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Introduction

Hydrogen electrical devices are environmentally
friendly and nonpolluting, and reduce greenhouse
gas emissions, making us less dependent on fossil
fuels. However, those devices are not yet economi-
cally viable, and current hydrogen production
depends on natural gas. If we can develop a process
to economically produce hydrogen in an environ-
mentally sound way, fuel-cell devices may be the
way for the future.

Hydrolysis of borohydride is one of the most
important reactions due to its widespread application
and the demand for practical need in fuel cells and
metal-air power sources [1]. Noble metals deposited
on porous matrixes are widely used as a catalytic
material for the reaction of oxygen reduction in
general [1-5] and borohydride hydrolysis in partic-
ular [6-9]. Great strides have also been achieved in
the development of non-noble metals catalytic sys-
tems. For example, cobalt [10-12], nickel [13-15], iron
[16-18], copper [19], manganese [20, 21], mixed cat-
alysts [22-26] and many other metals.

The main reason that leads to the corrosion of
metallic deposited catalysts is related to the degra-
dation of the support. It causes the destruction of the
porous structure, thus preventing the mass transfer
of reagents toward the active centers and initiating
the detachment of metal nanoparticles. The enlarge-
ment of their particles also takes place due to
agglomeration and Ostwald ripening, which causes
the following reduction of the electrochemically
active surface area of metallic deposited catalysts
[27].

Supporting materials have a significant impact on
the productivity and durability of the catalyst, and
hence the entire cost of the fuel cell systems. Among
effective support materials, there are many different
ones: multi-walled carbon nanotubes [27, 28], carbon
nanospheres [29, 30], zeolite [31, 32], bentonite clays
[33], graphene [3, 34], graphene oxide [35], carbon
cloth [36], sometimes completely new matters occur,
such as bacterial cellulose derived carbon [37],
superporous p(AAc (acrylic acid)) cryogels [38],
macroscopic biopolymer hydrogel [39], unexpected
honeycomb matrix [40] and honeycomb ceramic
monolith [41], as well as many others.

The material, as a catalyst carrier, must possess a
large specific surface area and a predominantly
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mesoporous structure for reagents transporting. It
must also have high stability in alkaline and acidic
environments under the operating conditions of fuel
cells. As the electrically conductive support material
provides a pathway for the electron transfer between
the support and the deposited metal, it must possess
high proton and electronic conductivity. In order to
increase the stability of the catalyst, strong interaction
must be provided between the nanoparticles of the
metal and support material.

Activated carbon entirely meets all of the men-
tioned above requirements. However, the relatively
inert surface of the initial activated carbon does not
allow the reliable attachment of metal nanoparticles,
due to an insignificant number of active centers on its
surface.

Among the well-spread approaches for the forma-
tion of surface-active sites, the two main ones can be
distinguished. The first approach consists in the cre-
ation of oxygen-containing functional groups [27, 42]
and the second one implements due to the intro-
duction of heteroatoms such as N, P, B, and S into a
system of condensed aromatic rings of active carbon
[8, 11, 14, 17, 18, 24, 25, 27, 31, 33, 34, 36, 37, 41, 43].

The presence of heteroatoms in the carbon struc-
ture provides the altered electronically enriched
structure of the carbon matrix, increases the strength
of the subsequent bond of the introducing metal with
the support, thus, as a result, leads to the increasing
of the stability of the entire system [27, 44-46].
Moreover, the larger the number of active centers the
smaller the size of the introduced metal particles and
the stronger their bond with the support. All this
facilitates charge transfer, thereby increasing the
catalytic activity of non-noble metals deposited on
porous carbon [27, 44—46].

The development of an effective method for mod-
ifying a carbon surface in order to improve its activity
and electronic properties is a priority task of
numerous studies, as well as the current one. It might
be crucial when creating electrocatalysts.

This study describes an attempt to modify the
surface of traditional porous carbon support in sev-
eral ways, for the further increment of cobalt, in order
to create a highly active and stable catalyst for the
hydrolysis of sodium borohydride.
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Materials and methods
The catalysts synthesis

Norit SAE Super activated carbon was used as the
initial material (AC;,). It was treated with boiling
nitric acid (1:1) for 1 h to obtain the oxidized active
carbon (AC,,). Then, some part of AC,, was modified
with nitrogen through the melamine impregnation
method [43] for obtaining the nitrided oxidized active
carbon (N/AC,,). For this 20 g of AC,x and 5 g of
melamine were dissolved in distilled water, stirred at
room temperature, heated until the liquid was
evaporated, dried, and calcined at 850 °C in an inert
atmosphere.

The oxidized active carbons doped with metallic
cobalt were also prepared: Co(10)/AC,« contained 10
wt.% of cobalt, as well as Co(20)/AC,, contained 20
wt.% of cobalt. In the synthesis process, the AC,y was
dispersed in alcohol using ultrasonication, the nec-
essary amount of cobalt nitrate was added there and
dissolved by stirring, and solute oxygen was dis-
placed from the flask by the flowing inert gas. The
obtained suspension was heated to 70°C in a water
bath and a hydrazine alkaline solution was added
drop by drop with careful stirring. The hydrazine
hydrate served as a classical energetic reducing agent
in order to prevent the oxidation of cobalt to its oxi-
des. After that the suspension was stirred at 70 °C in
a water bath additionally during an hour; the
obtained precipitate was washed with alcohol by
magnetic decantation and dried.

The samples of Co(10),N/AC. and Co(20),N/
AC,, were derived with a combination of the last two
methods. The cobalt contents were exactly 10% and
20% in all final catalysts, which was checked and
proved by their thermogravimetric analysis.

Catalysts characterization

In order to obtain direct, accurate, and reliable
information about the phase composition and struc-
ture of synthesized catalysts samples X-ray phase
analysis (XRD) was performed on a universal X-ray
diffractometer Rugaku Ultima IV in copper Cu Ka
radiation (4 = 0.154184 nm) at a rate of 2 deg/min.
Structurally adsorptive characteristics of the cata-
lysts, such as specific surface area (S;p, m>/g) and
total pores volume (Vy~, cm®/g), were determined by
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a static method through adsorption of benzene
vapors under the ambient conditions.

The pH-potentiometric titration method was used
to investigate the ion-exchange properties of the
surface and the point of zero charge (pzc) of the
synthesized catalysts. A weighted mass (0,1 g) of
each sample was dispersed in 25 mL of 0,2 M sodium
chloride aqueous solution, as well as 0,1 M of NaOH
(or 0,1 M HC1) were added in each of twelve flasks in
order to create the required pH. In order to make the
total fluid volume of 50 mL, the distilled water was
added to each flask. The flasks were shaken for 4 h,
and after that, the pH of each solution was deter-
mined. At the same time, an “empty” trial was per-
formed; it was similar to the previous one but
without a catalyst sample. The graphical dependence
of solution pH on the volume of NaOH (or HCI)
added was constructed on the basis of the obtained
data. The pzc was determined as the intersection
point of the graphs of “empty” solution and solution
with the catalysts sample in each experiment.

The difference between the abscissas of the two
points lying on the different titration curves, at the
same pH value, allowed to calculate the number of
millimoles of H*-ions which were displaced from the
catalyst at a given pH, namely the value a® (mmol/ g)
and a~ (mmol/g):

El+/_ = Lac/alk - (VI_VO)/m (1)

Cacjair 1s the initial concentration of the acid (alkali)
solution, mmol/mL;

V1 is the volume of the acid (alkali) solution with
the catalyst at definite pH, mL;

Vo is the volume of the acid (alkali) solution
without the catalyst at definite pH, mL; m is the mass
of catalysts, g.

The acid-base properties of the catalysts’ surface
were determined by the method of adsorption of
Hammett indicators from an aqueous medium. The
thirteen indicators with pK, values from 4 0.80
to + 12.8 were used for this purpose, and their con-
centrations before and after the interaction with the
catalysts were determined by the photocolorimetric
method. The list and the characteristics of the cata-
lysts used are presented in Table 1.
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Table 1 Characteristics of the acid—base indicators used

Indicator pKa Amax> HM
1 Crystal violet + 0,80 580
2 Diamond green + 1,30 610
3 Methyl orange + 3,46 460
4 Bromophenol blue + 4,10 590
5 Methyl red + 5,00 430
6 Chrysoidin + 5,50 448
7 Bromocresol purple + 6,40 540
8 p-Nitrophenol + 7,15 360
9 Bromothymol blue + 7,30 430
10 Thymol blue + 8,80 430
11 Pyrocatechol + 9,45 274
12 Tropeolin 00 + 12,00 440
13 Indigo carmine + 12,8 610

The catalytic test

The catalytic properties of the synthesized catalysts
samples were investigated on the sealed volumo-
metric installation. The sample of the tested catalyst
(0,01 g) and sodium borohydride (0,1 g) was placed
in the reactor with the water jacket and the portion of
distilled water (15 cm’®) was added. The gas sup-
planted during the reaction displaced the water to the
cylinder and thus the amount of the released
hydrogen was controlled. The reaction of sodium
borohydride hydrolysis was performed with each
sample at room temperature which was 17 °C. The
catalytic tests were carried out at temperatures 60, 70,
and 80°C for activation energy determination as well.
The hydrolysis reaction of sodium borohydride is
described by the equation:
NaBH, + 2H,O — 4H,1 + NaBO..

The current concentration of sodium borohydride
was calculated based on the volume of released
hydrogen, and the order of the catalytic reaction was
determined. The rate constant (k, ¢ ') of the catalytic
reaction of NaBH, hydrolysis was calculated by the
formula (2) for the first-order reaction:

1. Co
k=-In— 2
ne (2)
C, and C; is the initial and current concentration of
sodium borohydride, respectively, at the current time
(t, sec).
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Also, k was calculated by using the half-life (t,)
that is the time during which the initial NaBH4 con-
centration was halved, according to the formula (3):

In2
= (3)
T1/2

k

The formula (4) was used for the analytical defi-
nition of the activation energy of the investigated
catalytic reaction (E,, kJ/mole):

RT;T,ln ’,g

e (@

Results and discussion
X-ray phase analysis and internal surface

The crystal structure of the initial active carbon and
the synthesized catalysts were characterized by X-ray
diffraction; XRD patterns are presented in Fig. 1.

As it can be seen in Fig. 1a, the initial active carbon
(AC;,) was X-ray amorphous and it manifested only
one blurry maximum at 20 with width from 19.5° to
29.5°. The plans of carbon were located in this range,
according to the ICDD Standard Card N“00-022-1069:
(110) at 19.85°, (111) at 20.83°, (201) at 23.97°, (104) at
27.68°, and (203) at 29.45°. The oxidized carbon
(ACox) showed the similar diffraction pattern,
although the intensity of the mentioned above peak
increased by 20%. This peak was also presented in
the diffraction pattern of the nitrided oxidized carbon
(N/AC,y). Besides that N/AC,, showed the blurry
maximum at 20 from 39.5° to 48.5° as well. In this
range, the planes of carbon (205) at 39.49°, (220) at
40.22°, (304) at 43.04°, and (305) at 47.57° were
detected, according to the ICDD Standard Card
N°00-022-1069.

After doping with cobalt, several relatively intense
peaks appeared in the diffraction pattern of the X-ray
amorphous oxidized active carbon, as it can be seen
in Fig. 1b. Namely, there were peaks at 20 values of
32.5° (210), 38.4° (301), 40.5° (114), 51.2° (222), 58.2°
(501), 64.5° (530), 69.8° (432), and all of them belonged
to cobalt according to the ICDD Standard Card
N“01-078-4003. In the spectra of Co(10)/AC,y and
Co(20)/AC,x catalysts (see Fig. 1b), there occurred
many indistinct maximums of carbon in the range of
20 from 19.5° to 29.5°, and several distinct peaks of
cobalt of low-intensity occurred as well, for instance:
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Figure 1 XRD pattern of a the initial, oxidized, and nitrided oxidized active carbons; b oxidized active carbons doped with cobalt in 10
and 20%; and c¢ nitrided oxidized active carbons doped with cobalt in 10 and 20%.

20.8° (102), 24.5° (200), 27.3° (112), 30.1° (202)
according to the ICDD Standard Card N“01-078-4003.

In the XRD pattern of the nitrided oxidized active
carbons doped with cobalt (Fig. 1c), several peaks
which were attributed to cobalt were presented.
However, the diffraction patterns of Fig. 1c showed
that cobalt in these two composites crystallizes in
different ways.

In the sample Co(10),N/AC,y the maxima at
26 = 37.6°, 38.9°, 43.2°, 44.4°, 47.5°, 49.2°, 51.1°, 53.3°,
and 57.1° of the planes (301), (311), (112), (410), (212),
(411), (222), (312), and (322), respectively, were
clearly visible (according to the ICDD Standard Card
N°01-078-4003). Its most intensive peak at 26.5°
belonged to carbon (see Fig. 1c). As is generally
accepted, a higher intensity and narrower width of C

@ Springer

Table 2 Structural adsorption characteristics of the catalysts

Catalysts Seps m*/g Vs, cm’/g
ACi, 1150 0,78
AC 640 0,45
Co(10)/AC, 510 0,25
Co(20)/ACx 495 0,21
N/AC,x 350 0,13
Co(10),N/AC,x 345 0,12
Co(20),N/AC,« 340 0,12

(002) at 26.5° peak mean a higher degree of graphi-
tization and the larger the crystal size of carbon
[47-49].



J Mater Sci (2022) 57:1994-2011

In the sample Co(20),N/AC., the planes (211),
(210), (221), (301), (410), (330), (331), (222), (430), (501),
(511), (412), (422), (313) with peaks at 26 = 31.1°,
32.7°,36.7°,37.9°, 44.5°, 45.3°, 50.5°, 51.2°, 54.6°, 58.2°,
59.3°, 61.6°, 65.0°, 72.0°, respectively, were crystal-
lized (according to the ICDD Standard Cards
N°01-078-4003 and N°01-070-2633) (see Fig. 1c).

Structural adsorption characteristics of the syn-
thesized samples of the catalysts are shown in
Table 2. The initial active carbon possessed 1150 m?/
g of surface area and 0.78 cm®/g of total porosity;
they were the largest values among the studied cat-
alysts. Its specific surface area and porosity decreased
by half to 640 m*/g and 0.45 cm®/g, respectively,
after the treatment with boiling nitric acid. In our
opinion, the destruction of the active carbon structure
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occurred because boiling nitrate acid, as a strong
oxidizing agent, chemically interacted with the
peripheral carbon atoms of activated carbon to pro-
duce humic acids. As a result of this interaction, the
external channels (macropores) of active carbon were
destroyed and eroded. This led to a significant
reduction in the structural characteristics of the AC,
as the share of macropores in the total porosity and
specific surface area is very large. Despite the fact
that there are found many different, sometimes con-
tradictory opinions on the topic of oxidized carbons,
the authors of [50, 51] hold a similar point of view.
The nitriding of the oxidized carbon surface led to
the consequent reduction of surface areas by half, and
to the reduction of total porosity by three. Melamine,
as an organic base, had formed complex salts with
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Figure 2 Hydrogen released from NaBH, solution in the presence of the synthesized catalysts at temperatures: 17 °C a, 60 °C b, 70 °C c,

and 80 °C d.
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Table 3 HGR measured in the presence of catalysts tested at
different temperatures

Catalysts HGR (mL/(g.,+ min)) at temperatures:

17 °C 60 °C 70 °C 80 °C
AC;, 41 402 1052 2230
ACx 38 394 944 1666
Co(10)/ACx 103 1052 2222 2857
Co(20)/AC o« 561 818 2222 4000
N/ACox 32 441 1385 1727
Co(10),N/ACx 512 1667 2857 5000
Co(20),N/ACx 575 1000 2222 4000

acidic functional groups of the active carbon, which
decomposed when further heated. Probably, during
the heating of the suspension of active carbon and
melamine, drying, and calcination at 850 °C of pre-
cipitate, a certain part of the formed complex salts
was washed out, decomposed, and flies away,
destroying the outer macropores. The loss of mass
during calcination also took place. As a result, not
only the porosity decreases, but also the specific
surface area.

The specific surface area and porosity of the oxi-
dized active carbon and the nitrided oxidized active
carbon continued to decrease after doping with
cobalt. The smallest structural adsorption character-
istics corresponded to Co(10),N/AC,, and
Co(20),N/ACy catalysts.

Catalytic tests

Figure 2 shows the results of the catalytic activity
tests of the initial, oxidized, and nitrided oxidized
active carbons as well as the oxidized active carbons
doped with cobalt in 10 and 20%; and the nitrided
oxidized active carbons doped with cobalt in 10 and
20% at four different temperatures.

It was observed that with the temperature rising,
the rate of hydrolysis of sodium borohydride
strongly increased; the initial, oxidized, and the
nitrided oxidized active carbons which were not
doped with cobalt have demonstrated the lowest
catalytic activity. The biggest hydrogen volume was
released in the presence of active carbon catalysts
doped with cobalt, which was fully expected. Table 3
illustrates the hydrogen generation rate (HGR, mL/
(8cat- min)) measured in all the performed catalytic
tests.
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As it can be seen in Table 3, the maximum of HGR
at room temperature was achieved in the presence of
Co(20),N/AC,y catalyst: it was 575 mL/(gc¢min).
230 mL of H, were released at the NaBH,4 hydrolysis
of the initial concentration of 0.7 wt.%, in the pres-
ence of 0.01 g catalyst during 40 min. The highest
values of HGR at all the three other investigated
temperatures have been discovered for Co(10),N/
AC,y catalyst: 1667, 2857, and 5000 mL/(gc,-min).
Those values were achieved during 12; 7; and 4 min,
respectively, through the NaBH, hydrolysis of 0.7
wt.% in the presence of 0.01 g catalyst.

These experimental results are consistent with the
known published ones [11, 52-61], as well as confirm
the competitively high catalytic activity of the syn-
thesized cobalt-doped carbon catalysts.

In order to determine the order of the reaction and
calculate the activation energy, the analysis of
experimental data was additionally performed.
Graphical dependences of the current concentration
of sodium borohydride on the reaction time were not
rectilinear; thus, the zero order was excluded. In
order to check the first order of the reaction, the
graphical dependences of the natural logarithm of the
NaBH, current concentration on the reaction time, at
the investigated temperatures were built, as shown in
Fig. 3. All the obtained dependences were rectilinear;
the maximum square deviation from the linearity did
not exceed 0.6%, which corresponded to the error
limits. Thus, the first order of the reaction of catalytic
hydrolysis of sodium borohydride under the studied
conditions was confirmed.

The activation energy (E,) of the investigated cat-
alytic reaction was determined by the graphical
method. Figure 4a shows the Arrhenius plot of
In(k) versus 1/T for all the catalysts. On the basis of
the slope of the approximated straight line, E, for
NaBH, hydrolysis in the presence of the obtained
catalysts was calculated.

E, was calculated by the formula (4) as well. The
error of determination by both methods did not
exceed 1,5%. The results of those calculations in the
form of a histogram of the Activation energy aver-
aged values are shown in Fig. 4b.

As it is seen in Fig. 4b, the lowest activation energy
(40 kJ/mole) was observed in the presence of the
Co(10)/AC,x catalyst. The value close to it
(41 kJ/mole) corresponded to the most active cata-
lyst, namely Co(10),N/AC,x. The low value of E,
(44 kJ/mole) was also observed in the reaction
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Figure 3 Dependence of the logarithm of the NaBH, current concentration on the reaction time carried out at temperatures: 17 °C a,

60 °C b, 70 °C ¢, and 80 °C d.

realized with Co(20),N/AC,. It is important to
underline that in the presence of one of the least
active catalysts, namely N/AC, the activation
energy of the reaction was comparatively low
(45 kJ/mole), and vice versa, with one of the most
active catalysts, Co(20)/AC,x, E, high
(47 kJ/mole).

The obtained values of the activation energy of
NaBH, hydrolysis were in complete agreement with
the previously reported results; they could compete
with some of them as well [11, 52-61].

In order to explain such a difference in the
behavior of the synthesized catalysts in the NaBH,4
hydrolysis reaction, as well as to elucidate its mech-
anisms, surface chemistry was investigated.

was

Surface chemistry

The ion-exchange properties of the surface and the
point of zero charge (pzc) of the synthesized catalysts
were determined by the pH-potentiometric titration
method; the obtained results are presented in Table 4.

It can be seen in Table 4 that the initial activated
carbon (AC;,) showed a low cation exchange capacity
(only 0.3 mmol/g) in the pH range: from 3.1 to 4.0.
The point of zero charge of the AC;, came at pH 4.0.
Anion exchange on the surface of the initial activated
carbon occurred in a wide pH range: from 4.0 to 11.6.
The maximal anion exchange capacity of the AC,
was 1.1 mmol/g. This was due to the peculiarities of
the obtaining technology of this type of activated
carbon, as well as to its alkaline reaction.

@ Springer



2002
5
*
(-
of &
- - \ V
4 e AC, ]
e AC,, . \
@ Co(10)/AC_, . iy
O w Co(20)/AC,, ~3
® N/AC,,
10l & CoUIOLNIAC,, .
} m Co(20),N/AC,, e
28 29 30 31 32 33 34
1T-107(-3), K™
(a)

J Mater Sci (2022) 57:1994-2011

60 -

53
50}
48 47
45 44
wl 40 41
°
£
£
=
X 30}
®
w
20
10|
0
O P NI T N CL S L
G°\’\°\ 00(1“\ b c,o\'\“\’“ 00\7'“\‘“
(b)

Figure 4 Arrhenius plot of In(k) versus 1/T a and Activation energy b of NaBH, hydrolysis reaction in the presence of the synthesized

catalysts.

Table 4 Ton-exchange properties of the catalysts

Catalysts pH range of cation exchange a*, mmol/g pHp.c pH range of anion exchange a~, mmol/g
ACi, 3.1-4.0 0.3 4.0 4.0-11.6 1.1

AC 3.0-95 32 - - -
Co(10)/AC 7.1-10.2 2.0 10.3 10.3-11.7 0.8
Co(20)/AC o« 6.8-10.2 2.0 10.3 10.3-11.7 1.0
N/ACox 3.2-114 0.4 11.4 11.4-11.7 0.3
Co(10),N/AC,x 3.3-11.0 0.9 11.0 11.0-11.8 0.5
Co(20),N/AC,x 7.3-11.0 1.5 11.0 11.0-11.8 0.5

HNO,
T=100°C

c
07 oH

Figure 5 Schematic presentation of the oxidizing of initial active carbon surface by nitric acid.

The oxidized activated carbon (AC,,) showed high
cation exchange properties in a wide pH range: from
3.0 to 9.5; it did not show anion exchange capacity at
all; therefore, AC,y did not have the pzc. The maxi-
mal cation exchange capacity recorded for the oxi-
dized activated carbon constituted 3.2 mmol/g (see

@ Springer

Table 4). Such data completely confirmed the pres-
ence of the acidic surface functional groups (car-
boxylic, phenolic, lactone, and their combinations) on
the carbon surface, which were formed during the
oxidation by nitric acid, as well as the complete
absence of the groups capable of anion exchange. The
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2003

T=110°C

Figure 6 Schematic presentation of the interaction of the oxidized active carbon surface with melamine.

chemical transformations that occur on the surface of
the initial activated carbon during its treatment with
boiling nitric acid can be very approximately depic-
ted, as it is shown in Fig. 5.

The introduction of the metallic cobalt (in the
amount of 10 and 20%) in the matrix of the oxidized
carbon had led to the narrowing of the range of cation
exchange and to the decrease in cation exchange
capacity, as well as to the appearance of the anion
exchange ability and, consequently, to the pzc at pH
10.3 (see Table 4). These data indicated to the fact that
cobalt atoms were attached to the surface of active
carbon through the side functional groups, by the
exchange reaction with their H"-ions, and confirmed
the covalent nature of the chemical bond between the
introduced cobalt and the oxidized carbon surface.

After the insertion of nitrogen into the oxidized
carbon matrix, the range of cation exchange greatly
expanded and shifted toward more alkaline pH,
however, the cation exchange capacity of the nitrided
oxidized active carbon (N/AC,,), remained not very
high (0.4 mmol/g). Anion exchange on the surface of
the nitrided oxidized active carbon occurred in the
very narrow pH range: from 11.4 to 11.7, and its point
of zero charge was at pH 11.4 (see Table 4).

The multifunctional nature of the surface of the
nitrided oxidized active carbon, in our opinion, is
explained as follows: in the process of the impreg-
nating of the oxidized active carbon with melamine
and subsequent calcination, first, the complete
destruction of the outward oxygen-containing func-
tional groups occurs, and then the formation of the
new, but already nitrogen-containing groups [42]
originates (Fig. 6). The newly formed pyridine, pyr-
idine N-oxide, pyridone, and pyrrole are able to
generate the corresponding cations and anions in
aqueous solutions, as it will be shown below.

After the insertion of cobalt into the nitrided oxi-
dized carbon matrix, its acidity increased and the
basicity practically did not change. The catalyst with
a lower content of cobalt (Co(10),N/AC,,) exhibited
the cation exchange capacity in the pH range: from
3.3 to 11.0. The maximum cation exchange capacity
constituted 0.9 mmol/g, and the point of zero charge
was at pH 11.0. The anion exchange properties of
Co(10),N/AC,«x were exhibited in the very narrow
pH range: from 11.0 to 11.8, the maximum of its anion
exchange capacity was 0.5 mmol/g. The catalyst with
more content of cobalt (Co(20),N/AC,,) showed the
higher cation exchange capacity, which constituted
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—=— Co(20)AC,,
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q, mmol/g

Figure 7 Acid-base sites on the surface of the oxidized active
carbon and of cobalt-doped catalysts obtained on its basis.

1.5 mmol/g, but it was active in the narrow pH
range: from 7.3 to 11.0. The point of zero charge was
also at pH 11.0. Anion exchange properties were
manifested in the similar narrow range of pH: from
11.0 to 11.8, and the maximum of its anion exchange
capacity constituted also 0.5 mmol/g.

Thus, the introduction of less amount of cobalt
(with the same initial nitrogen content) widened the
range of cation exchange more significantly and
promoted the increase in the cation exchange capac-
ity, but did not affect the exchange of anions at all.
Such experimental data allowed to assume the for-
mation of various and different surface groups and
complexes, the nature of which was very strongly
dependent on the content of the doping metal.

In order to confirm this hypothesis, as well as to
clarify the mechanism of cobalt attachment and to
determine the possible forms of its existence on the
surface of the initial, oxidized, and nitrided oxidized
carbon matrix, the investigation of the synthesized

" O ~
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catalysts by the method of adsorption of Hammett
indicators from an aqueous medium was performed.

As it is seen in Fig. 7, there was the only maximum
at pK, =7.15 on the surface of the active carbon
oxidized with nitric acid. Since strong acids (car-
boxylic) have pK, below 8 and weak acids (phenols)
have pK, over 8, as discussed by Teresa ]. Bandosz
[62], it was concluded that the both types of surface
centers were presented and caused the single peak
appearance in the neutral region.

After the introduction of cobalt into the oxidized
carbon matrix, the intensity of the peak at pK, = 7.15
changed: it almost doubled for the Co(20)/AC,y cat-
alyst and decreased by a quarter for the Co(10)/AC
catalyst (Fig. 7). Such changes, in our opinion, were
explained by the chemical interaction of surface car-
boxyl and phenolic groups with cobalt, as a result of
which, cations of the corresponding salts of car-
boxylic acids and phenolates were formed, as it is
shown in Fig. 8a. The inserted cobalt in the amount of
10% was not enough to interact with all O-containing
surface groups; therefore, the intensity of the pK,.

=7.15 maximum decreased for the Co(10)/AC,,

catalyst. On the contrary, 20% of the introduced
cobalt in the Co(20)/AC,y catalyst was sufficient for
the complete neutralization of acids (carboxyl and
phenols), as well as for the formation of an additional
amount of Co"-cations, trapped between the carbon
graphitized planes (see Fig. 7).

The emergence of the new peak at pK, = 9.45 was
observed which did not take place until the intro-
duction of cobalt (see Fig. 7). According to our sup-
position, its appearance is caused by the fact that the
formed cations of salts of carboxylic acids and phe-
nolates, being in aqueous solutions, attract OH™-
groups very easily, and the H"-cations are produced

0
(j)k —Co’ 0—Co—0---H
—»
: 0—Co"

0—Co—O0---H
o, (J
—

(b)

Figure 8 Chemical interaction of the surface carboxyl and phenolic groups with cobalt a, and H*-cation generating as a result of the

attraction of OH ™ -groups by the formed cations of salts of carboxylic acids and phenolates b.
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—e— N/AC,,
—e— Co(10),N/AC,,
—=— Co(20),N/AC,,

q, mmol/g

Figure 9 Acid-base centers on the surface of nitrided oxidized
active carbon and of the cobalt-doped catalysts obtained on its
basis.

as a result. These transformations can be depicted
very conditionally as in Fig. 8b.

The results of the determination of acid-base cen-
ters on surface of the nitrided oxidized active carbon
and the cobalt-doped catalysts obtained on its basis
are presented in Fig. 9.

The small maximum at pK, =0.8 (see Fig.9)
belonged to pyridine N-oxide, which is known as
Lewis base. However, the canonical forms, in which
oxygen is neutral and the pyridine ring is negatively
charged, make a significant contribution to the

Figure 10 The opposite
polarization of the pyridine
N-oxide cycle due to the
resonance forms with positive
charge at the «- and y-
positions.

Figure 11 Chemical bonding
of cobalt by quaternary
nitrogen atoms of different
graphitized planes.

2005

structure of pyridine N-oxide. In the reality, the sit-
uation is even more delicate, since the resonance
forms carrying the positive charge at the o- and -
positions also suppose the existence of the opposite
polarization of the cycle, as it is shown in Fig. 10.
Therefore, the N-oxide group in pyridine N-oxides
facilitates the nucleophilic and electrophilic substi-
tution reactions at these positions, depending on the
conditions.

The participation of cobalt in nucleophilic and
electrophilic substitution reactions with pyridine
N-oxide is thermodynamically impossible. Therefore,
pyridine N-oxide did not undergo any changes dur-
ing doping with cobalt, except for the opposite
polarization of the cycle, which did not affect the total
acidity of these centers. As a result, the low maxi-
mum at pK, = 0.8 remained after doping with cobalt
(see Fig. 9).

It is well known, that quaternary nitrogen belong-
ing and being covalently bonded to three adjacent
rings, contains a positively charged nitrogen atom.
Therefore, quaternary nitrogen, being weak Bronsted
acid, caused the peak at pK, = 5.5 (see Fig. 9). Its
complete disappearance after the introduction of
cobalt can be explained by two reasons. First, donor—
acceptor surface complexes were formed, in which
the n-electrons of the nitrogen atom were displaced to
the vacant orbitals of cobalt ions. Second: the chem-
ical bonding of one cobalt atom by quaternary
nitrogen atoms, located in different graphitized

@ Springer
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Figure 12 Pyridone H H H
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Figure 13 Interaction of pyrrole nitrogen with cobalt and the
resulting formation of pyrrole-cobalt.

J

planes, took place, as it is shown in Fig. 11 (but very
simplified). This is due to the fact, that the presence
of nitrogen heteroatoms in the conjugated electronic
system of the carbon matrix increases its total elec-
tron donation, thereby creating the energetic condi-
tions, in which cobalt ions can attach directly to the
aromatic ring or form complexes with individual
aromatic fragments.

Pyridone and pyrrole are known to possess the
properties of a weak acid; therefore, they can cause
the maximum at pK, = 7.15 (see Fig. 9). The number
of these weakly acidic sites (according to Bronsted)
increased by one third in the Co(20),N/AC, catalyst,
and also increased by three in the Co(10),N/AC

Figure 14 Chemical
interaction of pyridine groups
of nitrided carbon matrix and
cobalt with the following
formation of pyridine-cobalt,
and polypyrrole-cobalt (II)
complexes.

N
X +H,0
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catalyst after doping the nitrided carbon matrix with
cobalt. This change in acidity can only be explained
by simultaneous taking into consideration both the
tautomerism and the chemical properties of pyridone
(hydroxypyridine), as it shown in Fig. 12.

It is well known that strong bases are capable of
converting pyrrole to the pyrril-anion, which is a
highly n-excess hetero-analog of cyclopentadienyl. As
in the presented work, the procedure of the nitrided
carbon matrix doping with cobalt was carried out in a
strongly alkaline restorative environment; appar-
ently, the interaction of pyrrole nitrogen with cobalt
was running with the formation of pyrrole-cobalt
according to the scheme, as it shown in Fig. 13. That
is why the pK, maximum at 7.15 increased after the
introduction of cobalt (see Fig. 9).

The maximum at pK, =9.45 (see Fig. 9) was
referred to pyridine, which is known as a weak base.
Pyridine exhibits properties characteristic for tertiary
amines: it forms N-oxides (discussed above), and
N-alkylpyridinium salts, as well as is capable of act-
ing as a sigma-donor ligand. After doping with
cobalt, the intensity of the pK, = 9.45 peak decreased
by two times in the case of Co(20),N/AC,,, and it
almost completely disappeared in the case of

T

_ - N

T h
N O
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Co(10),N/AC,« catalyst (see Fig.9). It allowed to
assume that the part of the introduced cobalt chem-
ically interacted with pyridine groups, according to
the mechanism of electrophilic addition at the nitro-
gen atom with the formation of pyridinium salts
(pyridine-cobalt), as it shown in Fig. 14. Another part
of the introduced cobalt participated in the formation
of polypyrrole-cobalt (II) complexes, as it shown in
Fig. 14 as well. It became the reason of the decreasing
in the intensity of the peaks at pK', = 9.45 in Fig. 9.

Conclusions

Two series of cobalt- and/or nitrogen-doped cata-
lysts were prepared by the impregnating of pre-oxi-
dized industrial active carbon. These were: two
catalysts with 10 and 20% of cobalt content based on
the oxidized active carbon, as well as two catalysts
with 10 and 20% of cobalt content based on the
nitrided oxidized active carbon. The presence of
cobalt in all the doped samples was confirmed by
both X-ray phase and X-ray structural analysis. It was
found that the oxidation, nitriding, and doping with
cobalt lead to the consistent decrease in the surface
area and the total porosity of the original activated
carbon; however, it did not affect their catalytic
activity.

All the initial and synthesized doped activated
carbons were investigated in the model process of
sodium borohydride hydrolysis using the sealed
volumometric installation at the temperature of
17 °C, as well as at higher temperatures: 60, 70, and
80 °C. It was discovered that all the doped with
cobalt catalysts had significantly higher catalytic
activity than the corresponding initial undoped ones.
The largest amount of hydrogen released at a tem-
perature of 17 °C was recorded on the nitrided oxi-
dized active carbon containing 20% of cobalt. In the
presence of its 0.01 g, 230 mL of H; released during
40 min at the hydrolysis of sodium borohydride with
the initial concentration of 0.7 wt. %, which corre-
sponded to the hydrogen generation rate of 575 mL/
(8cat- min). The activation energy of NaBH, hydrol-
ysis reaction in the presence of this catalyst was
44 XJ /mole.

The largest H, volumes at temperatures of 60, 70,
and 80 °C and hydrogen generation rates of 1667,
2857, and 5000 mL/(g. min), respectively, were
found in the presence of the catalyst doped with

2007

nitrogen and cobalt, with the content of the latter of
10%. In this case, the activation energy constituted
41 kJ/mole.

These experimental data characterize the synthe-
sized cobalt-nitrogen-containing catalysts as highly
active and competitive among the already known
and well-studied catalysts that do not contain noble
metals.

The study of the surface chemistry of the catalysts
by the two methods (pH-potentiometric titration, and
adsorption of Hammett indicators from an aqueous
medium) made it possible to explain the mechanism
of cobalt attachment and to determine the possible
forms of its existence on the surface of the oxidized
and nitrided oxidized activated carbon matrix.

The results obtained allow to recommend cobalt
doped nitrogen-containing activated carbons for the
preparation of highly catalytic active non-noble metal
catalysts.
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