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a b s t r a c t

The subject of this study is preparation and characterization of hypoehyper d-electro-

catalysts with reduced amount of precious metals aimed for water electrolysis. The studied

electrocatalysts contain 10% mixed metallic phase (Co:Ru ¼ 1:1 wt., Co:Ru ¼ 4:1 wt. and

Co:Ru:Pt ¼ 4:0.5:0.5 wt.), 18% TiO2 as a crystalline anatase deposited on multiwalled carbon

nanotubes (MWCNTs). Previously, MWCNTs were activated in 28% nitric acid. As a refer-

ence electrocatalyst for hydrogen evolution reaction, corresponding electrocatalysts with

pure Pt metallic phase and mixed CoPt (Co:Pt ¼ 1:1 wt.) metallic phase were prepared. Also,

as a reference electrocatalyst for oxygen evolution reaction, electrocatalyst with pure Ru

metallic phase was prepared.

The prepared electrocatalysts were structurally characterized by means of XPS, XRD,

TEM, SEM and FTIR analysis.

Electrochemical characterization was performed by means of cyclic voltammetry and

potentiodynamic method in the PEM hydrogen electrolyzer. The range of the catalytic

activity for hydrogen evolution of studied electrocatalysts was the following: CoRuPt

(4:0.5:0.5) > CoPt (1:1) > Pt > CoRu (1:1) > CoRu (4:1). The order of the catalytic activity for

oxygen evolution was the following: CoRu (1:1) > Ru > CoRu (4:1) > Pt > CoRuPt

(4:0.5:0.5) > CoPt (1:1).

Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights

reserved.

1. Introduction

One of the most important issues of the hydrogen economy is

the choice of the electrode materials for hydrogen evolution/

oxidation and oxygen evolution/reduction in hydrogen elec-

trolyzers/fuel cells. The electrode materials are the crucial

part of the Membrane Electrode Assembly (MEA) e the driving

force of the fuel cells and hydrogen electrolyzers. The power

efficiency of MEA depends on the material characteristics of

both the electrodes (electronic conductors) and membranes

(ionic conductors) as well as on the architecture of the triple

phase boundary [1e5].

The natural choice of electrode material for hydrogen

evolution reaction is Pt [6]. But, due to the high price and

limited resources, the application of Pt in the future will be

limited [7]. It is similar with themost active electrodematerial
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for oxygen evolution e Ru or more exactly RuO2 [8]. So,

the tendency of the modern electrocatalysis is to reduce or

completely replace precious metals in the MEA, keeping the

same level of efficiency. Thereare twoapproaches toovercome

this problem. The first one is mixing of non-precious metals

with dissimilar electronic character gaining pronounced

synergetic effect of electrocatalytic activity (ex., Jak�si�c hypo-

ehyper d-concept [9e11]). The hypo and hyper d-component

may be in metallic or in valence state, so there are many

combinations of hypoehyper d-electrocatalysts. Paunovi�c

has distinguished these catalysts in 5 main groups [12]:

i) intermetallic catalysts, ii) metal-sulfides/phosphides,

iii) catalystsbasedonRaneyNi,mixedoxidesandv) hypooxide

e hyper metal. Nanostructured catalysts require much

stronger bonding supports, for both long-term stability and

higher activity through hypoehyper d-interaction. In this

respect titania has an unique role [11]. This role of TiO2 was

emphasized by Tauster in heterogeneous catalysis [13]. The

second approach is replacement of the traditional support

materiale carbonblackswith carbonnanotubesCNTs [14e17].

CNTs show superior characteristics related to the carbon

blacks. Also, they have considerably higher electronic

conductivity of 104 S cm�1 [7] than that of Vulcan XC-72,

4.0 S cm�1, while specific surface area is in range of

200 O 900 m2 g�1 [14] vs. Vulcan XC-72 of 250 m2 g�1. Other

advantage of CNTs vs. Vulcan XC-72 is higher chemical, i.e.

corrosion stability [18].

The previous papers of the present authors were con-

cerned with hypoehyper d-electrocatalysts based on non-

platinum metals (Me/TiO2/MWCNTs, Me ¼ Ni, Co, CoNi)

[19e21]. Co-based electrocatalysts have shown the best

performances in alkaline electrolyzers. The activation of

MWCNTs by nitric acid improves the performances of the Co-

based electrocatalyst [17]. But, the catalytic activity of Co and

Ni-base systems in proton exchange membrane (PEM) elec-

trolyzer was poor due to their instability in acidmedia [22]. So,

the further research was oriented to electrocatalysts with

mixed metallic phase containing Co and Pt [23]. Co has been

shown as a promoter of reducing Pt particles. So, electro-

catalyst with only 20% Pt wt. in metallic phase has shown

close activity to that with pure Pt metallic phase, while the

activity of electrocatalyst with 50% Pt wt., is considerably

higher than that of pure Pt-based electrocatalyst.

The aim of this paper is to study electrocatalytic activity of

hypoehyper d-electrocatalysts containing mixed CoeRu

metallic phase deposited on activated MWCNTs and TiO2

anatase in PEM hydrogen electrolyzer. For comparison corre-

sponding electrocatalyst with pure Pt andmixed CoPtmetallic

phase were prepared.

2. Experimental

The common composition of the studied electrocatalysts is

10%wt.metallic phase (CoRu, CoPt and Pt, see Table 1), 18%wt.

TiO2 and the rest e multiwalled carbon nanotubes (MWCNTs)

as a carbon substrate. Me-2,4-pentanedionate, Me ¼ Co, Ru or

Pt, Alfa Aesar, Johnson Matthey, GmbH was used as precursor

for metallic phases, while Ti-isopropoxide, Aldrich, 97% was

used as precursor for TiO2. Metallic phases and TiO2 were

grafted over the carbon substrate by solegel procedure. As

a carbon substrate MWCNTs (Guangzhou Yorkpoint Energy

Company, China) were used. Previously they were treated in

28%wt. nitric acid at room temperature for 4 h [17]. In the first

stage, in order to deposit (TiO2) onto carbon substrate,

Ti-isopropoxide (Aldrich, 97%) was added into dispersed acti-

vatedMWCNTs in anhydrous ethanol. To providehydrolysis to

Ti(OH)4, small amount of 1 M HNO3 was added. This mixture

was evaporated at 60 �C with continuous intensive stirring

until fine nano-structured powder of catalyst support was

obtained. Further, individual or mixed Me-2,4-pentaedionate

was dissolved in anhydrous ethanol. This solution was added

into dispersed catalyst support in anhydrous ethanol. The

evaporation was carried out under the same conditions as

above. The aim of this operation is to graft the metal-hyper

d-phase onto catalyst support. To decompose both Ti(OH)4 to

TiO2 and the residual amount of oraganometallics, the powder

was heated for 2 h at 480 �C in the atmosphere of H2 þ N2.

The prepared electrocatalysts of general composition

MeeTiO2-MWCNTs are summarized in Table 1.

To identify the intrinsic changes caused by the change of

the electrocatalysts composition, spectroscopic and structural

techniques were employed such as XRD, SEM, TEM, XPS and

FTIR. XRD measurements were carried out by X-Ray diffrac-

tometer Philips APD 15, with CuKa radiation. The X-ray

diffraction data were collected with at a constant rate of

0.02� s�1 over an angle range of 2q ¼ 10e90�. Microscopic

observation of the studied electrocatalysts was performed by

Transmission Electron Microscope JEOL, model JEM 200 CX,

used in scanning (SEM analysis) and transmission regime (TEM

analysis). Infrared spectroscopy was employed to determine

the strength of hypoehyper d-interaction (TiO2/Me), using

FTIR spectrometer model Bruker Vector 22. XPS analysis was

performed using ESCALAB MK II (VG Scientific, England) elec-

tron spectrometer. The photoelectrons were excited with

a twin anode X-ray source using MgeKa (hn ¼ 1253.6 eV)

radiation. C1s photoelectron line at 284.50 eV was used as

a reference for calibration. The XPS peaks obtained were

deconvoluted and fitted with the freeware FITT program

(version 1.2,) [24].

The performances for hydrogen/oxygen evolution reaction

of the prepared electrocatalysts were tested into PEM

Table 1 e Composition of the studied electrocatalysts.

Sample
no

Hyper-metal
d-phase (10%)

Hypo-oxide
d-phase (18%)

Carbon
substrate
(72%)

1 CoRu (1:1, wt.) TiO2 MWCNTs

2 CoRu (4:1, wt.) TiO2 MWCNTs

3 CoRuPt (4:0.5:0.5, wt.) TiO2 MWCNTs

4a Ru TiO2 MWCNTs

5b Pt TiO2 MWCNTs

6b CoPt (1:1, wt.) TiO2 MWCNTs

a Sample 4 containing pure Ru metallic phase was prepared as

a reference material for oxygen evolution reaction.

b Samples 5 and 6 were used as a reference material for hydrogen

evolution reaction. Their structural characteristics are shown in

our previous paper [23].
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hydrogen electrolyzers. The design of the PEM electrolyzer

and its operational principle is described elsewhere [25]. The

MEAs contain working electrode of the studied electro-

catalysts and counter electrode of the Pt E-Tek containing 30%

Pt, both grafted on a commercial Nafion 117 membrane (Alfa

Aesar). The presented electrode potentials were measured

versus RHE (a small piece of Pt E-Tek containing 30% Pt, ca.

0.1 cm2) at the given testing conditions. All electrochemical

measurements in PEM electrolyzer were carried out by Gal-

vanostat/Potentiosat POS 2, Bank Electronik, and CPCDA

software.

The MEAs have a complex multilayer structure consisting

of gas diffusion, backing, and catalytic layers. The backing

layer was made of a mixture of carbon particles (Shawinigan

Acetylene Black) and 30% of PTFE suspension, deposited on

thin carbon cloth, serving as a gas diffusion layer. The cata-

lytic layer was spread upon the backing one as an ink (catalyst

particles mixed with diluted Nafion ionomer) by several steps.

After each step the electrode was dried for 30 min at 80 �C and

weighed using an analytical microbalance Boeco, Germany.

The procedure was repeated until a metallic phase loading of

0.5 mg cm�2 was reached. Then the electrodes were hot

pressed onto the PEM electrolyte forming the test MEA. The

hot pressing was performed stepwise in the regime of gradual

temperature and pressure increase starting from 50 �C to

6 kg cm�2 and endingwith 120 �C and 12 kg cm�2, respectively.

3. Results and discussions

3.1. XRD analysis

Identification of the present phases in the studied electro-

catalysts was performed by XRD analysis. XRD spectra are

shown in Fig. 1. In all samples, characteristic peaks for TiO2

with anatase crystalline structure were detected. It was esti-

mated that the size of anatase particles is 5 nm. For values of

2q of 25,46�; 43,21� and 57,2�, characteristic peaks for graphite

were detected, originated by the carbonaceous support

material e MWCNTs.

The presence of characteristic peaks of Ru, Co or Pt was not

detected. This can be result of both their very small particle

size (<2 nm) as well as of the amorphous character of their

oxides. The amorphous character of Co in the corresponding

electrocatalysts produced by the same procedure, and its

particles of 2 nm were detected in the previous works of the

present authors [20e22]. As the contribution of Co increases to

80% in the metallic phase (samples 1 and 2), inception of the

peak characteristic for crystalline Co was detected at

2q ¼ 44,3�. For sample 3 (with CoRuPt metallic phase

Co:Ru:Pt¼ 4:0.5:0.5wt.) newpeaks at 2q¼ 31,24�; 36,55�; 43,78�;
59,35� appear. These peaks correspond to Co3O4.

In sample 3 diffraction lines of fcc Pt (only 10% Pt) is not

detected. Our supposition is that Pt is present in oxidized

form. In our previous work, it was found that Pt particles in

presence of Co showed considerably reduced size [23]. In the

electrocatalyst with pure Pt as metallic phase, particle size of

Pt were 12 nm, while in the electrocatalyst with mixed

metallic phase CoPt (Co:Pt ¼ 4:1, 1:1 wt.), they were reduced to

3 O 4 nm.

3.2. TEM and SEM analysis

To observe catalyst’s particles and morphology, TEM and SEM

analysiswas done (Fig. 2). In all catalysts size of the particles is

mainly lower than 5 nm. As the contribution of Co in the

metallic phase increases (sample 2 and 3 with 80% Co) larger

Fig. 2 e SEM and TEM images: a) sample 1e10% CoRu

(1:1 wt.) D 18% TiO2 D MWCNTs; b) sample 2e10% CoRu

(4:1 wt.) D 18% TiO2 D MWCNTs; c) sample 3e10% CoRuPt

(4:0.5:0.5 wt.) D 18% TiO2 D MWCNTs; d) sample 4e10%

Ru D 18% TiO2 D MWCNTs.Fig. 1 e XRD spectra of the studied electrocatalysts.
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particles appear w10 nm. This is the result of presence of

crystalline Co which was detected by XRD analysis. The

diameter of the MWCNTs is w15 nm.

According to SEM images, the studied electrocatalysts have

intertwined thread-like morphology, as a result of presence of

the MWCNTs. This morphology is more appropriate than that

of electrocatalysts deposited on Vulcan XC-72 [19,20]. Here,

the catalyst’s components are grouped into smaller clusters.

Also, there are more holes between them which lead to better

inter-particle porosity of the catalyst. Due to the intrinsic

geometric shape of MWCNTs, empty cylinders ordered one

over the other, they possess inner holes, so the inner or trans-

particle porosity of electrocatalysts deposited on MWCNTs is

considerably higher.

3.3. XPS analysis

In order to complete the statement and to explain some

unclearness of the XRD analysis, XPS analysis was performed.

Also, this analysis is appropriate to verify strong metal-

support interaction (SMSI) through the hypoehyper d-inter-

action between metallic phase (hyper d-phase) and catalyst

support (containing TiO2 as hypo d-phase), as the main

promoter of improved catalytic activity of the hypoehyper

d-electrocatalysts.

The determination of the different Ru valence states

complicates from the overlapping between Ru 3d doublet with

the strong C1s peak (Fig. 3) and Ru3p3/2 with Ti2p peaks (Fig. 4).

Shown in Fig. 3 are the C1s-Ru3d core-level spectra of the

studied electrocatalysts. The C1s spectra are typical for carbon

nanotubes with the characteristic asymmetry on the high

energy side and are deconvolured into six component. The

main component, situated at 284.5 eV corresponds to sp2

hybridized (3-fold) graphite-like carbon double bonding

(C]C). The peak at 285e285.5 eV is related to some structural

defects at the surface of the graphitic sheet as the single

bonding carbons (CeC) and sp3 hybrid orbital. The concen-

tration of surface defects is increased as result of the short-

ening and opening of the MWCNTs during purification/

activation process in HNO3. The peaks around 286.4, 287.8, 289

and 291 eV (see Fig. 2) correspond to CeO, C]O (or/andCeOH),

eOeC]O (COO) bonds and the p/p* shake-up, respectively

[26e28]. There are no significant changes in the C1s spectra of

the different catalysts.

The distinct additional peak at the low energy side

(280e283 eV) for catalyst 4 is assigned to Ru3d photoemission

This peak can deconvolute into three doublets corresponding

to Ru(0) (280.2e280.5 eV), Ru(IV) (w281.3 eV) and Ru(VI)

(w282.5 eV) (see Fig. 3b). According to literature, the binding

energy ofmetallic Ru is 280.2 eV [29,30]. In our case it is slightly

higher (280.45 eV). This may due to hypoehyper interaction

between Ru and TiO2, by analogywith hypoehyper interaction

between Pt and TiO2 [11] as well as to the small size effect. The

intensity of the component Ru(0) drastically decreaseswith Co

Fig. 3 e C1s-Ru3d core-level photoelectron spectra of the studied electrocatalysts: a) full spectra, b) zoomed spectra.
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addition and it disappears in the Ru3d spectra for sample

2 and 3 (Co:Ru ¼ 4:1 and Co:Ru ¼ 4:0,5 wt., respectively).

Additional information about Ru is given in the Fig. 4,

where at Ti2p and Ru3p3/2 core-level spectra are shown. The

XPS spectrum of the sample 4 (electrocatalyst with pure Ru)

initially was deconvoluted into four components. The Ti2p

doublet at w459 eV corresponds to TiO2. The rest three single

peaks are assigned to Ru3p3/2 core-level spectra of the

ruthenium in three different valence states: Ru(0) (w462 eV),

Ru(IV) (w463.5 eV) and Ru (VI) (465.5 eV). For sample 1, the

position of Ru(0) is almost the same as in the sample 4,

therefore Ru3p3/2 spectra of the samples 1 and 4 are in well

correlation with the Ru3d spectra. For samples 2 and 3 (with

increased quantity of Co), this component of the spectra is

shifted to lower binding energies for w1 eV., i.e. at w460.5 eV.

Taking account the results from Ru3d this component cannot

connect with the Ru(0) and hence belongs to the Ti2p core-

level spectra. That’s why it is included additionally in the

deconvolution of the all spectra (component * in Fig. 4). The

higher binding energy compared to themain Ti2p3/2 peak can

be explained with the interaction between hypo Ti and hyper

Ru, Co and Pt components as well as to formation of mixed

oxides such as RuO2eTiO2 and CoOeTiO2 [30e32].

Shown in Fig. 5 are Co2p core-level spectra. The Co2p3/2

binding energies of Co(II) and Co(III) species are close.

However, the Co2p3/2eCo2p1/2 separation and satellite struc-

ture are useful in characterization of the cobalt chemical

environment. The Co2p3/2eCo2p1/2 separation is w16 eV for

Co(II) and 15 eV for Co(III) and Co(0). As result, the Co2p1/2 peak

exhibits a high differences between of Co(II) and Co(III) species

[33,34,35]. In the high spin compounds such as CoO, Co(II) ions

are situated in the octahedral sites in the rock-salt-like

structure and exhibit strong satellite lines which are located

at w5e6 eV above the main line. In the low spin compounds

such as Co3O4, Co(III) ions are in octahedral sites, while Co(II)

in tetrahedral sites as spinel-like structure and Co2p spectra

exhibits a weak satellite shifted by 10 eV to higher binding

energies. The spectrum of metallic cobalt Co(0) (778 eV) does

not contain shake-up satellite [32,33,36]. Taking into account

the above-mentioned, the Co 2p spectra were deconvoluted

into three spin-orbit doublets, corresponding to at w778 eV,

Co(II) at w781 eV and Co(III) at w780 eV and two satellites

Sat.(II) at w787 eV and Sat(III) at w791 eV. The spin-orbital

splitting is 15e15.2 eV for Co(0) and Co(III) species and

15.7e16 eV for Co(II) species.

For sample 1 with mixed metallic phase CoRu

(Co:Ru¼ 1:1wt.), Co2p3/2 peakat positionof 781.2 eV (highspin-

orbital splitting at 15.7 eV) and the strong satellite at

786.5e787 eV show thatCo exists in secondvalence state,most

probably as Co(OH)2 (w781.3 eV). Small amount of Co(0) exists

too. On the spectra of samples 2 and 3 (with 80% Co), the

widening of the Co2p1/2 peak toward lower binding energy

connects with the presence of Co(III). It is in correlation with

the satellite component atw791 eV andwith the availability of

Fig. 4 e Ti2p and Ru3p core-level spectra. Fig. 5 e Co2p core-level photoelectron spectra.
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Co3O4, established from XRD. This means that Co (II) compo-

nent is a superposition of Co in two different positionse Co(II)

in octahedral sites, which is dominant and Co(II) in the tetra-

hedral sites in the spinel-like structure. This can explain the

slight shift to higher binding energies from 781.2 to 781.7 eV.

Shown in Fig. 6 is 4f XPS spectrum originated by sample

3 (containing 10% Pt). This spectrum was deconvoluted into

3 doublets corresponding to Pt(0)w71.2 eV, Pt(II)w72.5 eV and

Pt(IV)w75.0eV.As it canbeseen,platinumpresents inoxidized

formwhich is in accordancewith the XRD results. The binding

energy at w72.5 eV correspond to Pt(OH)2, while the compo-

nent at 75 eV to PtO2. The formation of mixed PteOeMe

(Me ¼ Ti, Co, Ru) bonds is not excluded.

The asymmetric and broad O1s peak (Fig. 7) is due to

different oxygen bonds and environment. O1s peak is decon-

voluted into three components. Themain component situated

at lower binding energy (about 529e530 eV) is due to the

oxygen in theMeeObonds inMeOx (Me¼ Ru, Co, Pt, Ti) aswell

as to C]O bond. The O1s component around 531.5e532 eV

corresponds to MeeOH and CeO bonds.

According to O1s, Co2p and Pt4f XPS core-level spectra, one

can conclude that a part of Co(II) and Pt(II) states exist as

hydroxide form, i.e. as Co(OH)2 and Pt(OH)2. The high energy

component (533.5e534 eV) can be assigned to adsorbed H2O

and/or eC]O bonds [37,38].

3.4. FTIR analysis

According to Jak�si�c’s hypoehyper d-theory for electro-

catalysts, as result of interaction between hypo and hyper

d-components, i.e. TiO2 and metallic phase (Co, CoRu, CoRuPt

or Ru) the intrinsic catalytic activity increases. The intensity of

this hypoehyper d-interaction can be determined by infrared

spectroscopy. Shown in Fig. 3a are the FTIR spectra of the

studied electrocatalysts. The only band of interest within the

spectra originates by TiO2 [19,23]. In the Fig. 8 the region of

FTIR spectrawhere TiO2 band exists is shown for each sample.

To determine hypoehyper d-interaction one has to compare

TiO2 band from each electrocatalyst and the band from pure

TiO2 obtained in identical conditions. The maximum of the

band of pure TiO2 is located at wave number value of 495 cm�1

[23]. The maximum of TiO2 bands from the electrocatalysts is

shifted at higher values of wave number. The higher the shift

of the wave number, the shorter the bond between the TiO2

and the hyper d-metallic phase, i.e. the higher the hypo-

ehyper d-interaction. All investigated samples show almost

the same shift of the wave number value of bands maximum,

w905 cm�1. This means that the intensity of hypoehyper d-

interaction in all samples is the same. Therefore, in all

samples there is an increase of the intrinsic catalytic activity

and this rise is equal for all studied electrocatalysts.

3.5. Cyclic voltammetry

Cyclic voltammograms performed in the whole potential

range between hydrogen and oxygen evolution (Fig. 9) give

qualitative informations about the nature of the processesFig. 6 e Pt4f core-level spectrum of the sample 3.

Fig. 7 e O1s deconvoluted photoelectron spectra.
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occurring on the catalyst surface. The measurements were

performed at room temperature with scanning rate of

100 mV s�1. The potential is expressed vs. reference hydrogen

electrode (RHE). In the Fig. 9a, voltammogram for hypoehyper

d-electrocatalysts with pure metallic phase (Ru and Pt) are

shown. These samples were chosen as reference ones for

oxygen and hydrogen evolution reaction, respectively. Both

voltammograms contain corresponding peaks characteristic

for transition of themetallic phase to the higher valence state,

i.e. formation of the oxygen coverage (MeeO, MeeOH). For Ru-

based catalysts there are two peaks of this type at 0.52 and

0.85 V. They represent transition to Ru(IV) at 0.52 V and to

Ru(VI) at 0.85 V. Corresponding opposite peaks registered

during opposite potential scanwere registered 0,62 and 0.12 V,

respectively. For Pt-based catalyst peaks corresponding to the

hydrogen adsorption/desorption processes are situated in the

potential range between 0.12 and 0.35 V. The peak character-

istic for oxygen coverage at w0.78 V is stretched and not well

shaped. The opposite peak is well shaped and was registered

at 0.62 V. Hydrogen evolution reaction (HER) on the Pt-based

electrode is considerably more intensive and starts at lower

potential for w0.22 V related to the Ru-based electrode.

Oxygen evolution reaction (OER) occurs more intensively on

the Ru-based electrode and starts at lower potentials for

0.12 V. So, Pt-based electrocatalyst is better for HER, while

Ru-based one is better for OER.

Cyclic voltammograms of the studied electrocatalysts are

shown in Fig. 9b. Sample 1 with mixed CoRu metallic phase

(Co:Ru ¼ 1:1 wt.) shows similar voltammogram as Ru-based

catalyst shown in Fig. 9a. In this case, due to overlapping of

more surface processes occurring over the Ru and Co surface

some characteristic peaks have anomalous shape or dis-

appeared. Its asymmetric shape is result of heterogeneous

forming of Co(OH)2 and CoO into so called sandwich-structure

Co/CoO/Co(OH)2 during Co(0) to Co(II) transformation [39] and

asandwich-structureCoO/Co(OH)2/Co3O4duringCo(II) toCo(III)

transformation [40]. These sandwich-structures are very suit-

able for further easier oxygen evolution. Sample 2 with mixed

CoRu metallic phase (Co:Ru ¼ 4:1 wt.) has shown similar vol-

tammogram with less intensive electrode reactions (HER and

OER), but for clear presentation of the results, this voltammo-

gram was not shown. The voltammogram of the sample 3

(mixedmetallic phase Co:Ru:Pt¼ 4:0.5:0.5 wt.) is very similar to

that of Pt-based electrocatalyst, although the amount of Pt in

the electrocatalyst is very low. HER on this catalyst starts at

lowerpotential for0.2Vrelatedto thesample1,whileOERstarts

at higher potential for 0.13 V. Sample 1 behaves as Ru-based

electrocatalyst, while sample 3 as Pt-based one.

3.6. Electrocatalytic activity for HER

Polarization curves for HER shown in Fig. 10 were obtained by

potentiodynamic method with scan rate of 2 mV s�1 at room

temperature. Samples 5 and 6 containing CoPt (1:1 wt.) and

pure Pt as metallic phase (studied in our previous paper [23])

were chosen as reference materials to estimate electro-

catalytic activity for HER of the studied CoRu-based

electrocatalysts.

The order of the catalytic activity for hydrogen evolution

of the studied hypoehyper d-electrocatalysts with general

composition 10% Me þ 18% TiO2 þ MWCNTs is the following:

CoRuPt (4:0.5:0.5) > CoPt (1:1) > Pt > CoRu (1:1) > CoRu

(4:1). One should consider that all electrocatalyst are depos-

ited on the same carbon support e activated MWCNTs with

TiO2 e anatase with the same size of particles. XPS analysis

has shown the presence of strong metal-support through the
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hypoehyper d-interaction between TiO2 and metallic phase,

i.e. through the presence of mixed hypoehyper d-compounds

such as RuO2eTiO2, CoOeTiO2 etc. FTIR analysis has shown

the same level of hypoehyper d-interaction between metallic

phases and TiO2, thus the rise of the intrinsic activity of all

studied electrocatalysts is the same. Also, according to the

XRD characterization, all metallic components have the

similar size of particles. Therefore, the difference in electro-

catalytic activity is result of the intrinsic activity of the cata-

lytic metallic phase into the studied samples.

So, sample 3 with very low amount of Pt into the metallic

phase shows superior catalytic activity for HER comparedwith

the other studied CoRu-based electrocatalysts. Also, this

catalyst showsbetter activity than corresponding Pt (sample 5)

and CoPt-based (sample 6) catalyst having 10 and 5 times

higher content of Pt respectively. Comparing the catalytic

activity of the Pt-containing catalysts one cannotice paradoxal

orderofactivity, i.e. catalytic activity forHER increasesas thePt

content in the samples decreases. In our previous paper [23], it

was shown that Co behaves as promoter for reduction of Pt

particle size. So, the size of Pt particles in electrocatalyst with

pure Pt metallic phase was 12 nm, while in the presence of Co

(Co:Pt ¼ 1:1 wt.), the size was reduced to 4 nm. The catalytic

activity of theCoPt catalystwashigher. The lower amount of Pt

was compensated by the highly developed surface of Pt-phase

in the mixed systems. In this study, the ratio of Co:Pt is higher

(8:1wt.) and the size of Pt particles reachesw2nm. The surface

area of Pt particles (the active catalytic centers) in this case is

more developed contributing to higher catalytic activity.

3.7. Electrocatalytic activity for OER

Polarization curves for OER obtained in the same conditions as

for HER are shown in Fig. 11. As a reference material for esti-

mation of catalytic activity for OER of the studied samples, Ru-

based electrocatalyst was chosen (sample 4).

The order of catalytic activity of the catalysts with general

composition 10% Me þ 18% TiO2 þ MWCNTs for OER is the

following: CoRu (1:1) > Ru > CoRuPt (4:0.5:0.5) > CoRu (4:1).

Electrocatalyst with CoRu (1:1) metallic phase has shown the

best catalytic activity, even better than the reference one

containing pure Ru asmetallic phase. It is well known that the

surface structure of the electrode in the solution is the feature

that distinguishes the oxide electrodes [41,42]. Their surface is

with high energy content and with strong hydrophilic char-

acter, so that it attractswatermolecules andgives a layer ofOH

groupson topof theoxide. This layermediates theactionof the

oxide’s surface with the solution species. The OH groups are

responsible for the exhibited electrocatalytic activity. In this

context, the presence of Co in the metallic phase, i.e. surface

sandwich-structure of Co oxides and hydroxides (CoO/

Co(OH)2/Co3O4) is very suitable for oxygen evolution. On the

other side, the presence of hypoehyper d-mixed oxides

CoOeTiO2, RuO2eTiO2 on the surface is also suitable for OER.

With further increase of the Co content in the metallic

phase, i.e. decrease of the Ru content (samples 2 and 3) cata-

lytic activity for OER decreases. So, the optimal ratio of Co and

Ru in the metallic phase is 1:1 wt.

4. Conclusions

The main goal of this study was to produce nano-scaled

electrode materials with reduced load of precious metals in

self-developed electrocatalysts for HER and OER. Metallic

phase (Co, Ru and Pt) was deposited on catalyst support con-

sisted of MWCNTs activated in HNO3 and anatase titania with

particle size of 4 nm as promoter of hypoehyper d-interaction.

According to the above results the follow conclusions can be

drawn:

1. The presented synthesis method provide production of

nano-scaled catalytic materials with very small particles

(w2 nm) of the metallic active catalytic centers and

pronouncedstrongmetal-support interaction (SMSI) through

the hypoehyper d-interaction between hyper d-metallic

phase andhypod-oxide phaseTiO2. The level ofhypoehyper
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d-interactionbetweenmetallic phase andTiO2was the same

for all studied electrocatalysts.

2. Electrocatalyst containing CoRuPt (4:0.5:0.5 wt.) has shown

the best catalytic activity for HER compared with the other

CoRuandCoPt-basedelectrocatalysts.TheloweramountofPt

wascompensatedby thehighlydevelopedsurfaceofPt-phase

in the mixed systems as result of very small particles of Pt.

3. Electrocatalyst containing CoRu (1:1wt.) has shown the best

catalytic activity for OER. The presence of mixed hypo-

ehyper d-oxides on the catalyst’s surface (CoOeTiO2,

RuO2eTiO2) contribute to increased catalytic activity related

to the electrocatalyst containing pure Ru as metallic phase.
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