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Abstract: Synthesis of the honeycomb-like MgO/Mg(OH), structures, with
controlled shape and size of holes, by the electrolysis from magnesium nitrate
hexahydrate melt onto glassy carbon is presented. The honeycomb-like struc-
tures were made up of holes, formed from detached hydrogen bubbles, sur-
rounded by walls, built up of thin intertwined needles. For the first time, it was
shown that the honeycomb-like structures can be obtained by molten salt elec-
trolysis and not exclusively by electrolysis from aqueous electrolytes. Ana-
logies with the processes of the honeycomb-like metal structures formation
from aqueous electrolytes are presented and discussed. Rules established for
the formation of these structures from aqueous electrolytes, such as the inc-
rease of number of holes, the decrease of holes size and coalescence of neigh-
bouring hydrogen bubbles observed with increasing cathodic potential, appeared
to be valid for the electrolysis of the molten salt used.

Keywords: electrolysis; magnesium nitrate melt; honeycomb-like structure;
hydrogen evolution; scanning electron microscope (SEM).

INTRODUCTION

It is known that an electrochemical deposition process can produce nano-
structured deposits in controlled manner. Magnesium oxide/hydroxide synthesis
by the electrolysis from magnesium nitrate, sulphate and chloride aqueous
electrolytes (with different additives and precursors) has been reported.' ® How-
ever, the additional annealing of electrochemically produced magnesium hydro-
xide is needed to produce MgO. The additional thermal treatment causes calcin-
ation and certain level of magnesium oxide crystallization.* We successfully
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deposited magnesium oxide/hydroxide on glassy carbon by the electrolysis of
magnesium nitrate melt and a variety of morphological forms of deposits were
recorded (needle-like, flower-like and honeycomb-like).” ' It was found that the
current density controlled electrolysis favoured needle-like and flower-like
deposit forms and the potential controlled electrolysis favoured flower-like and
honeycomb-like structures.

The formation of the honeycomb-like or the 3D (three dimensional) foam
structures is of high scientific and technological importance, owing to their pos-
sible application as electrodes in many electrochemical devices, such as batteries,
sensors and fuel cells, as well as in catalysis.'""> Formation of such metal dep-
osits by electrolysis is known as the gas bubble dynamic template or dynamic
hydrogen bubble template (DHBT) method. The method implies that the hydro-
gen bubbles are generated on a working cathode surface, acting as a dynamic
template, around which simultaneous electrodeposition of a metal takes place.'"**
Majority of technologically important metals, such as copper,'"'*"® nickel,"”
silver,”**' gold,”** lead® and platinum,” can be electrochemically deposited
from aqueous electrolytes as honeycomb-like or 3D foam structures.

In our resent study®'" on magnesium nitrate hexahydrate melt electrolysis, it
was reported that some of the magnesium hydroxide/magnesium oxide mixture
deposits obtained on glassy carbon, exhibit dish-like holes and the holes cons-
tructing a honeycomb-like structures. These closely resemble the typical forms
characteristic of electrodeposition of copper in the hydrogen co-deposition
range.'>'*'%%® Considering the high technological significance of the honeycomb-
like structures, we continue our investigation with the aim to define the con-
ditions necessary for the controlled synthesis of the honeycomb-like MgO/Mg(OH),
mixture structure by electrolysis of magnesium nitrate molten salt.

EXPERIMENTAL

A classical three electrode electrochemical system composed of a glassy carbon (GC,
Alfa Aeser-Johnson Mathey. Co, USA) working electrode (cathode area approximately 1 cm’
exposed to the melt), a reference electrode of Mg wire (3 mm in diameter, 99.999%, Luoyang
Magnesium Gurnee Metal Material Company. Ltd, Henan, China) and a Mg counter electrode
(surface area 7.5 cm’, 99.999%) was used for electrochemical experiments. The working elec-
trode polished with alumina powder was ultrasonically cleaned in ethanol and deionized water
and then dried at room temperature. Magnesium reference and counter electrodes were pre-
pared and cleaned as described earlier.””? Magnesium nitrate hexahydrate (Mg(NO;),:6H,0,
J.T. Baker, The Netherlands) analytical grade, was used as received and carefully heated
under argon stream to the temperature of 373 K.

The working electrode potential was presented vs. Mg/Mg”" in the melt used. A potentio-
stat/galvanostat (EG&G PAR 273A, controlled by Power Suite software, Princeton Applied
Research, USA) was used for the electrochemical operations such as cyclic voltammetry (CV)
and chronoamperometry.
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In contrast to the experimental conditions applied in our earlier work,™'” in linear sweep
voltammetry experiments (LSV), the potential was swept from starting potential, E5 being
0.000 V to a final cathodic potential, Ec, of —1.000 V vs. Mg/Mg®™", and back to Es. Experi-
ments under the potentiostatic regime were carried out at: —0.200 V vs. Mg/Mg®*, —0.700 V
vs. Mg/Mg>" and —1.000 V vs. Mg/Mg"" applied to the working electrode at 7= 373 K. Also,
in all electrodeposition processes, the deposition charges were limited to 2 C. After electro-
lysis, the working electrode was taken out from the cell, rinsed with absolute ethanol (Zorka-
-Pharma, Sabac, Serbia) and dried at room temperature.

The surface morphology and composition of the deposited samples were characterized
by SEM (TESCAN digital microscope; model VEGA3, Brno, Czech Republic) equipped with
an energy dispersive spectrometer (EDS). Crystal structure of the deposit obtained by depo-
sition at —0.200 V vs. Mg/Mg>" with charge limited to 2C was analysed by Philips PW 1050
powder diffractometer, at room temperature with Ni-filtered CuK,, radiation (1 = 1.54178 A)
and scintillation detector within 20 20-75° range in steps of 0.05°, and scanning time of 4 s
per step.

RESULTS AND DISCUSSION

Glassy carbon (GC) reversible potential measured in the melt used under
experimental conditions was 1.400+£0.050 V vs. Mg/Mg”". An example of a cyc-
lic voltammogram recorded with glassy carbon working electrode in the melt
used, scanning the potential range from 0.000 V to —1.000 V vs. Mg/Mg*" and
back, is shown in Fig. 1. There are two well defined broad current waves in the
cathodic part of the voltammogram and no anodic counterparts.
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oo v .+ Fig. 1. Cyclic voltammogram of
-1.0 0.8 -0.6 -0.4 0.2 00 GC in the magnesium nitrate melt;
E/V vs. Mg/Mg* scan rate 10 mV s at 373 K.

The first cathodic current wave (I) was observed with the maximum at
—0.200 V vs. Mg/Mg”" followed by a subsequent drop to the minimum at —0.330
V vs. Mg/Mg®". The second cathodic current maximum (II) was observed at
-0.700 V vs. Mg/Mg*" and it was followed by a constant current decrease to a
minimum at —1.000 V vs. Mg/Mg”". In the anodic scan, there were no current
waves which would indicate the oxidation complementary to the two cathodic
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current waves. These recordings were in a very good agreement with our pre-
vious results, obtained on GC electrode in the same melt’ '° where starting pot-
ential has been E, = 1.400 V vs. Mg/Mg*".

The most important electrochemical and chemical reactions, from the greater
series of 13 reported elsewhere,' %7 responsible for formation of the shown
structures can be summarized as:*%'%*"*!

2H,0 +2¢ — 20H + H, (1)
Mg”"+ 2H,0 + 2¢” 5 Mg(OH), + H, )
NO; +H,0 +2¢ 5 NO, +20H (3)
NO; +e S NO,+ 0> 4)
Mg”"+ 20H — Mg(OH), (5)
Mg> -+ 0" = MgO (6)

Therefore, the wave I, in Fig. 1, includes the currents reflecting more pro-
nounced reactions given by Egs. (1) and (3), and wave Il recorded the currents
reflecting reactions given by Egs. (1), (2) and (4). The synthesis of magnesium
oxide and magnesium hydroxide from the products of the reactions cited here,
Egs. (2), (5) and (6), and elsewhere,*'****! proceeds at the working electrode
surface within the whole potential range applied. Hydrogen gas bubbles produced
on the electrode surface and their detachment from the surface provide a fresh
area for the electrochemical reactions. However, the gas bubbles do not detach
from the electrode surface so easily. Very often, they are detained by very fast
growing needle-like and similar MgO/Mg(OH), deposit structures which
surround and sometimes even cover them.

The chronoamperogram reflecting electrodeposition with restricted charge
used at —0.200 V vs. Mg/Mg*" is shown in Fig. 2. Typical current-time transient
during deposition showed that after about 2500 s cathodic current density dec-
reases down to —0.2 mA cm >. However, with increasing deposition time the

<02 |-
04|
o 06f
5
< O08f
E Fig. 2. Current density—time
SR transient recorded on GC elec-
121 trode from the magnesium nit-
' rate melt used; the potential
a4l —2c applied —0.200 V vs. Mg/Mg™";
L the amount of total charge

0 2000 4000 6000 8000 passed during the deposition res-
r/s tricted to 2 C at 373 K.
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current density increased again and reached the maximum of -0.5 mA cm™ at
about 5000 s. This maximum is than followed by another slow decrease.

The rise and fall of the current density observed during deposition at
-0.200 V vs. Mg/Mg*, using the amount of total charge passed during the
deposition restricted to 2 C (Fig. 2), should therefore be attributed to the increase
of hydrogen evolution, magnesium cations and nitrate reduction rates on the
freed electrode surface (gas bubbles leaving) and the subsequent fall of these
rates due to a pseudo-passivation of the electrode surface (Mg oxides and hydro-
xides being formed).”"*

X-ray analysis of the deposit synthesized under potentiostatic regime with
2.0 C applied charge is shown in Fig. 3. XRD pattern revealed that the deposit is
composed of a mixture of magnesium hydroxide (Mg(OH),) and magnesium
oxide (MgO). 20 peaks recorded at 32.8, 50.8, 58.5 and 71.9° should be ascribed
to hexagonal Mg(OH), (JCPDS No. 01-082-2453). Broader 26 peak recorded at
around 38° and the peak at 62.0° can be ascribed to both MgO and Mg(OH),
(JCPDS No. 01-075-1525, JCPDS No. 01-082-2453). 26 peak recorded at 43.1°
belongs to MgO periclase (JCPDS No. 01-075-1525).
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Fig. 3. X-ray diffraction pattern of
the electrochemically produced
MgO/Mg(OH), deposit on GC work-
ing electrode from magnesium nit-
rate melt at potential of —0.200 V
vs. Mg/Mg”™" at 373 K, with charge
2 ¢/ degree limited to 2 C.

100

SEM photographs of the deposits obtained by electrolysis of magnesium
nitrate hexahydrate melt used, at working electrode potentials of —0.200, -0.700
and —1.000 V vs. Mg/Mg”*" using 2.0 C of charge are shown in Figs. 4-6, respect-
ively. The potentials for electrodeposition were selected by the analysis of Fig. 1
and they corresponded to the current waves I and II. Figs. 4-6 revealed that
MgO/Mg(OH), mixture deposits of honeycomb-like structures have been formed
at all three potentials applied.

Fig. 4 shows the honeycomb-like structure obtained at a potential of -0.200
V vs. Mg/Mg”". From Fig. 4a and b, it can be seen that formed honeycomb-like
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structure showed regularly distributed holes, made by the detached hydrogen
bubbles.

E

C/ w% | O/ w% | Mg/ w%
Mg 6.57 |60.27| 33.16

0 2 4 6 8 10 12 14 16 18 20
Energy, keV

Fig. 4. The honeycomb-like structure obtained on GC electrode from magnesium nitrate
hexahydrate melt at the potential of —0.200 V vs. Mg/Mg”"; charge applied was 2 C at
373 K; magnifications: a) 4000x; b) 10000x; ¢) 20000x; d) EDS analysis performed at

magnification shown as c.

The average size of the holes recorded was estimated to be around 2 um
(Fig. 4c¢). It should be noted that the holes were surrounded by very thin nano-
-sized needles oriented in all directions. Tips of the needles were grouped in
bundles making relatively compact wall structure around the holes. The deposit
obtained at —0.200 V vs. Mg/Mg®" was analysed by EDS and the chemical
composition of the honeycomb-like structure is shown in the Fig. 4d.

Figure 5 shows the honeycomb-like structure obtained at the potential of
-0.700 V vs. Mg/Mg*", using the same quantity of charge as in Fig. 4. The esti-
mated average hole size was around 1 um (Fig. 5¢). The difference in structural
characteristics between deposits in Figs. 4 and 5 was immediately apparent. The
increase in the number of holes formed by the detachment of hydrogen bubbles
and the decrease of hole sizes has to be attributed to the electrodeposition pot-
ential applied (Fig. 5a and b). As expected, the changes in structural charac-
teristics of the obtained honeycomb-like structures can be ascribed to the inten-
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sification of hydrogen evolution with the increasing cathodic potential. The inc-
rease of the magnesium overpotential applied led to the formation of thinner
needles that were highly intertwined around holes.

5um 2 um

Fig. 5. The honeycomb-like structure obtained on GC electrode from magnesium nitrate hexa-

hydrate melt at the potential of —0.700 V vs. Mg/Mg”"; magnifications: a) 5000x; b) 10000x;
¢) 30000x; charge applied was 2 C at 373 K.

10 um

Further increase in the cathodic potential applied led to further intensifi-
cation of the hydrogen evolution. As a result of vigorous hydrogen evolution and
high electrocrystallization rate at the potential of —1.000 V vs. Mg/Mg”", the
honeycomb-like structure lost its recognizable regular appearance, as shown in
Fig. 6. A number of holes remained captured in the interior of the deposit
structure (Fig. 6a). It appears that there was coalescence of the closely formed
hydrogen bubbles (Fig. 6b). In the same time there is a portion of needles which
mutually coalesced to make a compact surface of this structure type (Fig. 6¢).

10 um 5 um 5um -
Fig. 6. The honeycomb-like structure obtained on GC electrode from magnesium nitrate hexa-
hydrate melt at the potential of —1.000 V vs. Mg/Mg”"; magnifications: a) 5000x; b) 10000x;

¢) 10000x; charge applied was 2.0 C at 373 K.
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Hence, unlike the results presented in our previous reports,” '’ where the
flower-like forms, as well as a mixture of dish-like holes and holes constructing
the honeycomb-like structure were obtained, here we show that it is possible to
define conditions that enable a formation of the uniform honeycomb-like struc-
tures of the controlled shape and size of the holes formed from the detached
hydrogen bubbles. It is attained by the careful selection of electrolysis conditions.
Namely, in our recent investigation,'® the pulse of 1.400 V vs. Mg/Mg”" preceded
to the electrolysis at the selected potential, by which the flower-like forms and
dish-like holes were formed. The absence of this pulse enabled formation of
uniform honeycomb-like structures. Anyway, the analysis of the honeycomb-like
structures presented in Figs. 4-6 showed that the honeycomb-like structure
obtained at —0.200 V vs. Mg/Mg”" was more uniform than those formed at pot-
entials of —0.700 and —1.000 V vs. Mg/Mg*". This can be ascribed to the fact that
the increase in cathodic potential causes both intensification of the hydrogen
evolution reaction and the increase of the magnesium oxide/magnesium hydroxide
electrocrystallization rate.

From the presented results, it is apparent that the honeycomb-like structures
can be synthetized not only by the electrolysis from aqueous electrolytes, but also
by the electrolysis from melt, as shown in this work. Additionally, it appears that
similar rules are valid for the formation of honeycomb-like structures made of
metals being deposited from aqueous electrolytes and honeycomb-like structures
made of MgO/Mg(OH), mixtures, being obtained by the electrolysis of mag-
nesium nitrate melt. The rules seem to be determined by the increase of number
of holes originating from the detached hydrogen bubbles, by the decrease of their
size, and by coalescence of neighbouring bubbles, as a result of an intensification
of hydrogen evolution reaction with the increasing cathodic potential.'"™"* There-
fore, it seems logical to discuss the analogies between the formations of honey-
comb-like metal structures obtained by the electrolysis from the aqueous electro-
lytes and the formation of honeycomb-like MgO/Mg(OH), structures obtained by
the electrolysis of the magnesium nitrate hexahydrate melt.

According to Winand,” in the dependence of the exchange current density,
melting points and overpotentials for hydrogen discharge, metals are classified
into three groups: normal, intermediate and inert ones. The group of the normal
metals, such as Pb, Sn, Ag, Cd and Zn, is characterized by the high values of
both the exchange current density and overpotential for hydrogen evolution, as
well as by the low melting points. The group of the intermediate metals, such as
Cu, Au and Ag (ammonium electrolyte) is characterized by the lower values of
the exchange current density and overpotential for hydrogen evolution than the
normal metals. Finaly, the third group of metals makes the so-called the inert
metals, such as Ni, Co, Pt and Pd, and they are characterized by both low

Available on line at www.shd.org.rs/JSCS/

(CC) 2018 SCS.



THE HONEYCOMB-LIKE MgO/Mg(OH), STRUCTURES 1 3 5 9

exchange current densities and overpotentials for hydrogen evolution, as well as
by the high melting points.

The fact that well defined needles oriented in all directions were formed
among holes, indicates that MgO/Mg(OH), mixture behaves almost as the normal
metal. One of the main characteristics of electrodeposition of the normal metals
is diffusion control starting from very low potentials'*** as confirmed here by the
formation of well defined needles in a whole range of examined potentials. For
comparison, the needle-like, as well as the other type of dendritic forms, are also
formed starting from low cathodic potentials during electrodeposition processes
of Pb and Ag (the typical representatives of the normal metals) from the aqueous
electrolytes.”” On the other hand, the MgO/Mg(OH), mixture shows certain
characteristics that define the so-called inert metals. Low values of both the
exchange current density and the overpotential for hydrogen evolution reaction
means that there is a parallel between metal electrodeposition process and the
hydrogen evolution reaction in the whole range of potentials.">”*> In this case, the
honeycomb-like structures are formed throughout the magnesium OPD region.
However, the fact that well defined needles similar to those formed around holes
are obtained in the magnesium UPD region where there is no hydrogen evolu-
tion,'” suggests that the formation of the MgO/Mg(OH), deposit still behaves as
the normal metal. This implies that the evolved hydrogen had no effect on the
hydrodynamic conditions in the near-electrode layer, and hence, on the morpho-
logy of the deposits around the holes. The similar situation is observed during the
formation of the honeycomb-like structure of Pb, as one of the most important
representatives from the group of the normal metals.** The very thin needles were
formed around the holes during electrodeposition of Pb in the honeycomb-like
form.

CONCLUSION

The processes of electrolysis from magnesium nitrate hexahydrate melt have
been analyzed by the linear sweep voltammetry (LSV) and chronoamperometry,
while morphology of the deposits obtained by the potentiostatic regime of
electrolysis was characterized by the techniques of scanning electron microscopy
(SEM) and EDS. The XRD analysis of the deposit showed that MgO/Mg(OH),
mixture was obtained by this electrolysis process.

It was shown that the honeycomb-like structures made of MgO/Mg(OH),
mixture constructed around the holes originating from the detached hydrogen
bubbles and surrounded by the thin intertwined needles were formed in a wide
range of cathodic potentials applied. The shape and the size of holes were
strongly controlled by the choice of the cathodic potential.

All factors influencing the formation of the honeycomb-like metal structures
obtained by the electrolysis from aqueous electrolytes appeared to govern the
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formation of the honeycomb-like MgO/Mg(OH), structures, obtained from the
molten salt electrolysis onto glassy carbon working electrode. This analogy with
the formation of the honeycomb-like metal structures from the aqueous electro-
lytes suggested that, in spite of the vigorous hydrogen evolution, MgO/Mg(OH),
deposit formation behaved as a deposit characteristic for electrodeposition of the
normal metal.

Acknowledgement. The work was supported by the Ministry of Education, Science and
Technological Development of the Republic of Serbia (Grants No. 172046 and 172060).

U3BOJ
®OPMHPAIBLE MgO/Mg(OH), CTPYKTYPA HAJIUK ITYHEJTUIBLEM CARY
KOHTPOJIMCAHOI OBJIMKA ¥ BEJTUYUHE PYIIA EJIEKTPOJIM30M U3 PACTOITA

HATAIIA M. BYKWREBUR', BECHA C. IBETKOBUR', HEBOJIIA [l. HUKOJIUR', TOPAH BPAHKOBUER?,
TAIA C. BAPYIIMJA® u JOBAH H. JOBUREBHR'

"UXTM — Lentnap 3a enexwwipoxemujy, Ynueepsutiewi y beoipagy, Fbetowesa 12, beoipag, ZHHCWumyW 3a
MYTUUGUCYUTTUHAPHA UCTApAXCU8ara, Ynusepsuiteil y beoipagy, Knesa Buwecnasa 1a, Beoipag u
3I/Ich7uu7ym 3a Hyxeapre Hayke Bunua, Ynueepsutiein y beoipagy, u. up. 522, 11001 Beoipag

[TpexncraseHo je opmupame MgO/Mg(OH)2 cTpykTypa obnrka myenumer caha KoH-
TPOJIMCAHOT OOJIMKA W BEMMYHMHE PYyIa, IPOLIECOM eJIEKTPOJIH3€e PACTOIUBEHOT MarHe3WjyM-
-HUTpaTa-XeKCaxXuapara Ha CTAaKIaCTOM YIbeHUKy. [JodujeHe CTpyKType muenumer caha cy ce
cactojasie on pyma, ¢GOpMHpaHUX OIBajalbeM MEXYpOBa BOJOHMKA, OKPY)KEHUX 3UIOM Of
TaHKUX HCIpeIvieTaHuX urana. IIo MpBU IyT je MOKa3aHO Ja ce CTPYKType muenumer caha
Mory JoOWTH He caMo eJIEKTPOJIM30M K3 BOJIEHHX eJIeKTPONINTa, Beh Takohe U enexTpoausom
U3 pacrona. AHanoryje ca rnpouecuma Gopmupama Tanora 0dnMka Muenumer caha U3 Boje-
HUX pacTBOpa Cy W3HECeHe W MpOJUCKyToBaHe. CBe 3aKOHHUTOCTH yTBpheHe 3a opmupame
OBUX CTPYKTypa U3 BOLEHUX eJIeKTPOJIUTA, kao WTo cy noBehamwe dpoja pyna, cMamemne Belu-
YHHE pyla U CjeIuibaBame CyCeJHHUX MeXypoBa BOLOHHMKA IOCMAaTpaHHUX ca noBehameM Ka-
TOZHOT ITOTEHLIHjasla, Ba)Ke U 3a eJIeKTPOJIN3Y U3 pacTora.

(ITpumsmeno 13. cenrembpa, peBunupaHo 4. okrodpa, npuxsaheHo 8. okrodpa 2018)
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