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Abstract

Ball milling is a relative simple and promising technique for preparation of inor-
ganic oxide—carbon type of composites. Novel TiO,-C and Ti,3Mo0,0,-C type of
composites containing multi-layer graphene were prepared by ball milling of graph-
ite in order to get electrocatalyst supports for polymer electrolyte membrane fuel
cells. Starting rutile TiO, was obtained from P25 by heat treatment. Carbon-free
Tiy sMo,0, mixed oxide, prepared using our previously developed multistep sol—
gel method, does not meet the requirements for materials of electrocatalyst support,
therefore parent composites with Ti, gMo0,0,/C=75/25, 90/10 and 95/5 mass ratio
were prepared using Black Pearls 2000. XRD study of parent composites proved
that the oxide part existed in rutile phase which is prerequisite of the incorporation
of oxophilic metals providing CO tolerance for the electrocatalyst. Ball milling of
TiO, or parent composites with graphite resulted in catalyst supports with enhanced
carbon content and with appropriate specific surface areas. XRD and Raman spec-
troscopic measurements indicated the changes of graphite during the ball milling
procedure while the oxide part remained intact. TEM images proved that platinum
existed in the form of highly dispersed nanoparticles on the surface of both the Mo-
free and of Mo-containing electrocatalyst. Electrocatalytic performance of the cat-
alysts loaded with 20 wt% Pt was studied by cyclic voltammetry, CO,4-stripping
voltammetry done before and after the 500-cycle stability test, as well as by the
long-term stability test involving 10,000 polarization cycles. Enhanced CO toler-
ance and slightly lower stability comparing to Pt/TiO,-C was demonstrated for Pt/
Tiy sMo0,0,-C catalysts.
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Introduction

The chemical energy of hydrogen can be transformed efficiently to electricity by
means of polymer electrolyte membrane fuel cells (PEMFCs) [1]. One of the key
components responsible for the longevity, performance and price of PEMFCs is
the electrocatalyst [2]. Although significant efforts have been made to develop
novel electrocatalysts for PEMFCs, state of art systems still use CO and corrosion
sensitive Pt/C catalysts. The corrosion of carbon [3, 4], sintering and dissolution
of Pt nanoparticles in acidic media are well known phenomena leading to activity
loss. On the other hand, although the electrolysis of water is playing an increas-
ingly important role, hydrogen fuel is still obtained in large quantities by steam
reforming from fossil sources [5]. A critical issue of the usage of hydrogen from
the latter source is the presence of carbon monoxide contaminant that poisons the
platinum-based catalyst of the PEMFC. Thus, the development of novel corrosion
resistant catalysts with improved CO tolerance is considered to be an important
research goal [6].

TiO,-C composite supported Pt electrocatalyst have shown increased stability
compared to traditional Pt/C ones [7-9]. Direct hydrothermal [10-12], as well as
solvothermal [13, 14] synthesis is frequently used for formation of the TiO, com-
ponent, although use of sol-gel method has also been described [15]. Regarding
the polymorphs of TiO,, anatase is the most commonly used in composite fabri-
cation for both electrocatalysts and photocatalytsts although rutile is more stable
thermodynamically [16]. A recent work suggested certain benefits of rutile TiO,
as electrocatalyst supports [17]. As for the carbon content of TiO,-C composites,
there is a growing interest in graphite oxides as a carbon source [10, 11, 13-15,
18, 19].

Great number of studies have reported that some of the CO-poisoning-related
issues of the Pt/C electrocatalysts can be overcome by use of a second oxophilic
metal such as W, Mo on the surface [6, 20-22]. Oxophilic metals provides easer
oxidation of the CO contaminant via the bifunctional mechanism if an intimate
contact between the oxophilic sites and Pt exists [23, 24]. In our previous works
we developed novel, composite supported Pt/Ti(;_,)Mo,0,-C (C=carbonaceous
material) electrocatalysts which showed better stability and increased CO tol-
erance compared to the state-of-the-art PtRu/C catalyst [25, 26]. The advanta-
geous properties of these electrocatalysts are derived from the special structural
and functional properties of the composite support. The enhanced stability is
due to the improved corrosion properties of the Mo-doped TiO, coating on car-
bon, as a result of the favorable mechanical, chemical and redox stability of the
TiO, skeleton. At the same time, the TiO, coating helps to stabilize the Pt in a
highly dispersed state. The unique CO tolerance of the novel composite supported
catalysts could be attributed to the Mo oxophilic doping element. Regarding the
activity and stability of these catalysts, exclusive incorporation of Mo into the
rutile-TiO, phase is one of the key points. Our multistep sol-gel-based synthesis
method for these support includes three main steps: (i) low temperature deposi-
tion of TiO,-rutile nuclei on the carbon backbone completed by an aging step,
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(i1) introduction of the Mo precursor and (iii) incorporation of the Mo into the
TiO,-rutile crystallites using a high-temperature treatment step [25-28]. The high
specific surface area and the low electrical resistance of the above composites,
which are prerequisites for electrocatalytic applications, are provided by the car-
bonaceous backbone [28]. We have successfully prepared mixed oxide—carbon
composite type of electrocatalyst supports with various Ti; Mo,0,/C ratios
by use of Vulcan XC-72, unmodified and functionalized Black Pearls 2000 (BP,
Cabot) and graphite oxide (GO) derived carbonaceous materials [28].

Due to its extremely high surface area and its outstanding high conductiv-
ity, graphene is a promising candidate for electrocatalyst support [29]. Although
direct synthesis routes of graphene from graphite have several drawback in gen-
eral [30], the mechanical ball milling procedure is considered as accessible and
green approach to produce few layer graphene [31]. Ball milling has also given
possibility to prepare N-doped graphene from graphite in order to use as elec-
trocatalysts [32, 33]. Preparation of halogenated graphene nanoplatelets (GNP)
for metal-free electrocatalyst by use of ball milling of graphite has also been
described [34]. Ball milling has been successfully used for preparation of hybrid
materials from another carbon sources too, e.g. multi-layer graphene (MLG) for
MLG/Cu composite powders [35], GNP for (V,05),_(GNP), nanocomposite
[36], Vulcan carbon for Pt—Co electrocatalysts [37] carbon nanotubes for carbon
nanotube-inorganic hybrids [38], etc.

Based on the literature indications we supposed that ball milling could open a
new, relatively easy and green pathway for the preparation of TiO,-graphene-like
carbon composites. Therefore the aim of this work was the preparation of novel
composites of TiO,-C, and Ti(;_,,M0,0,-C types by use of ball milling of graph-
ite starting component. Our goal was focused on the possible synthesis of these
new materials and on the physicochemical characterisation of them. Furthermore,
we attempted to explore certain relationships between the main structural proper-
ties of these P/TiO,-C, Pt/Ti(;_,,M0,0,-C electrocatalysts and their electrochem-
ical behavior.

Experimental
Materials

NaOH was purchased from Reanal. HNO; (65%, a.r.) and 2-propanol were
products of Molar Chemicals. Titanium-isopropoxide (Ti(O-i-Pr),, Aldrich,
97%) was used as Ti precursor compound. BP supplied by Cabot and graph-
ite carbon rode sieved into powder (99.9%, Merck, Darmstadt, Germany) were
used as carbon sources. Glucose monohydrate (99%, Alfa Aesar, Kandel, Ger-
many) was employed as exfoliating agent. Hexachloroplatinic acid hexahydrate
(H,PtCls-6H,0, 37.5% Pt, Sigma-Aldrich) was used as Pt precursor compound.
P25 (Evonik) TiO, was used for the preparation of rutile TiO,.
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Preparation of composites and composite supported catalysts

The preparation of Ti,_,,M0,0,-C type of electrocatalysts support containing ball-
milled graphite was carried out in two separate steps, flow chart of which is shown
in Fig. S1.

In order to obtained rutile TiO, (R), P25 was annealed in air at 1000 °C for 2 h.
Ti(;_x)Mo,0, mixed oxide containing parent composites were prepared first by use
of our sol-gel-based multistep synthesis route developed previously [28]. The nomi-
nal Ti/Mo ratio was 0.8/0.2. The nominal ratios of BP carbon material in the parent
Tiy gMo, ,0,-C composites PC0O, PC05, PC10, PC25 were 0, 5, 10, 25 wt%. The
first synthesis step was completed by a high temperature heat treatment (HTT) as in
our previous works [25].

As a second step, graphite was ball-milled with the parent composites or TiO, in
the presence of glucose in a planetary ball milling machine (PM 400, Tetsch Inc.,
Diisseldorf, Germany), at room temperature. The graphite, glucose and parent com-
posites were loaded in a stainless steel grinding jar with 30 grinding ball (10 nm
diameter) and grounded at 400 rpm for 24 h. The ratio between graphite, glucose
and parent composite was 1:1:0.3. Then, the obtained materials (PC05-G, PC10-
G, PC25-G) were boiled in water for 1 h and washed with hot water to remove the
excess of glucose. The same method was employed for the synthesis of TiO,-based
composites by using rutile-TiO, instead of parent composites.

In order to obtain platinum containing electrocatalysts, the support materials
were loaded with 20 wt% Pt via a modified, sodium borohydride (NaBH,) assisted
ethylene—glycol (EG) reduction-precipitation method (see Fig. S2) as we described
before [25].

Physicochemical characterization

X-ray powder diffraction (XRD) patterns were obtained in a Philips model PW 3710
based PW 1050 Bragg—Brentano parafocusing goniometer using Cu K, radiation
(A=0.15418 nm), graphite monochromator and proportional counter. Rutile lattice
parameters were determined using a full profile fit (Pawley-fit) [39].

Nitrogen physisorption measurements were carried out at temperature of liquid
nitrogen using Thermo Scientific Surfer automatic volumetric adsorption analyzer
(Thermo Fischer Scientific, Berlin, Germany). The specific surface was calculated
by the BET method (Sggr) in the range of relative pressures from 0.05 to 0.30.

Morphology of the parent composite and of the oxide—multi-layer graphene type
of catalyst support obtained from it was compared by use of a ZEISS EVO 40XVP
Scanning Electron Microscope (SEM, accelerating voltage: 20 kV, W-filament
working distance 8 mm).

Raman spectra were recorded using a JASCO NRS-3300 equipped with a
CCD detector. The samples were investigated under the 514.5 nm laser exci-
tation wavelength; the grating was set at 600 1/mm and the slit to 0.1 X6 mm
for the main samples; an exception consisting in the use of a 1 X6 mm slit was
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employed for the analysis of the parent compounds—PCO05, PC10 and PC25.
The incident laser beam was focused using an Olympus UMPLFL 100X micro-
scope objective lens and the 521 cm™' peak of the Si was used for the instrument
calibration. The experimental Raman data were analyzed with OriginPro 2017
(OriginLab).

Morphology of the electrocatalysts was investigated by Transmission Electron
Microscopy (TEM) in HRTEM and STEM HAADF modes by means of a FEI
Titan Themis 200 kV Cs—corrected TEM with 0.09 nm HRTEM and 0.16 nm
STEM resolution. Composition of the samples was measured by STEM-EDS.
Elemental mapping were carried out by spectrum imagine.

The Pt, Mo, and Ti content of the electrocatalyst samples was measured by
inductively coupled plasma-optical emission spectrometry (ICP-OES) technique
by use of a simultaneous SPECTRO GENESIS instrument with axial plasma
observation. Samples were measured after microwave assisted dissolution in
1:2:6 mixtures of concentrated hydrofluoric acid: hydrochloric acid: nitric acid.

Electrochemical characterization

The details of the electrochemical characterization including the preparation of
working electrode, the composition of catalyst ink and electrocatalytic meas-
urements were described in Refs. [25, 28, 40]. The measurements were done
in a standard three-electrode cell using 0.5 M H,SO, electrolyte solution. The
Pt loading of the electrodes was 10 ug cm™. Glassy carbon (surface area:
0.0707 cm?) was used as working electrode, platinum wire as counter electrode
and a hydrogen electrode as reference electrode. All potentials are given on RHE
scale.

Electrocatalytic performance of the catalysts loaded with 20 wt% Pt was stud-
ied by cyclic voltammetry, CO,4-stripping voltammetry done before and after
the 500-cycle stability test, as well as by the long-term stability test involving
10,000 polarization cycles.

Electrochemically active Pt surface area (ECSAy,,,) determined from the
amount of underpotentially deposited hydrogen on the platinum surface was cal-
culated using the Eq. 1 [41]:

ECSAHupd (sz) = QoxHupd(/’lC)/zlo(ﬂC/cmz) (1)

The change of the electrochemically active Pt surface area (AECSA value)
was defined using the Eq. 2 [28]:

AECSAy = {1 — (ECSA\/ECSA,) } x 100% )

Here ECSA\/ECSA, ratio is the change of the electrochemically active Pt
surface area upon the N-cycle stability test (ECSAy; N: 500, 2500, 5000 and
10,000) normalized to ECSA| measured in the first cycle on the same sample.
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Results and discussion

Characterization of parent composites and multi-layer graphene derived
electrocatalyst supports

Our previous studies have revealed that (i) complete incorporation of the oxophilic
metal can be achieved only into the TiO,-rutile lattice and (ii) the formation of the
rutile phase TiO, nucleus before the HTT is prerequisite [25, 28]. We have also
observed that strong acidic media adjusted by HNOj; is necessary for the formation
of the rutile nuclei. Our previous works have showed that high temperature heat
treatment (600 °C, 8 h, Ar atmosphere) is essential for the formation of the mixed
oxide phase in the Ti;_,,M0,0,-C type of composites [25]. Therefore, the key issue
in the preparation of the parent mixed oxide containing composites was the exclusive
appearance of rutile phase either in the low temperature treated (85 °C) or in high
temperature treated (600 °C) samples. Results of XRD analysis of parent samples
showed that the sample PCO without any carbonaceous material did not meet this
criteria (Fig. 1AB, line a). It also contained anatase and rutile phases in addition to
the separate MoO; phase both in its form of before and after HTT (Fig. 1AB, line a).

As in case of 25 wt% nominal carbon content our preparation method was suc-
cessful [28]; we were curious to know whether smaller carbon content could lead
to successful preparation. So, we decreased the carbon content to 10 wt% and 5
wt% (PC10 and PCO05). The XRD data proved that decreased carbon content also
resulted in mainly rutile phases and only a negligible amount of separated Mo oxide
phase was observed in the samples (Fig. 1) before and after HTT (Fig. 1AB, lines
b, c, d). The diffraction patterns of the high temperature treated samples became
sharper indicating the crystallization under HTT (cf. Fig. 1A, B).

Intensity (a.u.)
Intensity (a.u.)

15 25 35 a5 55 65 7 15 25 35 a5 55 65 75
2 theta (degree) 2 theta (degree)

Fig.1 XRD patterns of the parent Ti(;_,;Mo,0,-C composites before (A) and after HTT (B) in the first
step of the preparation of the electrocatalyst supports (see denomination of samples in Chapter 2.2).
a—PCO0, b—PCO05, c—PC10, d—PC25. Filled circle—rutile, filled diamond—anatase, filled inverted
triangle—MoO,, filled square—Mo0O;
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Fig.2 SEM image of PC10 parent composite (A) and PC10-G electrocatalyst support (B) (see denomi-
nation of samples in Chapter 2.2)

Table 1 Main structural properties of graphite derived electrocatalyst supports (see denomination of
samples in Chapter 2.2)

Sample Nominal composition Calculated C con- N, adsorption
tent, wt% S
Sper> M~ g~ Pore vol-

ume, cm®

.
R-G 25 wt% R—T75 wt% G 75.0 129 0.21
PC05-G 25 wt% P05—75 wt% G 76.2 175 0.16
PC10-G 25 wt% P10—75 wt% G 77.5 177 0.16
PC25-G 25 wt% P25—175 wt% G 81.2 183 0.17

An explanation for the fact that the preparation of carbon-free mixed oxide
by the method we developed was not successful may be as follows. The surface
area of the carbon-free TiO,-containing material obtained at the end of the aging
stage was not large enough which resulted in Sggr 39 m? g~! after HTT. Contrary,
BP owning Sggr 1635 m?g~! [42] behaved as a template during the preparation
of the BP carbon-containing samples. Thus, the Mo precursor could form a rela-
tive thin layer on the surface of the TiO,-rutile crystallites, which provided less
opportunity for the appearance of a separate Mo oxide phase during HTT. Sggr of
BP-containing parent composites after HTT were 45 g m™2, 79 g m~2 and 238 g
m™2 for PC05, PC10 and PC25.

Rutile-TiO, as well as the parent composites, described above (excluding PC0),
were ground in a ball mill together with graphite to induce the transformation of
graphite in a solid phase reaction. SEM images (Fig. 2) clearly showed significant
differences in the morphology of the parent composite and of the graphite derived
electrocatalyst support obtained from it. While PC10 parent composite reflected
the ball shape of BP, PC10-G electrocatalyst support showed a layered structure
originated probably from graphite.

Some characteristic properties of the electrocatalyst supports obtained by ball
milling procedure were summarized in Table 1.
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The Mo-free sample obtained by ball milling of rutile TiO, and graphite had
somewhat smaller specific surface area and a larger pore volume than the Mo-con-
taining samples. The Sgpr and pore volume values of the Mo-containing samples
were nearly identical. However, despite similar values, the adsorption isotherm
of Mo-free composite (R-G) and molybdenum-containing composites (PCO05-G,
PC10-G, PC25-G) differed significantly (cf. Figs. S3A and S3B, S3C, S3D). While
sample R-G showed hysteresis loop type of H3 [43] the Mo-containing samples did
H2 type [43] of it which was characteristic to slit like pores. Although both of the
samples had mesopores, the pores were somewhat smaller in case of Mo-containing
samples. It could be concluded that the presence of carbon in the parent compos-
ite has certain effect on structure of the ball milled material. However, it should be
noted that the specific surface area of all samples met the requirements for electro-
catalyst supports (> 100 m? g~!) [44].

Results of the XRD analysis of the multi-layer graphene-containing electrocata-
lyst supports can be seen in Fig. 3.

The XRD pattern of graphite starting material had a strong and sharp peak at
about 26.5° (not shown) in line with the literature data [45, 46]. As an effect of ball
milling a definite broadening of the peak characteristic for the carbonaceous mate-
rial appeared in the XRD pattern of sample R-G indicating the change of the starting
graphite. At the same time the peaks characteristic for rutile were quite sharp indi-
cating the well crystallized form of TiO, in this sample (Fig. 3A). Similarly, XRD
pattern of Mo-containing samples showed the broad peak at about 26° (Fig. 3B).

Different type of carbonaceous material can be obtained from graphite depend-
ing on the time of ball milling and the nature of the exfoliation agent or the reac-
tants used. Nanocrystalline graphite with a crystallite size of about 2 nm was formed
after 8 h of ball milling [47], while turbostratic carbon (t-carbon) was obtained by
longer milling and amorphous carbon was produced when the milling time was long
enough [48, 49]. Using the Bragg law and the Scherrer equation [50], the interlayer
spacing-d and the crystallite size-D of the carbonaceous materials were estimated
using the XRD characteristic data (see Table 2). Various values are found for the

Intensity (a.u.)

*
Intensity (a.u.)

15 25 35 as 55 65 75

2 theta (degree)

15 25 35 as 55 65 75

2 theta (degree)
Fig.3 XRD pattern of the Mo-free (R-G) (A) and the Mo-containing supports (B). (see denomination

of samples in Chapter 2.2). a—R-G, b—PC05-G, c—PC10-G, d—PC25-G. filled circle—rutile, aster-
isk—carbon
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Table2 Structural parameters of
the graphite and the investigated
carbonaceous materials obtained
from XRD data (6-angle of
diffraction; FWHM-full width
of peaks at half maxima;
D-crystallite size; d-interlayer
spacing; n-number of layers)

Sample XRD parameters
20(°) FWHM(¢) D@mm) d(mm) n

Graphite 2639  0.26 44 0.337 131
PCO05 26.60  0.63 15 0.335 44
PC10 2644  0.64 15 0.337 43
PC25 26.28  0.61 15 0.339 45
R-G 2612 171 5 0.341 15
PC05-G 26.29 1.47 6 0.339 17
PC10-G 26.33 1.41 6 0.338 18
PC25-G 25.95 1.28 7 0.343 19
*Pt/R-G 26.16 1.62 5 0.340 18
Pt/ PCO5-G  26.32 1.31 7 0.338 19
Pt/ PC10-G 2664  1.63 5 0.334 16
Pt/ PC25-G  26.16 1.74 5 0.340 14

(see denomination of samples in Chapter 2.2)

*Nominal Pt content was 20 wt%

average number—n (calculated as D/d) of the graphitic sheets of the investigated
composites; they vary from 131 in graphite to about 43—45 in the parent compounds
and 14-19 in the ball-milled compounds.

In order to get further information, especially from the carbonaceous part of the
supports, Raman spectroscopic measurements were also carried out (Fig. 4.)

Fig. 4 presents the Raman fingerprint of the investigated carbonaceous mate-
rials. Thus, in the Fig. 4A, containing the PCO05, PC10 and PC25 parent com-
posites, the most prominent spectral features were assigned to D and G peaks
from the BP carbon. The 2D bands were also observed in the spectral domain
2400-3600 cm™!, but for these compounds, the bands appeared as broad peaks.
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Fig.4 Results of the Raman spectroscopic
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Moreover, some peaks were distinguished in the region 200-900 cm™'; they could
be associated to the Ti(;_,,M0,0, species and possess the higher intensities for the
composite consisting of low carbon support (PC0S).

Fig. 4B shows the Raman spectra of the graphite and various composites pre-
pared by the ball milling procedure from the graphite material. The Raman spec-
trum of the graphite starting material was dominated by the characteristic, sharp
G-peak at 1585 cm™! related to the in-plane vibration of sp? hybridized carbon
atoms [51]. Minor amount of defects was present in the sample as witnessed by
the small D-peak at 1355 cm™! [52]. In the R-G sample, that is obtained from
graphite and TiO,-rutil by the ball milling procedure, the intensity ratio of the D
peak to the intensity of the G peak increased drastically (resulting in I/I;=1.63,
Table 3). Similar effect was observed by Welham et al. studying the effect of
extended ball milling on pure graphite [53]. Moreover, a shoulder at 1625 cm™!
appeared in the spectrum of the R-G sample. This might be assigned to C=C
bond vibrations and indicated the presence of sp® C fraction, too. The Raman
bands at 607 and 439 cm™! were typical for pure rutile TiO,, belonging to A,
and E, symmetries, respectively [54].

The PCO05-G, PC10-G and PC25-G samples, obtained from the PC0S, PC10
and PC2S5 parent composites and the graphite by the ball milling procedure, high-
lighted Raman characteristics that were similar with the R-G sample, although
some differences could be clearly seen in their Raman spectra and parameters
(Fig. 4B; Table 3).

A better comparison of the investigated samples can be made by analyzing
the crystallite sizes L, obtained using the Tuinstra-Koenig (TK) relation [55]:
L, (nm) = (2.4 x 107192*(1,/I5)~"', where A is the laser excitation wavelength
(514 nm). The results presented in Table 3 column L, clearly showed different
crystallite sizes for graphite, the parent composites and multi-layer graphene
based PCO05-G, PC10-G and PC25-G electrocatalyst supports.

A brief analysis of the results obtained for the crystallite size, when the XRD
and Raman methods were considered, indicated a slight difference between the
two techniques (cf. data in Tables 2, 3). These differences could be related to the
fact that, in the XRD pattern, a superposition between the rutile and the graphitic

Table 3 Raman parameters

; R Sample Raman parameters L, (nm)

obtained for the graphite and

the investigated carbonaceous I/l Lp/lg

materials (see denomination of

samples in Chapter 2.2) Graphite 0.15 0.55 115
PCO5 1.02 0.19 16.4
PC10 1.04 0.17 16.2
PC25 1.02 0.16 16.4
R-G 1.63 041 10.3
PC05-G 1.56 0.44 10.8
PC10-G 1.59 0.34 10.6
PC25-G 1.51 0.36 11.1
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Table4 Some characteristic features of the electrocatalysts with nominal value Pt of 20 wt% (see
denomination of supports in Chapter 2.2)

Sample XRD ICP

Lattice parameters, A Mo subst. (x), % Pt, wt% Mo, wt% Ti, wt% X, %

Pt/R-G a=4.593,c=2.959 - 18.8 0 n.d 0

Pt/PC05-G a=4.63,c=2.94 15+3 19.2 29 6.4 18.7

Pt/PC10-G a=4.63,c=2.94 15+3 18.9 2.6 6.2 17.5

Pt/PC25-G a=4.63,c=2.94 15+3 18.5 2.1 4.8 17.7
A . B

Intensity (a.u.)
Intensity (a.u.)

15 25 35 a5 55 65 75

2 theta (degree) 15 25 35 as 55 65 75

2 theta (degree)

Fig.5 XRD patterns of the graphite derived molybdenum-free (A) and Mo-containing (B) electrocatalys
with nominal Pt content of 20 wt%. (see denomination of supports in Chapter 2.2). a—Pt/R-G, b—Pt/
PC05-G, c—Pt/PC10-G, d—Pt/PC25-G. filled circle—rutile, asterisk—carbon, times—Pt

peak of the carbonaceous materials existed and induced some difficulties in
obtaining precise values for the XRD parameters (Fig. 3; Table 2).

Characterization of graphite derived electrocatalyst
Physicochemical characterization

Some characteristic features of the multi-layer graphene—oxide composite type elec-
trocatalysts were collected in Table 4. Results of XRD measurements of the 20 wt%
Pt containing electrocatalyst were presented in Fig. 5. Regarding carbonaceous part
of the electrocatalysts, the structural parameters calculated from XRD data were
very similar to those of the composite type support (see Table 2). Regarding the
oxide part of the electrocataslysts, lattice parameters and Mo substitution were also
calculated from the XRD data (Table 4). The latter data indicated that the incorpo-
ration of Mo was very similar in all three samples and they were consistent with
our previous findings [28]. It could be concluded that the nature of the mixed oxide
phase did not change during the ball milling and Pt introduction procedures; and the
traces of the Mo-oxides could not be detected anymore by XRD.

@ Springer



Reaction Kinetics, Mechanisms and Catalysis

The presence of Pt was indicated by a broad peak at about 40° in the XRD pattern
(cf. Figs. 3, 5). Our previous works have demonstrated that this type of peak is char-
acteristic for finely dispersed Pt particles with average size around 2-3 nm [27, 28].

Results of ICP measurements (see Table 4) presented that the Pt content of the
samples was in a good agreement with the nominal value of Pt. The x value was also
calculated from the Ti and Mo content measured by ICP. The value of x is an indica-
tor of the incorporation of molybdenum; the values of it calculated from the ICP and
the XRD results were the same for sample Pt/PC10-G and Pt/PC25-G within the
margin of error. The x value of the Pt/PC05-G sample calculated from ICP results
was a bit higher than that of calculated from XRD. This observation may suggest
that a small fraction of Mo existed in amorphous form or on a scale below XRD
detectability, closely bound to the mixed oxide but not incorporated into it. The dif-
ferent behavior of Pt/PC05-G from the other two molybdenum-containing samples
can probably be explained by the too low carbon content and Sgpr of the parent
composite PC0S.

TEM images (Fig. S4) confirmed that platinum existed in the form of highly dis-
persed nanoparticles both on the surface of the Mo-free (Pt/R-G) and of Mo-con-
taining (Pt/PC10-G) electrocatalyst samples, although the average particle size was
somewhat higher on the Mo-free sample (2.8 +£0.9 nm, Fig. S4D) than on the Mo-
containing one (2.3 +0.8 nm, Fig. S4H). Crystallite size values of Pt calculated from
XRD data (Table S1) correlate well with the mean Pt particle size values determined
from the TEM images of the Pt/PC10-G and Pt/R-G samples (Figs. S4D, S4H).

Elemental maps of the Mo-free sample (Pt/R-G) from two different detected
areas (series A and B) can be seen in Fig. S5. The Ti and Pt pattern were approxi-
mately congruent, indicating that Pt nanoparticles preferred the oxide part of the
composite-type support during the Pt introduction, which can provide increased sta-
bility compared to the commercial carbon supported Pt catalysts. Fig. S6 presents
the elemental maps of the Mo-containing sample (Pt/PC10-G) from two different
detected areas (series A and B). The O and Ti patterns were almost congruent, but
the Mo pattern was slightly smeared compared to that of Ti. Strong mechanical
effects during the grinding of the mixed oxide by ball mill can be a probable expla-
nation for this observation. Again, the Pt pattern follows the pattern of the oxides.

Electrochemical characterization

The comparison of the cyclic voltammograms and the CO,,, stripping voltammo-
grams of the 20 wt% Pt catalysts supported on the TiO,-C and the Ti, Mo, ,0,-C
composite prepared by use of ball milling with graphite was presented in Fig. 6.
Cyclic voltammograms of the Mo-free and Mo-containing Pt electrocatalysts
obtained on fresh samples were compared on Fig. 6a (panel A). As shown in Fig. 6a
on the TiygMo,,0,-C composite supported Pt catalyst besides the classical fea-
tures of the under-potentially deposited hydrogen adsorption/desorption between
50 and 350 mV, a characteristic redox peak pair between 380 and 530 mV, which
was assigned to oxidation/reduction of reducible MoO, surface species, were also
detected. According to the literature [56, 57] and our own studies [40, 58] the
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Fig.6 Cyclic voltammograms (A panel) and CO,, stripping voltammograms (B panel) of the (a): Pt/
PC25-G (short dashed), Pt/PC10-G (grey solid), Pt/PC05-G (dotted) and Pt/R-G (grey dashed) fresh
catalysts; (b): Pt/PC25-G (black), Pt/PC10-G (grey) and (c): Pt/PC05-G (black), Pt/R-G (grey) electro-
catalysts recorded in 0.5 M H,SO, before (solid curves) and after 500 cycles (dotted curves) of the stabil-
ity test. Sweep rate: 100 mV/s (A panel) and 10 mV/s (B panel)

appearance of strong redox peaks in the voltammograms clearly confirms that there
is an active interface between the Pt NPs and Mo-containing support.

As can be seen from Fig. 6a (panel A) an increase of the content of BP carbon in
the parent composites from 5 up to 25 wt% resulted in some increase of the double
layer capacitance of electrocatalysts, showing wider CV hysteresis.

Cyclic voltammograms of the various electrocatalysts recorded before and
after 500 cycles of the stability test were compared on Fig. 6b and c (A panel).
As shown in Fig. 6b the behavior and the stability of the Pt/PC25-G and Pt/
PC10-G electrocatalysts during cyclic polarization were very similar. However,
subsequent decrease of the BP carbon content to 5 wt% in the PC05-G compos-
ite supported electrocatalyst results in less pronounced Mo redox peak pair in
cyclic voltammograms (see Fig. 6c, panel A) and slightly lower electrochemi-
cally active surface area of the Pt (ECSA, see Table 5). Nevertheless, it should
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Table 5 Electrochemical characterization of the 20 wt% Pt catalysts supported on the TiO,-C and the
Tij gMo, ,0,-C composite prepared by use of ball milling with graphite. Effect of the presence of molyb-
denum

Sample Eo ma’ MV ECSA,, m%/gp, AECSAgy, % ™ AECSA g 00-
%

Pt/PC25-G 785 (sh: 695) 45.6+2.8 10.9 37.5

PY/PC10-G 785 (sh: 705) 47.6+1.9 11.2 41.3

Pt/PCO5-G 785 (sh: 705) 44.6+2.8 11.4 45.5

PY/R-G 805 (sh: 705) 40.0+2.8 7.6 33.6

4The position of the main CO stripping peak and shoulder in brackets (sk) obtained on fresh catalysts;
P AECSAgy, and AECSA  , values were calculated according to the Eq. 2 (see Experimental part);

CAECSA; values were calculated from the 10,000-cycle stability measurements

be noted that the difference of the ECSA values of the three Mo-containing Pt
catalysts were minimal and average ECSA value was equal to (45.6 +2.0) mz/gpl.
In addition, the presence of various amounts of BP carbon in the composites does
not significantly affect the short-term stability of the related Pt electrocatalysts
(see AECSA,, values in Table 5).

In this series of experiments, the smallest electrochemically active Pt surface area
value, shown in Table 5, was obtained on the Mo-free Pt/R-G catalyst. These results
are in a good agreement with the Pt particle size values determined from TEM
experiments for the Mo-containing and Mo-free Pt electrocatalysts: (2.3 +0.8) nm
and (2.8 +0.9) nm, respectively. It can be assumed that the presence of Mo in the
catalysts can lead to a higher dispersion of Pt on the support surface. Fig. 6¢ and
the results presented in Table 5 demonstrate higher stability of the Mo-free Pt/R-
G catalyst during the 500 polarization cycles: the loss in the ECSA during 500-
cycle stability test was 7.6%. Moreover, as seen from Fig. 6¢, during short-term
stability test the main changes in the shape of the voltammogram were observed
in the range between 50 and 350 mV, related to the peaks of hydrogen adsorption/
desorption on the Pt surface.As shown in Fig. 6¢, no changes were observed in the
400 <E <800 mV potential range over 500 polarization cycles, indicating a high sta-
bility of the TiO,-C composite prepared by use of ball milling with graphite.

Cyclic voltammograms of the Pt/PC25-G and Pt/R-G catalysts obtained during
stability test involving 500 (A panel) and 10,000 (B panel) polarization cycles are
demonstrated in Fig. 7a and b.

As can be seen from Fig. 7, in contrast to the Pt/R-G sample, the changes in the
shape of the voltammograms of the Pt/PC25-G catalyst observed during long-term
stability test affect not only the peaks associated with the hydrogen adsorption and
desorption on the platinum, but also the redox peaks of molybdenum.

It is well-known that in the case of a catalyst containing a non-noble metal com-
ponent changing of the voltammetric curves during the cyclic polarization can be
significant [22, 59]. It is obvious that this behavior is more expressed on the samples
containing the highest amount of non-incorporated Mo species [60]. As shown in
Fig. 7a, the non-incorporated Mo species can be dissolved or re-arranged during the
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Fig.7 Cyclic voltammograms of the Pt/PC25-G (a) and Pt/R-G (b) catalysts obtained during (panel
A) 500-cycle stability test and (B panel) long-term stability test involving 10,000 polarization cycles.
Recorded in Ar purged 0.5 M H,SO, solution between 50 and 1000 mV potential limits with 100 mV s~!
sweep rate

stability test. Upon stability tests this process leads to an increase in the AECSA val-
ues of Mo-containing catalysts (see Table 5).

The comparison of the ECSA loss (AECSA) values presented as a function
of the number of cycles of the stability test for all Pt catalysts prepared by use
of ball milling with graphite was presented in Fig. 8. As shown in Fig. 8 the
best result during long-term stability test was obtained on the Pt/R-G catalyst.
In addition, it should be noted that after 2500 polarization cycles the decrease
in the ECSA values on this catalyst was negligible. As can be seen from Fig. 8
the stability of the Mo-containing catalysts is slightly lower and depends on the
content of the BP carbon in the parent composites. An increase of the BP carbon
content from 5 to 25 wt% in the parent composites of the related Pt electrocatalyst
leads to an increase of the long-term stability, which is reflected in lower values
of AECSA (o9 (see Table 5).

We have recently demonstrated [28] that Pt not coupled to mixed oxide or
interacting with segregated Mo-oxides is known to suffer from strong degrada-
tion during cyclic potential changes due to electrocorrosion or dissolution of Mo,
potentially even leading to detachment of Pt particles. We assume that the het-
erogeneity of the mixed oxide structure in the catalysts, where Pt particles can
occur in many different environments (such as areas with stable mixed oxide for-
mations, spots with carbonaceous materials not covered with mixed oxide, and
isolated areas of Mo oxide), may be the reason of the lower stability compared to
more homogeneous samples.
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Thus, achieving a more uniform microstructure during the preparation of cata-
lysts with a ball mill may be the key to improving stability.

Comparison of the CO,qy, stripping behaviour of the Pt/Ti,gMo,,0,-C electro-
catalysts to the Mo-free Pt/TiO,-C catalyst (see Fig. 6a, Bpanel B) demonstrates
increased CO tolerance of the Mo-containing catalysts. As can be seen in Fig. 6a
and Table 5, on the Pt/R-G catalyst the main CO oxidation peak is located at ca.
805 mV, while the corresponding peak in the case of the Mo-containing catalysts
is around 785 mV. It is necessary to mention that besides the main CO,y.-stripping
peak, a small pre-oxidation peak (shoulder) at~695-705 mV was also observed on
all catalysts, which usually associated with CO electrooxidation on Pt sites, where Pt
and atoms of oxophilic metal/metals (Mo, Ti) are in atomic closeness. Moreover, in
good agreement with our previous studies [28, 40], in contrast to the Mo-free Pt/R-
G sample, on Mo-containing catalysts the electrooxidation of CO (the so-called
“pre-peak”) started at exceptionally low potential values (Ecq o5 =50 mV).

Thus, the CO tolerance requires very intimate contact between the mixed oxide
and the Pt; in other words, the surface electrochemistry of catalysts is largely deter-
mined by the Pt—-Mo and Pt-Ti interfacial sites, which are probably smaller in com-
posites with a low mass ratio of oxide to carbon, as in the case of the final composite
materials with carbon content between 75 and 81.2 wt% prepared using a ball mill
(see Table 1 of the manuscript).

Fig. 6b and c (panel B) compare CO, stripping voltammograms of the electro-
catalysts recorded before and after 500-cycle stability test. As shown in Fig. 6b, no
differences in the behavior and stability of the Pt/PC25-G and Pt/PC10-G electro-
catalysts were observed during CO, 4 stripping measurements. As seen in Fig. 6c,
the stability test for 500 cycles affects the shape of both CO, stripping voltammo-
grams obtained on the Pt/R-G and Pt/PCO05-G electrocatalysts. It should be noted
the shift of the main CO stripping peak after stability test toward less positive poten-
tial values by approx. 10 mV in comparison to that obtained over fresh samples is
quite common and can be an indication of some agglomeration of Pt nanoparticles
[61].
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Conclusions

Novel, TiO,/C and Ti,sMo0,0,-C type of composites containing multi-layer gra-
phene were successfully prepared by ball milling of graphite in order to get new
types electrocatalyst supports for PEMFCs. Carbon-free Ti,¢Mo0,0, mixed oxide,
prepared using our previously developed multistep sol-gel method, does not meet
the requirements for materials of electrocatalyst support, probably due to the low
surface area of the TiO,-C material obtained in the aging step, which was insuffi-
cient to incorporate Mo into the TiO,-rutile crystallites during the HTT step. There-
fore, parent composites with Ti, {Mo0,0,/C=75/25, 90/10 and 95/5 mass ratio were
prepared using Black Pearls 2000. XRD study of parent composites proved that the
oxide part existed almost exclusively in rutile-TiO, phase which is prerequisite of
the incorporation of oxophilic metals providing CO tolerance for the electrocata-
lyst. Ball milling of rutile-TiO, or the parent composites with graphite resulted in
catalyst supports with high carbonaceous materials content and appropriate specific
surface areas. XRD and Raman spectroscopic measurements indicated the changes
of graphite during the ball milling procedure while the oxide part remained intact.
TEM images proved that platinum existed in the form of highly dispersed nanopar-
ticles both on the surface of the Mo-free and of Mo-containing electrocatalyst sam-
ples. Elemental maps indicated that Pt nanoparticles preferred the oxide part of the
composite-type support. The Mo element map was slightly more diffuse than the Ti
element map which was attributed to the strong mechanical effects during the grind-
ing of the mixed oxide.

Electrocatalytic performance of the Mo-free and of Mo-containing Pt catalysts
was studied by cyclic voltammetry, CO,,.-stripping voltammetry done before and
after the 500-cycle stability test, as well as by the long-term stability test involving
10,000 polarization cycles. Cyclic voltammograms of the Pt/Ti, ¢Mo,,0,-C electro-
catalysts showed a characteristic redox peak pair between 380 and 530 mV, which
was assigned to oxidation/reduction of reducible MoO, surface species indicating
an active interface between the Pt NPs and Mo-containing support. The presence
of various amounts of BP carbon in the composites does not significantly affect the
short-term stability of the related Pt electrocatalysts. The Pt/TiO,-G electrocatalyst
was more stable in the long term electrocatalytical tests than its Mo-containing ana-
logues. Comparison of the CO, stripping behaviour of the Pt/Ti, Mo, ,0,-C sam-
ples to the Mo-free Pt/TiO,-C one demonstrated increased CO tolerance of the Mo-
containing catalysts in line with the results of our previous work.
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