we have carried
out in situ Raman spectroscopy experiments to follow the
changes occurring on the carbon surface during the electro-
chemical charge and discharge processes. Fig. 5 plots the Ra-
man spectra (632.8 nm) collected for sample C6 at different
potentials, starting at —0.172 V. From this starting potential,
it is changed to lower values into the reduction region to
reach the water decomposition (hydrogen evolution) potential
and, after that, the potential is changed to higher values until
0.028 V.

The Raman spectrum for the material at approximately
—0.172 'V, a potential very close to the open circuit one, shows
the typical features for carbon materials [27]. Two broad and

3000 7

2500 A

20001 |

1500 4 -

1000 -

Raman intensity / a.u.

500 1

strongly overlapping bands at about 1350cm™ and at

1585 cm ™!, appear. These bands are associated to the gra-
phitic D and G bands, respectively. The G band corresponds
to an ideal graphitic lattice vibration mode, and the D band
is known to be characteristic for disordered graphite.
Interestingly, as the potential decreases below —0.672V,
two bands appear simultaneously at about 1110 and 1500
cm™?, which reach their maximum intensity at —0.872 V. This
fact indicates that a structural change in the carbon material
is taking place while the potential decreases. Similar bands
have been observed in nano-diamond films formation and
have been attributed to the C(sp?)—H (v1) bending vibration
and the C=C (v3) stretching vibration, respectively, in amor-
phous carbon—hydrogen bonds localized at grain boundary
[28,29]. This suggests that the bands observed here are a con-
sequence of the hydrogenation of carbon atoms forming
C(sp)-H bonds. Interestingly, the potential at which the
bands start to appear is very close to the potential at which

800 1200

1600 2000 2400

Raman shift / cm™

Fig. 6 - Raman spectra for sample C1 at different potentials. Excitation line = 784.8 nm, 6 M KOH.
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Faradaic formation of hydrogen from water is proposed (i.e.,
H,O+e” — H+OH) [18].

Another interesting point observed with the Raman spec-
troscopy experiments is that the process is reversible and
the bands disappear with increasing the potential (Fig. 5), as
expected, taking into account the charge-discharge
experiments.

Sample C1, the one with the highest content in surface
oxygen groups, was also subjected to in situ Raman experi-
ments. The results obtained are shown in Fig. 6. It can be ob-
served that the bands corresponding to the C—H bonds are
not observed in this case, at the experimental conditions used
for the Raman measurements (i.e., shorter reaction time than
in the charge-discharge experiments). However, from the
amount of hydrogen stored in this sample (Table 2), these
bands should be observed. The presence of oxygen complexes
seems to impede the formation of the C—H bonds, being nec-
essary longer reaction times and lower potentials to observe
the C—H bands. Unfortunately, this cannot be done in the
in situ Raman experiments performed since the accumula-
tion of hydrogen bubbles impedes the surface observation.
Additional work will be done in the future to modify the de-
sign of the in situ Raman cell to deepen into reaction
mechanism.

4, Conclusions

The electrochemical hydrogen uptake of two series of porous
carbon materials has been analysed. The first series of samples
have similar surface chemistry and different porosity. The sec-
ond one has similar porosities and different surface chemistry.
Our results show that the electrochemical hydrogen storage is
favoured in samples with a well developed porosity and a low
content in surface oxygen complexes. Both features indicate
that the unsaturated carbon atoms in the carbon materials
have an important role for the hydrogen uptake.

In situ Raman spectroscopy allows us to conclude that
C(sp>)—H bonds are formed during the charge process. This
chemisorption is reversible, and the original Raman spectrum
of the carbon sample is recovered after the discharge step.
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