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Abstract Electronic states of CeO,, Ce;_,Pt.0, 5, and
Ce; -, Ti,Pt,O, 5 electrodes have been investigated by
X-ray photoelectron spectroscopy as a function of
applied potential for oxygen evolution and formic acid
and methanol oxidation. lonically dispersed platinum in
Ce;-Pt,0,5 and Ce;_,-,Ti,Pt,O,_5 is active toward
these reactions compared with CeO, alone. Higher electro-
catalytic activity of Pt*" jons in CeO, and Ce;_,Ti,O,
compared with the same amount of Pt” in Pt/C is attributed
to Pt*" ion interaction with CeO, and Ce;_,Ti,O, to
activate the lattice oxygen of the support oxide. Utilization
of this activated lattice oxygen has been demonstrated in
terms of high oxygen evolution in acid medium with these
catalysts. Further, ionic platinum in CeO, and Ce;_,Ti,O,
does not suffer from CO poisoning effect unlike Pt in
Pt/C due to participation of activated lattice oxygen which
oxidizes the intermediate CO to CO,. Hence, higher
activity is observed toward formic acid and methanol
oxidation compared with same amount of Pt metal in Pt/C.
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Introduction

Platinum has always been a good choice for several
electrochemical reactions because of its stability in both
acidic and basic medium and reactivity toward almost all
electrochemical reactions. Platinum nanoparticles dispersed
over carbon usually denoted by Pt/C are used for electro-
catalytic applications for a long time. Platinized platinum,
termed as Pt/Pt, is another important catalyst used exten-
sively for several electrocatalytic reactions. Platinum in Pt/
C or in Pt/Pt is in the form of metal nanoparticles where Pt
is in zero-valent state. These conventional Pt catalysts have
been used for catalytic oxidation of formic acid [1-4],
methanol [5], H,O, [6], oxygen evolution [7-9], and H,+
O, recombination reaction [10, 11]. Formic acid oxidation
is of particular importance due to its use in direct formic
acid fuel cell, which has various advantages over widely
used direct methanol fuel cell, namely faster anode kinetics,
lower crossover, and higher open circuit potential [12, 13].

Formic acid electrooxidation on platinum metal surface
was believed to follow a “dual” pathway, direct and indirect
[14]. One pathway involves fast reaction forming CO,
directly (dehydrogenation), and the other indirect pathway
includes a step in which an inhibiting intermediate CO is
formed. Chen et al. have recently demonstrated a third
pathway (formate pathway) involving the formation of
formate ion also leading to CO, [15].

dehydrogenation
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Reactions 2 and 3 lead to CO poisoning effect, and this
process is well documented in the literature [14-16]. At
lower potentials (~0.2 V), formic acid electrooxidation
reaction proceeds via pathway 2, and above 0.2 V, pathway
1 is followed but increase in CO,q coverage leads to the
accumulation of CQO,q. Due to surface deactivation of
platinum via oxide formation above 0.7 V, electrooxidation
of HCOOH in forward scan does not occur [1, 17-19]. In
the reverse scan once the surface platinum is cleaned after
the reduction of platinum oxide, HCOOH oxidation retains.
Therefore, due to CO adsorptions/poisoning effect on the
platinum metal surface, one would not see high electro-
oxidation current at lower potential. Various additives such
as Fe, Pd or Ru, etc. have been alloyed with platinum to
improve the performance for HCOOH oxidation [13, 19—
26]. Although unsupported Pd and Pd/C are found to be
highly active [1, 17, 27-34], it is unstable under anodic
potential [35]. Though Pt/C catalysts are widely employed,
due to the limitation of CO adsorption on Pt surface, a
number of issues are associated with Pt: (a) Can conven-
tional Pt” in any form be replaced to Pt*" ions to increase
dispersion and activity? (b) Can an additive like CeO, be
added to platinum to make use of oxygen storage capacity
of CeO, to remove CO poisoning effect?

By a novel solution combustion method, Ce;_,Pt,0,_; (x=
0.005-0.02) and Ceg g3Tig 15Pt0.020,—5 were prepared where
Pt is found mainly in +2 oxidation state. With these ionic
catalysts, 10—15 times higher catalytic activity for CO
oxidation was observed due to the ionic dispersion and
Pt2+—Ce02 ionic interaction compared with PtO/A1203 for
the same amount of platinum [36]. P ion in CeO, matrix
is the active site for CO adsorption, and lattice oxygen is
utilized for CO oxidation [37]. Pt*" in CeO, and
Ce;_,T1,0, is stable in both acid and alkali media, and
the Pt ions do not leach out from the material. Therefore,
we have explored Pt?" substituted Ce0; and Ce;_,Ti,O, in
electrocatalysis for formic acid and methanol oxidation.

X-ray photoelectron spectroscopy (XPS) has earlier been
employed [38] ex situ to study the adsorbed oxygen
species. There are other studies also which focus on
studying the electrochemically treated surfaces using ex

situ XPS [39, 40]. Our group adopted this idea recently to
study the nature of interaction between Pt*" ion and CeO,
during electrochemical oxidation and reduction which was
found to be electronic [41]. In this report, we have extended
the same idea to further investigate the redox and catalytic
properties to demonstrate oxygen evolution, formic acid,
and methanol oxidation over CeO,, Ce;_,Pt,0,_5, and
Cey—,—,Ti,Pt,O,_; electrodes in acid medium at various
electrode potentials. Activity of Pt*" in Ce;_,Pt,0,_; and
Cey—x—,Ti,Pt,O;,_; has been compared with Pt/C. We find
that there is an interaction between Pt** ion and support
(CeO, and Ce;_,Ti,0O,), which has been reflected in terms
of higher electrocatalytic activity with Ce;_,Pt,0,_s and
Ce; -, Ti,Pt,O, 5 compared with Pt/C toward formic
acid and methanol oxidation. The aim of this work is to
investigate the role of lattice oxygen in the electrocatalytic
properties, for example, if there is any role of the lattice
oxygen in removing the CO poisoning effect during
formic acid electrooxidation. We find that indeed lattice
oxygen plays a key role in the activity of these doped
metal oxides.

Experimental

The catalysts Ce;_,Pt,0,_s (x=0.0025, 0.005, 0.01, 0.015,
0.02) were prepared by solution combustion method [37—
42]. In a typical preparation for CegooPty¢10-—5, 5 g of
ceric ammonium nitrate, 0.04771 g of H,PtCls, and
2.5877 g of oxalyl dihydrazide (ODH) were dissolved in
15 ml of water in a borosilicate dish of 130-cm® capacity.
The dish containing the redox solution was introduced into
a muffle furnace maintained at 350 °C. Solution boils,
froths followed by the combustion with a flame giving the
final compound. Similarly, a series of Ce;_,Pt,O,_5 (x=
0.0025, 0.005, 0.01, 0.015, 0.02) oxides were prepared by
taking the stoichiometric amount of H,PtCls, ODH, and
(NH4),Ce(NO3)g. Pure CeO, was prepared by the combus-
tion of the aqueous solution of 5 g of ceric ammonium
nitrate and 2.5877 g of ODH. The combustion reactions
involved can be written as:

10 (1 — x)(NHy),Ce (NO3) 4 24(1 — x) C;HgN40, + 10x HoPtClg —— (5)

10 Ce;_Pt,0s_s + 88 (1 —x) Ny + (102 — 112x) H,0 + 48 (1 — x) CO, + 20x HCI

Ce.g3Tig.15Pt0.020,—5 was prepared by the combustion
of the aqueous solution of (NH4),Ce(NO3)s6H,0, Pt
(NH3)4(NO3),, TiO(NO3),, and glycine in the mole ratio
0.84:0.01:0.15:2.42. In a typical preparation, (NHy),Ce
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(NO3)s6H,0 (3 g), Pt(NH3)4(NO3), (0.0252 g), TiO
(NO3), (0.1823 g), and glycine (1.1814 g) were taken.
Detailed procedure has been described elsewhere [43].
Characterization of the materials was done by X-ray
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diffraction (XRD), XPS, and Brunauer—Emmett-Teller
(BET) surface area measurement.

Platinum dispersed over carbon was prepared by
impregnating H,PtCls over carbon followed by reducing
with mild reducing agent, formaldehyde; 2.4 mL of 1%
H,PtClg was reduced over 400 mg of carbon powder (pract,
S.D. Fine Chemicals) so that 22.4 mg of nanoplatinum
metal particles is dispersed per gram of carbon powder.

Electrochemical studies were performed using convention-
al three electrode system. Working electrode was made by
mixing a known amount of catalyst with 30 wt.% of graphitic
carbon and 5 wt.% of polyvinylidene difluoride binder
followed by depositing a thin layer of this slurry on a graphite
paper over a known area. Platinum foil was used as a counter
electrode. Saturated calomel electrode was used as a reference
electrode. H,SO,4 (0.5 M) was used as supporting electrolyte.

Electronic states of Ce and Pt ions of electrochemically
oxidized and cycled samples were recorded from an X-ray
photoelectron spectrometer (Thermo Fisher Scientific Mul-
tilab 2000). The electrodes were taken out from the
electrochemical cell, dried at 60 °C in an oven, and
mounted directly inside the XPS chamber. Since the
catalyst was mixed with graphite powder and deposited
on graphite paper, there was no observation of charging
effect in binding energy of metal ions. Further, due to
carbon and binder coating, the electrochemically reduced
surface component of Ce,O3; from CeO, remained in
reduced state even on the exposure to air. Binding energies
reported here are with respect to C(1s) at 284.5 eV, and they
are accurate within £0.1 eV.

Results and discussion

XRD patterns of Ce;_,Pt,0,_5 (x=0.0025, 0.005, 0.01,
0.015, 0.02) are recorded, and they crystallize in the
fluorite structure. Crystallite sizes of the Ceg 9gPty.020s—5
powder estimated from the half width of diffraction lines
are in the range of 30—40 nm. None of the Pt metal or PtO,
reflections was present in any of the Ce;_,Pt.O,_5
compounds indicating substitution of Pt in CeO,. A
detailed study on the Pt*" ion substitution in CeO,
has been reported earlier [37-42]. XRD pattern of
Cep.3Tig.15Ptg.0202—5 is shown in Fig. 1. In an earlier
report from this laboratory, Ce;_, Ti,O, (x=0.0-0.5) solid
solution formation was reported [43, 44] where a systematic
decrease in the lattice parameter was shown confirming the
formation of Ce;_,Ti, O, solid solutions. Peaks due to TiO,
in anatase or rutile phase were not detectable up to x=0.4.
Moreover, upon 2% of Pt ion substitution by solution
combustion, route in CeggsTip 150, and no Pt metal peaks
were observed in the powder XRD pattern given in
Fig. 1, and thus, compound was represented as
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Fig. 1 XRD pattern of Ceo_g3Pt0_02Ti0>1502,5 and 2% Pt/C (i}’lAYet)

Ceg.g3Tig.15Pt9.020>—5. XRD pattern of 2% Pt/C is given in
the inset of Fig. 1. Clearly, 2% Pt/C shows a distinct Pt (111)
peak at (c) 20=39.8° suggesting Pt in the metallic state. By
measuring the full width at half maxima particle, size of
platinum estimated is ~4 nm. BET surface area of
Ce.08Pt0.0202-5 and Ceg3Tig.15Pt.0202-5 is 13 and
19 m* g ', respectively.

XPS of Ce(3d) from CeO, and Ce,O; show character-
istic satellites due to Ce*" and Ce®" ions (see Fig. 2a, b),
and they have been discussed in detail by Kotani and
Ogasawarab [45]. Linear background subtraction is used for
all the Ce(3d) spectra which give an approximate idea. In
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Fig. 2 XPS of Ce(3d) core level spectra in a CeO,, b Ce,05, and ¢ Ce
(3d) core level spectrum obtained by the addition of CeO, and Ce,05
in the ratio of 50:50
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general, CeO, synthesized by combustion/flame method
with similar morphology contains small percentage (~5%)
of Ce®" state [46]. Even though electrochemically reduced
CeO, electrode is exposed to air, there was no oxidation of
reduced Ce,O; as seen from the complete absence of
917 eV satellite peak (Fig. 2b), a characteristic of CeO,.
This is due to the coating of carbon and binder over
oxide. If there is an increase in the Ce’" state due to the
reduction of Ce*", the shape of the spectrum changes.
One simple way of estimating the change in the ratio of
Ce*"/Ce*" during any oxidation or reduction reaction is to
compare the resultant spectrum with the spectrum
obtained by the addition of CeO, and Ce,O; after
normalizing the intensity. For example, the addition of
equal percentage of CeO, and Ce,O5 spectra given in
Fig. 2¢ represents the shape of the mixed valent Ce*" and
Ce" of equal ratio.

X-ray photoelectron spectrum of Pt(4f) region of Pt
metal foil, Pt nanoparticles in 2% Pt/C, Pt(NH;3)4(NO3),,
and PtO, are given in Fig. 3a—d, respectively. Pt(4f;,)
peaks are seen at 71.1, 71.4, 72.4, and 75 eV, respectively,
for Pt in O (for both metal foil and 2% Pt/C), +2 and +4
states. All of these samples except the Pt foil are the
powdered material with 5—10 nm of size as particle size is
known to affect the binding energy [47]. Pt(4f;/, s,2) core
level peaks at 71.4 and 74.8 eV in 2% Pt/C confirm that
platinum is present in metallic state.

®)

Counts/S (arb.unit)

Pt'(4f5)

711 eV

76
B.E./eV

T
73

Fig. 3 XPS of Pt(4f) core level in @ Pt metal foil, b 2% Pt/C, ¢
(NH4)4Pt (NO3),, d PtO,, e Pt(4f) core level in as prepared
Ceg.98Pt.020;2—5, and [ Pt(4f) core level spectrum core level spectrum
obtained by the addition of PtO, and PtO in the ratio of 75:25
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In Ceg 5Pty 020,-5 compound, Pt(4f) peaks are broad,
shifted to higher binding energy suggesting Pt in multiple
oxidation states (Fig. 3e). Details on the Pt(4f) spectra of
this material can be found elsewhere [36-42] where Pt°
was found at 71.2, Pt*" at 72.4, and Pt*" at 74.4 eV similar
to what was observed by Matolin et al. [47]. Here also,
Pt**(4f) and Pt*"(4f) spectra from Pt(NH;)4(NO;), and
PtO,, respectively, were added in the different ratios, and
one such spectrum having the mixed valent Pt*" and Pt**
in the ratio of 0.75:0.25 is given in Fig. 3f. Pt(4f) spectrum
from CegogPtg0>0->—5 shown in Fig. 3e gives similar
spectrum as given in Fig. 3f concluding that the Pt*" and
Pt*" ratio is ~0.75:0.25. Ce(3d) spectrum from
Ceg.08Ptg.0202—5 shows almost 90% of cerium in 4+ state
(not shown) and spectrum looks similar to Fig. 2a. Thus,
the composition from Pt and Ce ratios comes out to be
Cep.0gPt0.0201 o5 indicating the oxide ion vacancies.

Similarly, from the XPS of Pt(4f) core level spectrum in
Ce.g3Tig.15Pt.020,—5 gives 60% Pt in +2 state and 40% Pt
is in +4 state (Fig. 4a). Here also, Ce is found almost in
90% in +4 state (not shown). Ti(2p) core level spectrum
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Fig. 4 XPS of a Pt(4f) core level and b Ti(2p) core level in as
prepared Cegg3Pto.02Tio.1502-5
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gives two peaks at 458.7 and 464.5 eV confirming Ti in +4
state (Fig. 4b).

Redox behavior and oxygen evolution reaction in acid
medium

Oxygen evolution in acidic medium occurs with the
reaction

2H,0 — Oy + 4H" + 4e” (6)

This reaction occurs at 1.23 V with respect to standard
hydrogen electrode [48]. Cyclic voltammograms (CV) for
CeO, and Ce;_,Pt,0,_5 (x=0.01, 0.015, 0.02) in 0.5 M
H,S0, at a scan rate of 5 mV/s are shown in Fig. 5a in the
potential range of —0.2 to +1.5 V. Cyclic voltammogram of
CeO, shows two redox couples: (a) Adsorption of
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-
o
PR |

0.5 1

/1 mA cm

0.0 1

EV (SCE)

0.50

Ceg g3Tig.15Pt0.0202.5

/I mA cm™2

0.25

Ceg 9Pt .02025

CeO,

T T T T
500 1000 1500 2000
t/sec

Fig. 5 Cyclic voltammograms in 0.5 M H,SO, for a CeO, and
Ce;—Pt,0,_5 (x=0.01, 0.015, and 0.02) and b chronoamperometry at
1.2 Vin 0.5 M HzSO4 for C602, CeolggPtO'Ozozfg, and
Ceg.83Tig.15Pt0.0202-5

hydroxide coverage and its subsequent reduction appear
at 0.56 and 0.36 V, respectively, and (b) oxidation peak
at 1.38 V with the subsequent reduction peak at 1.16 is
observed due to the Ce*'/Ce*" redox couple in CeO,.
Oxidation and reduction potential values of cerium are in
good agreement with the reported values [49, 50].
Presence of Ce*" jon in CeO,, Ce,_,Pt,0,_s5, and
Ceg g3Tig 15Ptg 020,_s as seen in the XPS can be further
confirmed by their CVs.

Cerium oxidation and reduction was confirmed by
performing CV in the aqueous solution of the mixture of
Ce**~Ce*" ions in the solutions of Ce(NOs); and (NH4),Ce
(NO;)¢ which gave similar redox couple at almost same
potentials. Ce;_,Pt,0,_s decreases the onset potential of
oxygen evolution compared with the CeO, (Fig. 5a).
Oxidation peak of Ce** to Ce*" lies in the potential range
where oxygen evolution starts. Bubbles can be seen on the
Ce;_Pt,O,_s (more prominently on Ceg93Pty.0202-45)
electrode surface above 1.1 V which confirms the oxygen
evolution. CeO, electrode shows bubbling only after 1.4 V
which confirms the catalytic effect of Pt in CeO,.

To quantify the high current gain observed in CV,
chronoamperometry experiment for 1,800 s is carried out
for CeO,, CeosPto.0202-5, and Cegg3Tip.15Pt9.0202-5 as
shown in Fig. 5b. Steady-state current density values are
0.09, 0.15, and 0.31 mA cm 2 for CeO,, CegosPto 02055,
and Ceg g4Tig.15Pto.0102-5, respectively. In a separate
experiment, after a prolonged chronoamperometry experi-
ment, CeO, showed almost no current while Ceg 9gPt( 0202
_s and Ceq g3Tig.15Pt0.020>—5 did not show any significant
decay in the current (not shown). Hence, the latter two
compounds reach a steady state after the initial current loss
acting as electrocatalysts.

Clearly, Pt ion substitution in CeO, or Ce;_,Ti,O,
improves the electrocatalytic property of oxygen evolution
and CeO, is not as active as CegogPty020,-5 and
Ceg.g4Tig.15Pt90102-s. To understand this behavior, we
mapped electronic structure of the electrodes by XPS after
the chronoamperometry experiments. Interestingly, CeO,
shows a substantial (~90%) reduction of Ce*" ion giving
Ce*" state (Fig. 6d). For comparison, we have reproduced
the Fig. 2 along with it (Fig. 6a—c). It is now easy to
understand that Fig. 6d is similar to Fig. 6¢ which is the
core level spectra of Ce®". Because of the extensive
reduction of CeO,, current decayed during the applied
potential of 1.2 V and a very small current is achieved. As
positive potential causes the oxidation processes to happen,
reduction in CeO, should be accompanying with a parallel
oxidation reaction causing the reduction in the CeO, which
can only be the oxidation of the negatively charged oxygen
from the CeO, lattice that is 0> —0,+2¢ . As CeO, is a
reducible oxide so the oxidation of O is quite reasonable.
An important conclusion which can be drawn from this

@ Springer
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Fig. 6 XPS of Ce(3d) core level spectra in a CeO,, b Ce,05, and ¢ Ce
(3d) core level spectrum obtained by the addition of CeO, and Ce,05
in the ratio of 50:50 and d Ce(3d) core level region in CeO, after
putting an electrochemical potential of 1.2 V for 1,800 s in H,SO4

observation is that lattice oxygen of CeO, can be oxidized
under the positive electrochemical potential. On the other
hand, in Ceg9gPty 020,45, at steady state, platinum is
partially oxidized to give more Pt*" compared with the
fresh catalyst after chronoamperometry experiment with
Pt**-to-Pt*" ratio equal to 0.60:0.40 (not shown), and
Ce*" is reduced to only about 50% (Fig. 7d) which is far
lower than the reduction of CeO, electrode (compare
Fig. 7d with Fig. 6d). For comparison, we have given the
Fig. 7a—c which are the reproduction of Fig. 2 for better
understanding. Spectra in Fig. 7d resemble to Fig. 7c which
has been obtained by mixing 50% of both Ce*" and Ce*"
core level XPS spectra. Observation of a finite steady-
state current at this stage is thus due to the establishment
of equilibrium between Pt*—Pt*" and Ce*'—Ce®" redox
couple. In other words, at the steady state, equilibrium
between Pt*'/Pt*'—Ce*"/Ce®" gives rise to the oxygen
evolution reaction through the reaction 5. Hence, due to
the electronic interaction between PZ"/Pt*" and Ce*'/Ce’”,

Ceg.9sPt9.020,-5 works as an electrocatalyst. Similar expla-
nation holds true in the case of Cegg3Tig 5Pty 020>—5 also.
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Fig. 7 XPS of Ce(3d) core level spectra in a CeO,, b Ce,05, and ¢ Ce
(3d) core level spectrum obtained by the addition of CeO,, Ce,O5 in
the ratio of 50:50 and d Ce(3d) core level region in Ceg 9gPty 02025
after putting an electrochemical potential of 1.2 V for 1,800 s

Platinum in this case also is partially oxidized from Pt** to
Pt*" in the ratio equal to 0.60:0.40 (not shown). More
importantly, Ce*" reduction in Cegg3Tip 15Pto 0202—5 is
only 25% (Fig. 8d) which is much lower than 50% in
Ce.9sPt 020, —_s (compare with Figs. 6d and 7d). For the
better understanding Fig. 8a—c is the reproduction of
Fig. 2. Clearly Ce®" formation is almost half to that shown
in Fig. 8c. Thus, Ceq g3Tig 15Pt0.0202-5 is more stable and
hence shows a very less drop in current in chronoamper-
ometry compared with Ceg9gPt020,-5 giving rise to
higher steady-state current. Hence, observation of much
higher oxygen evolution current in Ce g3Tig.15Pt.0202—5
compared with Ceg 9Pty 020,-s (see Fig. 5b) is due to
more stable nature of CeO, in the former catalyst. Hence,
Pt ion substitution plays a role behind the chemistry of
lattice oxygen of CeQO,. There was no clear indication of
Ti*" ion reduction as evidenced from Ti(2p) core level
spectrum due to applied potential of 1.2 V for 1,800 s (not
shown). Percentage reduction of Ce*" estimated from the
XPS is 90%, 50%, and 25 % for CeOZ, Ceo_ggpt().ozozf(;,

and Ceo_g3Ti0_ 1 5Pt0_020275, reSpCCtiVely.
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Fig. 8 XPS of Ce(3d) core level spectra in a CeO,, b Ce,03, and ¢ Ce
(3d) core level spectrum obtained by the addition of CeO, and Ce,05
in the ratio of 50:50 and d Ce(3d) core level region in
Ceg.g3Tio.15Pt0.0202—5 after putting an electrochemical potential of
1.2 V for 1,800 s

Based on above experimental observations redox behav-
ior of CeO, in aqueous acidic solution at 1.2 V can be
written as follows:

CeO, +H,0 — Ce*'|_.Ce’.0, )
+ 2H" + 22+ 1/2(1 +2/2) O5(z ~ 0.9)
(7)

Once CeO, is reduced to CeOg 55, there is little electro-

catalytic activity.
Oxygen evolution over Ce;_,Pt,0O,_5 at 1.2 V can be

written as follows:
Cei_Pt0s_5 + Hy0 & Ce;_Pt,0, 5 ./, +2H"
+ 26+ 12(1 4 2/2)05(x ~ 0.02,z ~ 0.5)
(8)
Once the steady state with z=0.5 is reached, further reaction

is due to the water splitting [2H,O — O, +4H"+
de= ... (5)].

Similarly, at 1.2 V potential, oxygen evolution over
Ce;,Ti,Pt,0, 5 can be written as follows:

Cel_x_yTiXPtyOz_g + H,0 & Cel_X_yTithy02—5—z +2H" + 28
+12(142/2) 0 (x=0.02, y=0.15z ~ 0.25)

©)

Here also, once the steady state is reached atz=0.25, reaction 5
takes over. Notice that the O, evolution is very low for CeO,
from reaction 5 compared with CegogPty 020,-s and
Ce.84Tig.15Pt.0102-5.

Thus, mapping the electrode composition by XPS after
chronoamperometry experiments, one can conclude that
steady-state current in oxygen evolution is directly related
to extent of Ce*" ion reduction and hence the stability of
Ce0,. The lower the Ce*" ion reduction, the higher the
oxygen evolution current. Pt ions in CeO, and in
Ceg g5Tip.150,—5 control the lattice oxygen in a particular
way to impart the activity in CeO, and Ceg g5Tig 1505-5.
Although only positive potential is applied in both the
processes, reduction in both Ceg 93Pty ¢,0,-5 and
Ceg.g3Tig.15Pt0.020,—5 signifies the oxidation of 0* to I/
20, which promptly raises a question if this lattice oxygen
can be utilized to remove the CO poisoning effect arises in
the electrooxidation of formic acid and methanol? So, in the
following section, we will demonstrate the activity of
Ceo'ggpto'ozoz_(; and CCO.84Tio'15Pt0'0102_5 for formic acid
and methanol electrooxidation and compare with Pt/C
catalyst consisting of the same amount of platinum.

Formic acid electrooxidation

Cyclic voltammograms in the solution of 0.5 M HCOOH
and 0.5 M H,SOy in the potential range of 0.0-1.0 V for
Ce.0gPto 02025, Ceg g3Tig.15Ptg.0202-5, and 2% Pt/C are
given in Fig. 9a. Amount of Pt is same (22.4 mg/g) in each
of the electrodes. Notice almost no current with 2% Pt/C
electrode. However, 5% Pt/C did show a little current
corresponding to formic acid oxidation (Fig. 9b). Due to
CO poisoning in 5% Pt/C, a very low current is observed in
the anodic sweep, but in the reverse scan, noticeable current
is observed corresponding to formic acid oxidation (indi-
cated by vertical arrow). Against this, in anodic sweep, a
huge current density corresponding to formic acid oxidation
over CeoAggPt0.02027(5 and Ceoig4Pt0.02Ti0A150275 is attained
with an onset potential of 0.4 V. Maximum activity is
attained at ~0.7 V with both Ceg9sPty ¢20,-5 and
Ceg.g4Tig.15Pt0.0102—5. In the reverse sweep, we do not see
any peak indicating that there is no CO poisoning over
these two electrodes. Rate of forward reaction will be lower
than the rate of backward reaction if there is CO formation
on the electrode. Further, in cyclic voltammetry, both
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Fig. 9 Cyclic voltammogram of a 2% Pt/C, Ce 9gPty.020»—s and Ceg g4Pto.02Tig.150,-s and b 5% Pt/C and chronoamperometry ¢ at 0.7 V in for
2% Pt/C, Ceo'ggptO.()zOzf(;, and Ceo‘83Ti0'15Pt0.02027(5 in 0.5 M HzSO4+O.5 M HCOOH

Ce().ggpto_ozozfg and Ceo'g3Ti0_15Pto_02027(5 show a contin-
uous rise till a maxima appears at 1.0 V which again
indicates the absence of any poisoning due to CO which
would have resulted in a very small peak in the forward
scan [21, 22] Thus, ionic Pt in Ceo'ggpto'ozoz_(g and
Ceg.g3Tip.15Pt9.020>-5 indeed eliminates CO poisoning
effect.

Having observed enhanced electrocatalytic activity with
Ce()ggptolozozf(; and Ceoig3Ti0‘15Pt0_020275 Catalyst in the
CV, chronoamperometry experiments are carried out. In
Fig. 9c, we show an amperogram at 0.7 V for
Ce9sPty.0202-5, Ceg gaPty 02Tig 150,-5, and 2% Pt/C.
Current gain is 0.15 for Ceg.9gPtg.0202-5, 0.43 for
Ceg g3Tig.15Pt0.020,—5, and 0.014 for 2% Pt/C, respectively.
Clearly, Cegg4Pty.02Tig.150,—5 shows ten times higher
activity compared with 2% Pt/C with the same amount of
Pt in each of the electrode.

To understand what makes Ceq 9gPty 020,_s and
Ceg.g4Pt0.02Tip.150,-5 to remove the CO poisoning effect
and enhancing the electrocatalytic activity compared with
2% Pt/C toward the electrooxidation of formic acid, XPS

@ Springer

mapping of the surface of the electrodes after CV and
chronoamperometric experiments in the solution of 0.5 M
HCOOH and 0.5 M H,SO, was carried out. P*"/Pt*" states
remain almost unchanged after the CV as well as
chronoamperometry in the formic acid solution for both
CeogPtg 02055 and Ceg gaPtg 02 Tip ;50,5 electrodes. Ce
(3d) core level spectrum in Ce ogPt 020, -5 after cycling is
showing the extent of Ce*' reduction almost 50% (not
shown) and spectrum looks similar to Fig. 7d. Almost
similar extent of Ce*" reduction is noticed after chronoam-
perometry experiment also. Extent of Ce*" reduction in
Ceg 34Pt0 02 Tig.150,—5 is only about 25% after CV as well as
after chronoamperometry experiments (not shown). Spectra
thus obtained similar look as shown in Fig. 8d. Hence, Ce**
is still the major component in Ceg g3Tig 15Ptg 020, after
electrochemical treatment in the formic acid solution. Ti
(2p) core level spectra do not show any significant change
after the cyclic voltammetry as well as after chronoamper-
ometry experiments (not shown).

Reduction of Ce*" in CeposPto 00> as well as in
Ceg.83Tig.15Pt0.0202—5 after chronoamperometry and cyclic
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voltammetry indicate that lattice oxygen is utilized initially
and steady state is reached with an equilibrium concentration
of P/Pt*"—Ce*"/Ce®" states. It has been stated earlier and
should be emphasized again that when a positive potential
is applied, reduction in both Cej9gPtg0,0,-5 and
Ceg.g3Tig.15Pt0.020,—5 signifies the oxidation of 0’ to 120,
causing the reduction of the catalytic surface. This indicates
that the removal of CO poisoning in the lower potential range
is due to the involvement of lattice oxygen. CO adsorbed over
the catalyst surface according to reaction 2 makes use of
lattice oxygen to give CO, and thus CO poisoning is
eliminated. Based on above observations, formic acid electro-
oxidation over CegogPt 20,5 surface can be written as:

Ce;_Pt,0,_5 + yHCOOH — Ce*™_,5,Ce’™,Pt,0,_5

(10)
100 e0e O
! - il b
] @ = (b)
o ./
c 90 + u
o
'g 85
)
q>, 80 = =
o}
O 204
2
104 & Ceo.sspto.ozoz-a
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O T ’ T ’ T ’ T ’ T ’ T ’ T ’ T
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Fig. 10 Percent CO, formation in the output gases from the cell at
different potentials for a 5% Pt/C and b Ceqg9Pty 00,5 and
Ceo_83Ti0_15Pt0_0202,5 in 0.5 M HzSO4+0.5 M HCOOH

Small changes occurring in Pt oxidation state are neglected for
the sake of simplicity

HCOOH — CO, + 2H" + 2 (11)

Once the steady state equilibrium composition is reached
on ~500 s according to reaction 10, reaction 11 seems to take
over leading to formic acid oxidation via pathway 1. Initial
current loss due to Ce*" reduction is more in the case of
Ceo.ggPtOAOQC)zf(; compared with Ce0.g3Ti0_15Pt0_0202,5 result-
ing in lower steady-state current. Further, after the CV
experiment, cerium reduction is more in Ceg Pty 2025
compared with Ceg g3Tig.15Ptg.0202-5 indicating that
CCO.83TiO.15PtO.020275 is more stable than Ceo_98Pt0_02027§.
Pt state in both the compounds is almost unaffected before
and after the experiments. Ti is also stable in +4 state in
Ceo.g4Ti0.15Pt().010275. This confirms that CeoAg3TioA15Pt0A02
0,_; reaches a more stable composition and hence a better
electrocatalyst compared with Ce 9gPty 020-—s.

Analysis of output gases during HCOOH oxidation

Enhancement in formic acid oxidation by Pt ions in
Ceo'ggpt()'ozozfg and CeO.84PtQ_02Ti0'150275 Compared with
Pt° in 2% Pt/C has been confirmed by analyzing the CO,
gases evolved by an online gas chromatograph as a function

Ceq g3Tip.15Pty 02025 at 1.2V

#
(004)

(311)
(222)

# Graphite peak

(400) (331)

Ce g3Tio.15Pt0, 02025

Intensity

Ceq 9gPty 0205.5at 1.2V

J\ #

Ceg.98Pto.02025

x_

26/ degree

Fig. 11 XRD patterns for CegogPt020,-5 in fresh electrode,
Ceg.98Pt9 02055 after chronoamperometry for 1,000 s in 0.5 M
HzSO4+0.5 M HCOOH, Ceo_ggTiQ_uPto_ozozfn‘ in fresh electrode
and Ce g3Tig 15Ptg.020,-s after chronoamperometry for 1,000 s in
0.5 M H,S04+0.5 M HCOOH
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Fig. 12 Cyclic voltammogram 3.0
of for methanol oxidation with a
2% Pt/C, b Ceo_ggpto_ozozf(s,
and ¢ Ceg.g3Tio.15Pt0.0202-5.
Enlarge plot methanol

oxidation with 2% Pt/C is
given in inset for better clarity

0.5M H2304 + 1M CH30H

I(mA cm?)

0.0 - - - - r : r
02 03 04 05 06 07 08 09 1o
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L L

of potential. CO, evolution over 2% Pt/C was too low to be
detected, and also, it gets polarized easily during formic
acid oxidation. Hence, experiment is done with 5% Pt/C.
CO, formation with 5% Pt/C, CegogPtg020,-5 and
Ceg.g4Pto.02Tip1502-5, as a function of applied potential is
shown in a and b of Fig. 10, respectively. With 5% Pt/C,
maximum CO, formation is 52% at potential higher than
0.48 V. At 0.40 V and below CO, formation is only 10%.
Against this, Cegg9oPty10,-5 gives ~100% CO, formation
at potentials 0.45 V and onwards. Even in the lower potential
range, 0.25 to 0.45 CO, formation is in the range of 90—
95% which is quite higher than 5% Pt/C. Remarkably,
Cep.33Tig.15Ptg.020-—5 shows 100% CO, formation even at
0.35 V. The analysis is done up to 1.0 V and CO,
formation remains constant at 100% over Pt** ions
substituted oxides. Thus, ionic Pt dispersed in CeO, and
Ce;_,T1,05 in the form of solid solution Ce;_,Pt,O,_5 and
Ce;—,—,Ti,Pt,O,_; indeed eliminates CO poisoning effect
for HCOOH oxidation. Higher amount of CO, at lower
potential indicates the catalytic effect of Pt*" ions in CeO,
and Ce;_,Ti,O, compared with Pt in C.

XRD patterns before and after the chronoamperometry
in the solution of 0.5 M HCOOH and 0.5 M H,SO, for
both CCO.98Pt0A020275 and Ceo.84Pt0.02Ti0.1502,5 do not
show any change as shown in Fig. 11. This means that
there are no changes in the fluorite structure of both the
electrodes after the electrochemical experiments.

Methanol oxidation

After studying the oxygen evolution and formic acid
oxidation, catalysts were tested for methanol oxidation in
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acidic medium. Cyclic voltammogram for the methanol
oxidation in the solution of 1.0 M methanol+0.5 M H,SO,
with 2% Pt/C, Ceg 9gPty 0202-s, and Ceg g3Tig 15Pt.02002—5
are shown in a—c of Fig. 12, respectively. Methanol
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Fig. 13 Chronoamperometry in methanol oxidation with 2% Pt/C
(red line), Ceo‘ggptvozozf(g (black line), and Ceo'83Ti0'15PtoA020275
(blue line) at 0.65, 0.9, and 1.1 V in a, b, and ¢, respectively
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oxidation plot with 2% Pt/C in the range of 0.2-1.0 V is
also shown in inset of Fig. 12 for better visibility. Pt*" ion
in CeO, and CeggsTip.150, has shown higher activity
compared with Pt metal in 2% Pt/C. Higher activity of these
catalysts was further investigated by chronoamperometry at
0.65, 0.9, and 1.1 V as shown in a-c of Fig. 13,
respectively. With the same amount of Pt, Ceg 9gPto.0202—5
shows five times and Ce g3Tig 15Pt 02O05—5 shows 10 times
higher activity than 2% Pt/C. At higher potential also,
approximately three to five times higher activity was
observed with Ceg9gPty020>—5 and Ceg g3Tig 15Pty 02025
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Fig. 14 XPS of Ce(3d) core level spectra in a CeO,, b Ce,03, and ¢
Ce(3d) core level spectrum obtained by the addition of CeO, and
Ce,0; in the ratio of 50:50. Ce(3d) core level spectra after cyclic
voltammetry experiment up to 1.1 V for methanol oxidation in d
Ce.08P19.0202-5 and e Ceg g3Tio.15Pt0.0202-5
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Fig. 15 XPS of Pt(4f) core level after cyclic voltammetry experiment
up to 1.1 V for methanol oxidation a Ceg 9gPtg.0202-5, b
Ceg.g3Tio.15Pt0.0202-45, and ¢ 2% Pt/C, respectively

as compared with 2% Pt/C. After cyclic voltammetry,
experiment at 1.1 V XPS of the catalyst was recorded. In
the case of CegogPty 0205-5, Ce(3d) spectra are shown in
Fig. 14d and about 55% of cerium is found in +3 state and
remaining in 4+ state which is almost the same as observed
in Fig. 7d. Here too, Fig. 14a—c is the reproduction of Fig. 2
for better understanding. After the similar experimental
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Fig. 16 XPS of Ti(2p) core level in Ceq g3Tig 15Pt.020, -5 after cyclic
voltammetry experiment of methanol oxidation up to 1.1 V
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conditions, XPS of Pt(4f) in Ceg 9gPty.0,0O,>—5 shows Pt to
slightly higher oxidation state resulting in the original
binding energy 73 eV (in Fig. 3e) to increase to 73.5
(Fig. 15a). This might be due to the various changes
occurring on the surface after applying the positive
potential. For example, Pt oxidation state may have
changed and/or some local surface changes causing the
increase in the binding energy. Similar explanation holds
true for Pt in Cegg3Tig 15Pt0.0202-5. XPS spectra of Ce
(3d) in Cegg3Tig.15Pt.0202—s is shown in Fig. 14e, and
~75% of cerium is present in 4+ and the rest is present in
3+ state. Pt(4f) core level spectra for 2% Pt/C show Pt
in zero-valent state after cyclic voltammetry experi-
ment. Ti(2p) core XPS from Cegg3Tig 15Ptg.0205-5 i
shown in Fig. 16. Ti still remains in 4+ states only. The
presence of higher amount of cerium in 4+ state and Ti in
4+ state in Cegg3Tig 15Ptg.0202—5 is the reason for high
activity of Ceg.g3Tig.15Pt0.0202-5 compared with
Ceg.08Pt9.0002—5 as higher amount of reversible oxygen
exchange occurs with Ce g3Tig 15Pt0.020,—5 lattice com-
pared with Ce 9gPtg 0,0, s lattice. In our earlier work, we
have shown that the high reducibility or higher reversible
oxygen exchange form lattice is possible with Ce;_,Ti,O,
compared with CeO, [43, 51]. So reaction can be
written as

Ceg 35 Tio.35sPt:0s—5 + YCH3;OH — Ce* o 55_1—6,Ce’ 6, Tio.15PLO2_5
+ 2yH,0 + yCO, (12)

Ce* o g5-1-3,Ce’ "3, Tig 15PL0s— 5, 3¥H,0 — Ce 5 Tig s5Pt0s— 5

+ 3yH2 (13)

In conclusion, we have shown that Pt>* ions in CeO, and
Ceg.g5Tip. 150, can work as electrocatalysts. Pt*" in CeO,
and Ceg g5Tig 150, have been shown to have higher activity
compared with 2% Pt/C toward oxygen evolution, formic
acid oxidation, and methanol oxidation. Activated lattice
oxygen in P*" ion substituted CeO, and CegsTig 150>
have been shown to take active part in oxidation process;
hence, higher activity has been observed compared with 2%
Pt/C. More importantly, lattice oxygen certainly has a key
role in removing the CO poisoning effect.
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