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Influence of metal loading on morphology and performance of oxide supported cobalt
electrocatalysts

K. Maksimova — Dimitroval*, E. Lefteroval, S. Atanasova — Vladimirova?, E. Slavcheval

Y“Acad. Evgeni Budevski Institute of Electrochemistry and Energy Systems Bulgarian Academy of Sciences,
Acad. G. Bonchev bl. 10, Sofia — 1113, Bulgaria
2”Rostislaw Kaishew” Institute of Physical Chemistry, Bulgarian Academy of Sciences,
Acad. G. Bonchev bl.11, Sofia — 1113, Bulgaria

Received October 29, 2015; Revised November 20, 2015

This work presents a research on the synthesis of composite nanosized Co-based materials deposited by sol-gel
method on Magnelli phase titanium oxide (MPT) and their investigation as anode catalysts for alkaline water
electrolysis. The chemical composition, surface structure and morphology are characterized by EDX, SEM, and XRD
analysis. The activity toward the partial electrode reaction of oxygen evolution (OER) is assessed in aqueous alkaline
media at room temperature.Cyclic voltammetry and steady state polarization curves are used to obtain information
about the reactions proceeding on the catalysts surface, to determine the potentials of oxygen offset and the
corresponding current densities and thus, to assess the OER catalytic efficiency. The results obtained showed that the
Co-based MPT-supported catalysts are stable at the agressive conditions of the alkaline water electrolysis. The metal
content influences the structure and morphology. Among the tested samples the one with 30 wt.% metal content (Co30)
demonstrates superior performance and best catalyst utilization. The OER starts at 0,64V (vs. Ag/AgCl) and reaches
current density of about 55 mA cm? already at 0,75V. This is explained with size effects (smallest Co particles)

ensuring largest electrochemically active surface area.
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INTRODUCTION

Since the first observation of water electrolysis
by van Trostwijk and Deiman in 1789 [1,2] this
method for hydrogen generation has been
investigated in depth by many authors [3-7]. It is
characterized with  flexibility, almost zero
detrimental emissions, and high purity of the
produced gases. However, in order to become an
economically attractive, the technology still needs
to be improved in terms of efficiency and
durability. The main classification of water
electrolysis is based on the type of the used
electrolyte (aqueous solution or solid polymer
membrane) and the operating temperature. The
classical water electrolysis which is a well-
established technological process for decades is
carried out in aqueous alkaline electrolytes. This
type of electrolysis has the advantage of using
cheap non-noble metal catalysts, while the main
drawbacks are the decrease of process efficiency at
high loads and potential risk of environment
pollution due to leakage of the agressive
electrolyte.The electrolysis of water in cells with a
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solid polymer electrolyte is a relatively new
technology. In advanced stage of development are
the electrolysers using proton exchange membranes
(PEMWE). Such systems with capacity of up to 10
Nm?3/h are already available on the market. They
offer number of advantages compared to the
classical alkaline electrolysis: efficiency reaching
95% at current density of 1-2 A cm?, very high
purity of the produced gases, compatibility with
renewable energy sources, environmentally friendly
[8-10].The main problem in regard to this
technology is the fact that hydrogen produced in
PEMWE is still rather expensive due to the high
price of the used polymer membranes and the rare
noble metal catalysts [11,12]. Recently there is an
increasing interest in development of electrolyte
membranes with anion (OH) conductivity. The
usage of anion exchange membrane (AEM) would
prevent the deposition of solid carbonaceous
residue on the electrode / electrolyte interface,
which in the conventional aqueous alkaline
electrolysers often leads to problems during the
start-ups of the system. Another major advantage of
this type of hydrogen generators is the possibility to
use inexpensive and broadly available catalysts
(mainly non-precious transition metals from the
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iron group and their alloys). In summary, AEMWE
are supposed to combine the advantages of the
classical aqueous alkaline and the acidic PEM
systems - cheaper base metal catalysts, high
efficiency, none risk for environment pollution.

Common to both PEMWE and AEMWE is the
significant overpotential at the anode side where the
oxygen evolution reaction (OER) takes place
[13].The OER is studied intensively for decades in
order to elucidate the reaction mechanism. Various
anode catalysts are employed in effort to minimize
the energy loss during water electrolysis. The
investigations are aimed to development of
catalysts combining high efficiency with corrosion
stability  and performance durability.The
establishment and elucidation of the correlation
between catalyst activity and catalyst corrosion
mechanisms is another important objective. Such an
analysis allows for better understanding of the
advanced catalysts design principles and definition
of best trade-off between activity and stability.

One way to reduce the cost of the catalysts is to
disperse the active component on catalytic support
with high surface area and thus, to increase the
catalyst utilization [14,15]. Thus obtained
composite catalysts often show higher activity
compared to the non-supported metals due to
realization of electronic interactions with the
support. The effect is known as strong metal-
support interaction (SMSl-effect) [16]. It is related
to redistribution of the electron density of the active
surface sites which influences the adsorption
strength of the intermediates and facilitates the
mechanism of the electrode reactions. As a result,
the catalytic loading can be drastically reduced
preserving the efficiency of the electrolysis. The
main advantage of the most broadly used carbon
supports is their high surface area (over 200 m? g%
combined with excellent electro-conductivity.
Unfortunately, the carbon is not suitable for
electrolysis applications since the high operative
potentials cause its oxidation, followed by gradual
electrode degradation and consequent failure of the
system.Therefore, recently there is an increased
interest in application of non-carbon supporting
materials such as carbides, nitrides, and oxides
which in addition to the required high surface area
and good electrical conductivity offer increased
chemical and electrochemical stability.

It is known that the metals from the iron group
(Fe, Ni, Co, etc.) have high catalytic activity and
corrosion stability in alkaline solutions, and that
some of their composite and alloy systems
demonstrate even superior performance compared
to the pure metals [17-19]. This is due to increased
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surface roughness as well as to changes in the
electronic structure of the mixed catalysts leading
to synergism. The catalytic activity of these
systems can be further enhanced if they are
dispersed on properly chosen catalytic support
ensuring SMSI-effect. Such approach is applied and
proven to be favourable in PEMWE [20], while in
alkaline electrolysis there is a lack of systematic
research and publications on the topic.

The main objective of this work is the
preparation of advanced corrosion resistant
composite catalysts based on cobalt nano-particles
deposited on Magnelli phase titanium oxide and
investigation of the influence of embedded metal
content on the catalysts structure, morphology, and
OER efficiency in alkaline water electrolysis.
Another important aspect of the research is to
elucidate the expected metal/support interactions
and the resulting effects on electrode performance
and durability.

EXPERIMENTAL

The catalysts under study are prepared by sol-
gel method using acetylacetonate precursor
Co[CsH702]. (Alfa Acer). The cobalt nanoparticles
are supported on Magnelli phases titanium oxide
with general formula TiyOzna (MPT, Ti-dynamics
Co. Ltd). The metal content is varied in the range
20-40 wt.% and the test samples are denoted
accordingly (Co20, Co30, and Co40). The
preparation procedure includes two steps: i)
pretreatment of the support and the metal precursor
using magnetic stirrer and ultrasonic bath, their

mixing, and heating at 60°C under constant stirring
until a fine gel is obtained; ii)thermal treatment of

the obtained mixture at 240 °C in reducing Ha-
atmosphere for 2 hours and gradual cooling to room
temperature. The obtained powder is homogenized
in a mortar and stored in dry oxygen-free
atmosphere. To prepare the test electrodes the
catalysts are mixed with propanol, spread as a thin
film on the top of commercial gas diffusion layer
(Freudenberg, Germany), and left to dry at room
temperature.

The surface area of the support is measured by
BET analysis. The composition, surface structure
and morphology of the synthesized composite
catalysts are studied by energy dispersion elemental
analysis (EDX), scanning electron microscopy
(SEM), and X-Ray diffraction (XRD) methods.
SEM and EDX analysis are obtained by JEOL JSM
6390 electron microscope (images in secondary and
back-scattered electrons), equipped with INCA
Oxford elemental detector. XRD analysis is
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performed by X-ray diffractometer Philips APD15.
The diffraction data were collected at a constant
rate of 0.02° s over an angle range of 20 = 10-90°.
The size of Co crystallites is determined by
Scherrer equation [21].

The electrochemical performance and catalytic
activity toward the oxygen evolution reaction are
investigated applying the common experimental
techniques of cyclic voltammetry and steady state
polarization. The experiments are carried out in
aqueous alkaline media (25% KOH) at room
temperature using a standard three-electrode
electrochemical cell with Ag/AgCl reference
electrode and Pt wire as a counter electrode. The
working electrode has geometric area of 0.5 cm™
and contains 0.5 mgcocm™?. All electrochemical
measurements are carried out with a commercial
Galvanostat/Potentiosat POS 2 (Bank Electronik,
Germany).

RESULTS AND DISCUSSION

According the technical specification of the
producer the chosen support, MPT, has surface area
of 7-8 m?g?, very good electrical conductivity and
corrosion stability both in acidic and in alkaline
media. The performed BET analysis verified a
surface area of 8 m%g™.

The MPT electrochemical performance in
aqueous alkaline electrolyte is shown in figure 1.
As expected the support is very stable at high
anodic potentials where the oxygen evolution takes
place. The measured low current is of pseudo-
capacitive nature and does not change with time
indicating lack of catalytic activity.
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Fig. 1. Potentiostatic polarisation curve of MPT in
25% KOH at 1.8V.

To investigate the morphology and surface
structure, XRD and SEM analysis were performed.
The results obtained (figigure 2 a,b) show that MPT
consists of two well recognized crystalline phases -

(Ti,O, and KTisOw) having homogeneously

distributed particles with size in the range 100+-150
nm.

—MPT a |

1020 30 40 50 60 70 80
26, degrees

Fig. 2. X-ray diffraction patterns (a) and SEM image
(b) of the MPT support.

Samples of the synthesized composite Co/MPT
catalysts with target Co content 20, 30, and 40
wt.% (Co20, Co30, and Co40, respectively) are
studied by energy dispersive X-ray diffraction to
determine the exact metal content. The results
obtained are presented in Table 1. They show that
the amount of the detected cobalt correlates well
with that introduced by the acetylacetonate
precursor during the synthesis, except for Co20 in
which case the deviation is relatively high.

Table 1. Cobalt content in the test samples
determined by EDX analysis.

Co wt. %
Sample target obtained
Co20 20 15
Co30 30 29
Co40 40 40

According the SEM images (figure 3) the metal
particles (white spots) of all three samples are
homogeneously dispersed on the substrate, forming
cauliflower-type aggregates.

The XRD spectra of the catalysts under study
(figure 4) show the presence of metallic cobalt in
all test samples. In Co20 the metal exists only in a
hexagonal crystallographic state, while in Co30 and
Co40 both hexagonal and cubic forms are detected.
The values of the crystallite size determined by
Sherrer equation using the half width of the full
maximum (HWFM) of the peaks for all registered
crystallographic planes are summarized in Table 2.
They show that the synthesized catalysts have
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relatively large cobalt crystallites with size varying
in the range 30-50 nm. The smallest are the
crystallites of the test sample having moderate
cobalt content, Co30.

1y —
S20kV  X10000 1pm

10 36 BEC

Fig. 3. SEM images (in back-scattered electrons) of
the synthesized Co/MPT catalysts; a) Co20; b) Co30; c)
Co40

Intensity / arb. units
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Fig. 4. X-ray diffraction patterns of the synthesized
Co/MPT catalysts

The cyclic voltammograms in figure 5 show two
well defined anodic current peaks related to
changes in the oxidation state of Co (Co to Co?
and Co*" to Co*), followed by intensive oxygen
evolution above 0,65V. The process starts earlier
and is most intesive for the catalyst with 30 wt.%
metal content. During the cathodic scan reduction
current peaks can be seen on the curves of Co30
and Co40, while for the sample with lowest metal
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content the cathodic branch of the curve is rather
shapeless. The CVs do not change at long term
cycling, demonstrating durability of the catalyst
performance.

Table 2. Crystallite size of Co/MPT catalysts

Sample hcp fcc
41.6 445 477 445 515
(100) (001) (101) (111) (200)
nm nm nm nm nm

Co20 40 35 26 -
Co30 26 30 20 20-  <10*
Co40 38 33 20 14 <10*
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Fig. 5. Cyclic voltammograms of Co/MPT catalysts

in 25% KOH at room temperature; a) Co20; b) Co30; c)
Co40; potential scan rate 100 mV s’

The anodic polarisation curves are presented in
figure 6. The intensity of the oxygen evolution
reaction is nearly equal for Co30 and Co40, while
the reaction proceeds slower on C020.

In order to obtain information about the catalyst
utilization, the morphology factor, f, is determined
following the method of Da Silva [22]. The
procedure is illustrated in figure 7.
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Fig. 6. Anodic polarisation curves of the Co/MPT in
25% KOH; room temperature; potential scan rate 1 mV
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Fig. 7. Graphical illustration of DaSilva method for
evaluation of catalyst utilization in OER porous
electrodes

It includes recording of cyclic voltammograms
at different scan rates and plotting the current at
defined potential where the OER starts as a
function of the scan rate. The slope of the obtained
linear part of the curve at low scan rates (slope a) is
a measure for the total capacity of the electrode
surface C_. The slope at high scanning rates (slope

b) represents the capacity of the "external" easily
accessible electrode surface, Coyr The difference

C\yr = C; - C,; gives the capacity of the “internal”

difficult to access surface. The ratio f = Cur / C,

gives the value of the morphology factor, which is a
measure for the unused part of the catalyst. The
calculated values of the morphology factor and the
corresponding catalyst utilization are presented in
Table 3. It is seen that for the catalysts under study
the lowest f value is obtained for the sample Co30,
meaning that for this catalyst the utilization is
superior. The result correlates well with the data in
Table 2 according which this sample has smallest

particles size which in turn, ensures the highest
surface area available for the proceeding electrode
reaction.

Table 3. Morphology factor and utilization of the
Co/MPT catalysts

Co
0 0,
Sample  Co 20%wt Co 30%wt 40%wit
f 0.55 0.43 0.55

Finally, the stability of catalytic performance at
long service was investigated, recording
potentiostatic polarisation curves at high anodic
potential of 1,8 V where an intensive oxygen
evolution takes plase. Figure 8 presents the results
obtained in 48-hour experiment on the best
performing electrode containing 0.5 mg cm2 Co30.
It is seen that the intensity of the OER sustains for
the whole duration of the experiment without any
indications for decrease in catalyst performance and
degradation of the electrode.
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Fig. 8. Potentiostatic
Co30/MPT in 25% KOH.

polarisation curve of

CONCLUSION

The research performed verified that Magnelli
phases titanium oxide is a promising catalytic
support for application in alkaline water
electrolysis. The synthesized Co/MPT catalysts
possess high efficiency toward OER combined with
good durability and corrosion resistance. The
optimal metal loading of 30 wt. % Co ensures
superior performance combined with best catalyst
utilization, resulting from the most developed
active surface of this sample. Further research is in
progress focused on the influence of the electronic
metal-support interactions on catalysts
performance.
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BJIMAHUE HA KATAJIMTUYHOTO HATOBAPBAHE BHPXY MOP®OJIOTUATA U
PABOTHHUTE XAPAKTEPUCTUKHU HA KOGAJITOBU EJIEKTPOKATAJIM3ATOPH,
OTJIOXKEHU BBbPXY OKCUJIEH HOCUTEIJI
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IMoctpnmia Ha 29 oktomBpu, 2015 r.; kopurupana Ha 20 HoemBpu, 2015 r.
(Pestome)

CraTHsATa MpeACTaBs U3CIeIBaHEe BHPXY CHHTE3a Ha KOMIIO3UTHH HaHOPa3MEpHH MaTepuaiu Ha 0a3aTa Ha KoOalr,
OTJIOXKEHH 10 30JI-TeJ MeTOJ BbpXy MarHenu $a3u TATAaHOB OKCHJI M TAXHOTO MPUJIOKEHHE KaTO aHOIHH KaTalu3aTopH
3a aJKallHa eJICKTPOJIM3a Ha BOJa. XHMHYHHUAT CBCTaB, CTPYKTypaTa Ha IOBBPXHOCTTA M Mopdoiorusra ca
OXapaKTepU3UPaHU C METOJMTE Ha CKAHMpAalla eleKTpoHHa Mukpockonus (SEM), pertreHoctpykrypeH ananus (XRD)
u aucrniepced enemented aHanu3 (EDX). AKTHBHOCTTA 1O OTHOILCHUE HAa peaklusATa Ha oTaeisHe Ha kuciopoxa (OER)
€ ompejelicHa BbB BOJHA allKallHa cpejla NpH CTaiiHa Temieparypa. MeToauTe Ha UHMKIMYHA BOJTAMETPUS H
MOJISIPU3ALMOHHN KPUBHU Ca W3IMOJI3BaHHM 3a IoJyyaBaHe Ha HMH(OpPMAIUs OTHOCHO peakiMUTe, KOMTO MPOTHYAT Ha
MOBBPXHOCTTA HA KAaTAIM3aTOPHUTE, 32 ONpeesisiHe Ha MOTEHIMAINTE, TP KOUTO MPOTHYA PeaKIMsiTa Ha OT/AeNIsTHEe Ha
KHCJIOPOJ TIPH ChOTBETHUTE TOKOBU ILTBTHOCTH M HA KaTaJUTUYHATA aKTMBHOCT. [losydeHunTe pe3ynTary 1oKas3Bar, 4e
KaTalu3aTopuTe Ha 6a3aTa Ha KOOAIT, OTIOKEHH BBPXY OKCHIEH HOCHTEI Ca CTAOMIIHY IIPU arpeCUBHUTE yCIOBUS HA
alIKaJiHa eJISKTPoJIN3a Ha Boja. ChOBPKAHMETO Ha METal B KaTaJIM3aTOPHUTE OKa3Ba BIUSHHE BHPXY MOP(OJIOTHATA U
cTpykrypara. OT u3cienBanuTe mpoOu, Tasu ¢ 30 TEVIOBHM NPOLEHTA ChAbpPXKaHHE Ha KOOAIT, MMOKa3Ba OTIMYHA
BB3MPOU3BOIMMOCT U Hali-BHCOKA KaTaJIMTHYHA M3M0J3BaeMocT. Peaknusra Ha otaensHe Ha kuciopon (OER) 3amousa
npu 0,64 V cropsiMo cpaBHHUTENIeH eneKkTpon cpedpo/cpedbper xnopun (Ag/AQCH), a mpu 0,75 V moctura TokoBa
WILTHOCT OT 55 MA.cm2, ToBa ce 00scHsBa ¢ epeKTa Ha pa3Mepa Ha KATAJIUTHYHUTE YaCTHIIM - KATaIu3aToOphT ¢ Hai-
MaJIKU KOOAJITOBH YaCTHUIIM, OCUI'YPsiBa Hal-TOJIsIMa aKTHBHA TTOBBPXHOCT.
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