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Abstract—The accumulation of electrolytic hydrogen synthesized in a 5 M KOH solution by double- and tri-
ple-walled carbon nanotubes (CNTs) deposited on a steel membrane and encapsulated by an electrolytic iron
layer of the thickness of 10 nm was studied. CNTs were synthesized by catalytic pyrolysis of methane and are
characterized by an inner diameter of 2—4 nm, a length of up to 10 um and more, and a specific surface area
of 600—800 m? g~ . The studies were performed by electrochemical diffusion, cyclic voltamperometry, and
electrochemical-impedance spectroscopy. It has been shown that the hydrogen-storage capacity in CNTs
varies in the range of 4—25% depending on the content of nanotubes in the composite.
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The accumulation of hydrogen synthesized by dif-
ferent methods is one of the most serious problems of
hydrogen power engineering. The existing methods for
the hydrogen accumulation are either insufficiently
efficient in terms of specific capacity or insufficiently
manufacturable for practical use. These disadvantages
are typical to varying degrees for hydride, liquid, com-
pression, and sorption accumulation methods at
decreased temperatures [1—3].

The manufacturability and the specific hydrogen-
capacity requirements for accumulators of this kind
can only increase with time. As far as can be deter-
mined from the results of foreign studies (United
States, China, Japan, etc.), the aforementioned is also
typical for the use of carbon nanotubes (CNTs) in
such processes. Immediately after the discovery of
CNTs in 1991 [4], their ability to store hydrogen
attracted much attention. With the development of
methods for the synthesis of carbon nanostructured
materials, they become increasingly promising as
hydrogen accumulators.

There are two known types of experimental meth-
ods for hydrogen uptake of CNTs. The first is the
high-pressure method, which leads to the physical
sorption of hydrogen molecules H, between clusters of
the intertube space. The maximum hydrogen-storage

capacity achieved under these conditions varies from
3t06%.

The other method is electrochemical hydrogen
uptake of CNTs: in the electrochemical process, under
normal pressure, atomic hydrogen H is released on the

191

CNTs’ surfaces or on composites containing CNTs
and adsorbed to diffuse into the depth of nanotubes.

In the case of hydrogen accumulation by CNTs or
electrode materials with their participation, cathodi-
cally synthesized hydrogen is simultaneously an
adsorbate (the charge phase) and the participant of the
anodic reaction (the discharge phase). Thus, it is
important to relate these processes with the hydrogen-
release reaction (HRR) kinetics and the presence of
surface-oxide formations, which are typical for all car-
bon materials. Electrochemical methods make it pos-
sible to effectively control the degree of filling of the
surface with the aforesaid oxide formations by
cathodic and anodic polarization of CNTs or carbon
composites containing them.

In [5], the hydrogen accumulation by the compos-
ite of single-walled carbon nanotubes (SWCNTs) on a
palladium substrate encapsulated by thin palladium
layers under electrolytic hydrogen uptake was studied.
It was shown that SWCNTs increase the hydrogen
capacity of the Pd—SWCNTs composite by 24—26%
under electrolytic hydrogen uptake compared to pure
Pd. The capacity of SWCNTs in the composite
depends on the Pd—SWCNTs volume ratio and
reaches 12% at V(Pd)/V(SWCNT) > 10.

Previously [6], the effect of the cathodic polariza-
tion value, type of electrolyte, and its composition on
hydrogen accumulation by multiwalled carbon nano-
tubes was studied. It was shown that, in an acidic
medium (x M HCI + (1 — x) M LiCl), the content of
hydrogen absorbed by carbon nanotubes encapsulated
on a steel membrane by an electrolytically precipitated
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iron layer is 3—13.8 wt %. In an alkaline medium
(1 M KOH), the absorbed-hydrogen fraction is 3.5—
15 wt % and depends on the cathodic-polarization
value (up to 0.4 V) and the weight of multiwalled car-
bon nanotubes.

In [7], the accumulation of electrolytic hydrogen
by multiwalled carbon nanotubes (MWCNTs) was
studied in a 5 M KOH solution by electrochemical
methods. MWCNTs were deposited on a steel mem-
brane and encapsulated by an electrolytic nickel layer
of the thickness of 10 nm. The hydrogen-storage
capacity of MWCNTs, according to the electrochem-
ical-diffusion method, varies in the range of 4.6—6.5%
depending on the amount of nanotubes.

The aim of this work is to study electrolytic hydro-
gen absorption by double- and triple-walled carbon
nanotubes in an alkaline medium by electrochemical
diffusion (solid-phase hydrogen flow through a
membrane), voltamperometry, and impedance spec-
troscopy.

Double- and triple-walled CNTs were synthesized
by catalytic pyrolysis of methane at the temperature of
930°C on a catalyst of the following composition:
[Cop25M0y 75]90sMEp0sO. The synthesized CNTs,
immediately after the synthesis, were exposed to the
hydrochloric acid treatment for 10 h to eliminate the
catalyst with the subsequent annealing in a CO, atmo-
sphere at 920°C to eliminate carbon admixtures. The
inner diameter of CNTs is 2—4 nm, the length is up to
10 um and more, and the specific surface area is about
600—800 m? g~. The carbon product contains 60% of
double- and triple-walled CNTs, the rest are tubes
with less and more layers.

The electrochemical-diffusion method consists in
the use of a cell of Devanathan cell type with a vertical
08PS steel membrane with a thickness of 300 wm and
a surface area of 3.63 cm? separating the polarization
and the diffusion compartment of a cell. One side of a
membrane was coated with a certain volume of an
aqueous—ethanol CNTs solution modified polyvin-
ylpyrrolidone (PVP). A PVP additive was introduced
to provide solution stability (to prevent the nanotubes
from settling).

After the evaporation of the liquid phase, for
increasing the adhesion of nanotubes to the mem-
brane surface, the electrolytic precipitation of an iron
layer of the thickness of 10 nm from a standard ironing
electrolyte containing FeSO,, MgSO,, and H,SO, was

performed under the current density of 0.1 A/dm?.
The coating thickness was calculated based on the
amount of passed electricity. A membrane prepared
using this technique was placed in a Devanathan cell.
Its cathodically polarizable side with deposited CNTs
was in contact with the working electrolyte solution
(5 M KOH), and the diffusion side was in contact with
atitrated KMnQO, solution. Atomic hydrogen adsorbed
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on the polarizable-membrane surface formed in
accordance with the reaction

H,0+e — H,, +OH, (1)

partially recombines (molizes) with the formation of
molecular hydrogen H,, which transits into the gas
phase. The second part is absorbed by nanotubes. The
third part diffuses through a membrane in a perman-
ganate solution, where is oxidizes.

Based on the change in the KMnQ, solution’s con-
centration, the amount of hydrogen diffused through a
membrane is calculated. The similar experiment with-
out CNTs was performed using a steel membrane
coated with an electrolytic iron layer of the same
thickness that in the experiments with CNTs. The dif-
ference in the amount of hydrogen oxidized with
potassium permanganate in the absence of CNTs on a
membrane and in their presence corresponded to its
accumulation by nanotubes. Their hydrogen-storage
capacity is calculated using the formula

Ny = (mH/mCNT)lOO%. 2)

The calculations were performed under the same
polarizing cathodic current in the absence of CNTs
and in their presence.

The time of a single experiment was 2 h. The input
side of a membrane was polarized potentiostatically
under potential £=—1.2 V (an IPC-Pro potentiostat).
The potentials were measured with respect to the sat-
urated silver-chloride electrode and recalculated ver-
sus NHS. The average polarizing cathodic current (1)
under the preset potential was calculated based on
amount of passed electricity Q determined from the
chronoamperograms (/—T) by integration.

The amount of hydrogen absorbed by CNTs was
also determined by the following method. After the
exposure of the cathodically polarizable side of a
membrane with the CNTs + Fe composite ina 5 M
KOH solution under £= —1.2 V for 2 h to saturate an
electrode with hydrogen, the potential was switched
from —1.2 to —0.6 V, under which hydrogen oxidation
in the same solution occurred. It was manifested by
the current peak in the chronoamperogram (CA). The
hydrogen-oxidation potential was preestablished from
voltamperograms. Amount of electricity Q consumed
by the hydrogen oxidation was determines from the
CA by integrating the hydrogen-oxidation current
peaks. A similar experiment without CNTs was per-
formed with a membrane coated by an iron layer of the
same weight as that in the CNTs + Fe composite.

Voltamperograms were recorded in the range of
—1.2 to +0.2 in the straight and reverse directions at
the scanning speed of 0.66 mV/s.

The electrochemical impedance of the considered
electrodes was studied in the frequency range of
(®w/2m) 10 kHz to 50 mHz with an AC voltage ampli-
tude of 10 mV using a Solartron electrochemical ana-
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Fig. 1. SEM and PEM images of double- and triple-walled
CNTs.

lyzer (United Kingdom), in accordance with the tech-
nique described in [7].

The SEM and PEM images of double- and triple-
walled CNTs are given in Fig. 1. In Fig. 2, once can see
the voltamperograms recorded at the potential scan-
ning speed of 0.66 mV/s from the cathode region to the
anode one back on a steel membrane with deposited
48 ug of CNTs encapsulated by iron after the exposure
for 3 h under the potential of —1.2 V. The current peak
in the cathode region under £ = —0.9 V corresponds to
the saturation of an electrode with hydrogen. In the
voltamperograms, there are two peaks in the anode
region at —0.75 and —0.6 V, where the oxidation of
hydrogen absorbed by nanotubes is possible because
the equilibrium potential HRR in a 5 M KOH solution
is more negative, which can be seen from the following
calculation:

E,., =—0.059 pH.

With consideration of pH of 14.24 ina 5 M KOH
solution,

E., =0.059%x14.24 = -0.84 V.

The oxidation of accumulated hydrogen occurs
with some overvoltage.

In the absence of CNTs on a membrane, there are
also peaks in the anode region of the voltamperogram,
although they are less expressed. Apparently, newly
precipitated iron absorbs hydrogen, which oxidizes in
the anode region under the same potentials. However,
more expressed peaks in the presence of CNTs indi-
cate the hydrogen accumulation by carbon nanotubes.
The amount of electricity corresponding to the oxida-
tion of hydrogen absorbed by CNTs (Qcnt) Was deter-
mined based on the difference Ocnt = Ocnt + Fe — OFes
where Ocnr + re 1S the total amount of electricity con-
sumed by the oxidation of hydrogen in the CNT + Fe
composite and Q. is the amount of electricity con-
sumed by the oxidation of hydrogen absorbed by iron.
The hydrogen content per CNT weight unit was calcu-
lated using the following formula:

Ny = QCNTEH/(FmCNT)- (3)
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Fig. 2. VAs recorded on a steel membrane with 48 g of
CNTs encapsulated by an electrolytic iron layerina 5.0 M
KOH solution: (/) steel coated with an iron layer of the
thickness of 10 nm; (2) steel with double- and triple-walled
carbon nanotubes deposited on the surface and encapsu-
lated by an electrolytic iron layer with a thickness of 10 nm.

Though two hydrogen oxidation peaks are
observed in the current—voltage curves in the anode
region (—0.75 and —0.6 V) and the potential was
switched from —1.2 V, under which saturation of the
composite with electrolytic hydrogen occurred, to £ =
—0.6V, it can be suggested that, under this potential,
all of the hydrogen accumulated by nanotubes oxi-
dizes. In Table 1, the data on the hydrogen-storage
capacity of nanotubes according to the electrochemi-
cal diffusion studies in a Devanathan cell and switch-
ing the membrane polarization with CNTs layer
encapsulated by an iron from the cathodic potential of
—1.2 V (after the double exposure for 1 h) to the hydro-
gen oxidation potential of (—0.6 V) and the subsequent
determination of the amount of electricity corre-
sponding to the oxidation of absorbed hydrogen are
shown. As can be seen, there is a tendency toward an
increase in the storage capacity under a decrease in the
amount of CNTs on a membrane (or under an
increase in the mg./mcnt ratio), which, apparently,
indicates the existence of an optimal value that makes
it possible to most effectively use CNTs.

The results of the parallel experiments, each one
being the averaged value of the triple measurements
performed under the identical conditions, shown in
Table 1 in some cases differ significantly in terms of
the absolute 1y value. Such a difference in the experi-

Table 1. Experimental data on hydrogen absorption by
CNTsin 5.0 M KOH under F=—-1.2V

MMWCNT 0.032 0.048 0.096
on a membrane, mg

Nu, % (diffusion 25; 19 14.5 5.7;5.4
technique)

Nu, % (switching 9.0; 12.1 8.1 4.2
of polarization)
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Fig. 3. Nyquist plots for a membrane coated with CNTs
(96 ug) and encapsulated by an electrolytic iron layer with
a thickness of 10 nm under £ = —1.2 Vin a 5 M alkaline
solution. Points correspond to the experimental data;
curves correspond to the adjustment in accordance with
the equivalent circuit. Numbers at curves are cycle num-
bers. Z' (Q cmz) is the real component of the impedance;
7" (Q cmz) is the imaginary component of the impedance.
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Fig. 5. Nyquist plots for a membrane encapsulated by an
iron layer of the thickness of 10 nm in the absence of CNTs
under £= —1.2 Vin a 5 M alkaline solution. Points corre-
spond to the experimental data; curves correspond to the
adjustment in accordance with the equivalent circuit.
Numbers by curves are cycle numbers. Z' ({2 cm?) is the
real component of the impedance; Z" (Q cm2) is the imag-
inary component of the impedance.

mental data cannot be explained even by the change in
the conditions of the discharge of proton donors and
the hydrogen sorption and other characteristics of the
experiment.
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Such a picture is specific for nanoobjects. Accord-
ing to [8], if a system is far from the equilibrium, it is
characterized by the absence of thermodynamic sta-
bility of the processes. Far from the region that is near
the equilibrium, multiple possible states and, thus, the
unpredictability must be considered. The loss of sta-
bility is explained by the theory of stability of non-lin-
ear differential equations, which, undoubtedly,
describe the processes with the participation of
nanoparticles when their effective size, which can also
change in time, becomes the thermodynamic param-
eter [9]. The main ratios characterizing the loss of sta-
bility and the ambiguity of the solutions including the
bifurcation as branching of solutions for such equa-
tions are used in this case.

The impedance hodographs were recorded on a
membrane with double- and triple-walled CNTs
deposited all over the surface in the amount of 96 ug
encapsulated by an electrolytic iron layer in a 5 M
KOH solution under £ = —1.2 V (Fig. 3) immediately
under the potential application (the first cycle) and
after the exposure under this potential for 0.5 h (the
second cycle) and then 1 h (the third cycle). The sim-
ilar measurements were performed with an iron mem-
brane in the absence of CNTs.

The processing of the impedance spectra was per-
formed as in [7] in accordance with the equivalent cir-
cuit shown in Fig. 4, which corresponds to the molec-
ular-hydrogen release reaction (HRR) in the presence
of the hydrogen absorption (HAR) [10, 11]. According
to [11], the hydrogen absorption by an electrode
occurs through the adsorbed state. R, R,, and C, are
the elements of the Faraday impedance HRR; R, is
the absorption reaction resistance, i.e., the phases of
the H,4 transition to the near-surface position; and
Z4 is the impedance of the diffusion of hydrogen atoms
in a membrane. The diffusion impedance in the gen-
eral form is expressed by the following relation:

tanh (jot,)™
Zs =Ry ( Pdd)
(Jooty)

where R, is the diffusion resistance and T, is the char-
acteristic time of diffusion (ty = d?/D, d is the mem-
brane thickness, and D is the diffusion coefficient).
The fixed value py = 0.5 was used.

The impedance hodographs recorded on a mem-
brane coated by an electrolytic iron layer of the thick-
ness of 10 nm in the absence of CNTsunder E=—1.2V
in a 5 M alkaline solution are shown in Fig. 5. The
numerical values of elements of the equivalent circuit
for hodographs shown in Figs. 3 and 5 are shown in
Tables 2 and 3.

The calculation of diffusion coefficient D of hydro-
gen in a steel membrane coated with an iron layer
(10 nm) based on the characteristic time T, = 11.9—17.3 s
in the absence of CNTs on a membrane (see Table 3)
was performed in accordance with the following for-
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Table 2. Numerical values of the equivalent circuit elements for a steel membrane coated with CNTs (96 lg) encapsulated
by an iron layer of the thickness of 10 nm under £= —1.2 Vin a 5 M KOH solution

Element Ist cycle 2nd cycle 3rd cycle
R, Q cm? 1.445 1.458 1.405
Cyp» UWF/cm? 0.00030458 0.00052569 0.00032545
R, Q cm? 2.854 2.320 1.879
R,, Q cm? 11.32 20.32 19.35
C,, uF/cm? 0.00020154 0.00039687 0.00023548
Ryps, Q cm? 30.66 28.63 23.94
Ry, Q cm? 290.32 215.65 159.34
Ty, S 60.3278 53.25 50.96
DPd 0.5 0.5 0.5
x2/sum 0.0004872/0.0801 0.0004524/0.03254 0.0003652/0.03254

Table 3. Numerical values of the equivalent circuit elements for a steel membrane coated with an iron layer of the thickness

of 10 nm under £= —1.2 Vina 5 M KOH solution

Element Ist cycle 2nd cycle 3rd cycle
R, Q cm? 0.98406 (N/A) 1.001 (N/A) 1.041 (N/A)
Cy» UWF/cm? 6.1 X 107 (2.23)* 5.9 x 1074 (8.873) 5.9 x 107*(19.873)
R,, Q cm? 2.9 (15.676) 2.986 (2.88388) 2.986 (2.8858)
R,, Q cm? 19.54 (2.647) 11.73 (13.955) 6.978 (15.107)
C,, uF/cm? 3.7 x 107 (19.47) 3.5 x 1074 (25.11) 5.6 x 107 (36.581)
Ry, Q cm? 7.1 (36.854) 6.4 (53.285) 7.6 (6.8628)
Rp, Q cm? 119.3 (15.481) 82.0 (6.3688) 63.32 (8.3735)
Tg» S 11.88 (16.134) 12.81 (5.5743) 17.27 (5.63588)
Pd 0.5 (N/A) 0.5 (N/A) 0.5 (N/A)
x2/sum 0.00022026,/0.01718 0.0003378/0.026348 0.00042888/0.033453

* Numbers in parentheses are the parameter errors in %; sum is the sum of quadratic deviations.

mula: T = d?/D, where D is the diffusion coefficient of
hydrogen in a membrane, which is D = (5.2—7.5) X
1073 cm?/s; this agrees satisfactorily with the reference
data for D in iron at room temperature (7.8 x 10—
8.3 x 1073 cm?/s at 22—25°C). Thus, the obtained data
can be considered rather reliable.

The measurement of hydrogen diffusion through a
membrane with CNTs deposited on it showed that a
part of hydrogen is retained by nanotubes, i.e., dou-
ble- and triple-walled nanotubes can act a hydrogen
traps as MWCNTs in [7]. In [12], the hydrogen cap-
ture by traps is studied and it is concluded that the
impedance curve for the pure diffusion and that for the
hydrogen diffusion with its capture by traps are simi-
lar. The presence of traps leads to the decrease in the
effective hydrogen-diffusion coefficient in the solid
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phase, thus, the hydrogen capture by traps can be
expressed in the increase in the characteristic time of
diffusion. It follows from Tables 2 and 3 that the
T4, ont/Ta, 0 Tatio (T4 o and Ty cn are the times of diffu-
sion in the absence and in the presence of CNTs,
respectively) is 5.07, 4.15, and 2.95 in the first, second,
and third cycles, respectively, i.e., the impedance data
in the case of double- and triple-walled CNTs also
indicate the presence of the hydrogen capture by car-
bon nanotubes deposited on the surface of a mem-
brane electrode.

Hence, the impedance spectroscopy data qualita-
tively confirm the results on the hydrogen accumula-
tion by the studied CNTs according to electrochemical
diffusion and cyclic voltamperometry.
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CONCLUSIONS

The accumulation of electrolytic hydrogen by dou-
ble-triple-walled carbon nanotubes encapsulated by a
thin electrolytic iron layer in a 5 M KOH solution was
studied by electrochemical diffusion, cyclic voltamper-
ometry, and impedance spectroscopy. The research
data qualitatively agree with the previous results for sim-
ilar composites with MWCNTs. The hydrogen-storage
capacity of nanotubes depends on the Fe—CNTs
weight ratio in the composite decreasing under the
increase in the latter.

The observed noticeable variance of the experi-
mental data is caused by the nature of nanoobjects and
is, apparently, related to the change in the effective
size of nanoparticles, which is their thermodynamic
parameter, in time.
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