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Dissolution of Oxygen Reduction Electrocatalysts in an Acidic Environment: Density
Functional Theory Study
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Density functional theory is employed to determine the reaction thermodynamics of a group of chemical and
electrochemical reactions chosen to investigate the dissolution of metal atoms from oxygen reduction reaction
catalysts in an acid medium. Once a set of thermodynamically allowed reactions is established, those reactions
are selected to investigate the relative stabilities of Pt atoms and of other transition metal atoms (Ir, Pd, Rh,
Ni, and Co) toward the dissolution reactions. The dissolution reactions that are found thermodynamically
favorable are electrochemical and involve adsorbed oxygenated compounds that are intermediate species of
the oxygen reduction reaction. Iridium is found to be the most stable among the various pure metals in
comparison to Pt. Most of the metals alloyed with Pt cause a decrease of the Pt stability against dissolution,
except for Ni, which does not affect it. On the other hand, the influence of Pt on the stability of the second
metal in the alloy follows the same trend as in pure metal catalysts, with Ir being the most stable. When both
atoms in a PtM alloy are involved in dissolution reactions, alloyed Ir is also found more stable than Pt in a
given dissolution reaction, and the same behavior is found in alloyed Co for most of the reactions studied.

surface in phosphoric acid fuel cels.18 For PEMFC, losses

of electrocatalyst active surface were detected during operation
due to metal catalyst cluster agglomeration and dissolution,
which was confirmed by the presence of Pt and Cr (one of the
alloy metals) in the cathode outlet wat@The precipitation of

Carbon supported platinum or platinum-based alloy catalysts
are commonly used as electrodes in polymer electrolyte
membrane fuel cells (PEMFC) to catalyze the hydrogen

oxidation on the anode and the oxygen reduction reaction (ORR) Pt in the electrolyte membrane close to the cathode and at the

on the cathode side. The slower kinetics of the oxygen reduction catalvst/membrane interface due to reduction of dissolved
reaction is one of the key points that needs to be addressed for y

) . : . platinum species such as?Pby permeating hydrogéh2®and
improving the fuel cell operation efficiendyTherefore, many : - 4 .

. . . _the presence of Pt in water indicate that Pt dissolution plays an
research studies related to the analysis of the oxygen reduction

reaction process catalyzed by platinum and platinum-based aIon:n;?slrgaET ?rlifnzn?aflt;\ée Osrltjsrfggeplto::gsptc_) ;||F;E“é|§tﬁozlgit;?aﬁa§;
surfaces have been reported. In those studies the oxygen ysts: P b y Y

; . ot .showed that Pd and Rh are more soluble than Pt in the same
adsorption and dissociation process has been proposed as a series

- - éxperimental conditio#éand the metal dissolution rate of a Pt
of proton and electron-transfer reactions, and the existence of

oxygenated intermediates such as adsorbed O, OH, and Ooﬂ:%yg&hrgtiztzﬂf rl‘?“l'g’o of 3:1 is lower than that of a Pt alloy
during the ORR process has been established. Platinum-based o
alloys have shown catalyzing activity similar to that of the pure
platinum catalyst for the ORR,1% and in some cases activities
higher than those for pure Pt were suggested by experimental
reportd~13 in which Co, Ni, Cr, and Fe as the second metal
species are commonly employed in Pt-based bimetallic cathode
catalysts. It is interesting that these metals might not be the
ones that cause the largest chemical perturbations on Pt whe
forming alloys!4

Durability of Pt or Pt-based alloy cathode catalysts in an acid
environment during PEMFC operation is another challenge for
long-term applications, as electrode active surface loss results
in a substantial decrease of fuel cell performat¥deis reported
that agglomeration of active Pt nanoparticles caused by dis- Six transition metal atoms M (Co, Rh, Ir, Ni, Pd, Pt) from
solution of the smallest particles or active sites and subsequentgroup VIIIA are used to model adsorption sites of oxygen
sintering are one of the major reasons for the loss of active reduction intermediates denoted as MO, MOH and MOOH.

Dissolution reactions are listed in Scheme 1 and the rationale
* Corresponding author. E-mail: balbuena@tamu.edu. for their selection is introduced in the next section.
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In contrast to the extensive investigations reported about the
ORR process on catalytic surfaces, a detailed analysis of the
mechanisms behind the dissolution process of cathode catalysts
has not been reported. Here we present a thermodynamic
analysis of potential metal dissolution reactions in acid medium,
using density functional theory (DFT) calculations to explore
the relative stabilities of transition metals in relation to that of
'bt. The study is performed by comparing the change in reaction
Gibbs free energies for different metals in a given dissolution
reaction.

2. Computational Details
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SCHEME 1: Possible Metal Dissolution Reactions AG = G[M(H,,0);*'] + G[M] + 3G[(H,0),] +
Reaction 1: MOOH +3H" +¢" ———= M?"+2H,0 2G[H,0] — G[MOH] — G[MO] — 3G[H40,"] —
Reaction2: MOH+MO +3H" +&& ———— M2++M+2H20 G[(H 20)6] (1)

Reaction 3: MOOH + MO + SH" + ¢

2M2* + 3H,0 ot
AG = G[M(H,0);" '] + G[M] + GIMM] + 3G[(H,0),] +

2G[H,0] — GIMMOH] — GIMMO] — 3G[H40,] —
Gl(H0)dl (2)

Reaction 4: MOOH + MO + 5H" + 36— M?** + M + 3H,0
Reaction 5: MOOH + MOH + 4H" + 26— M*" + M + 3H,0
Reaction6: MO +2H* —— M?"+ H,0

Reaction 7: 2MOH + 2H" —— M?"+ M +2H,0 3. Results and Discussion

Reaction8: MOOH + MOH +4H" —— 2M?* + 3H,0 3.1. Thermodynamic Analysis of Pt Dissolution. The
possible metal dissolution reactions from oxygen reduction
The solvated proton is modeled as®4" (four waters in the intermediates of MO, MOH and MOOH proposed in Scheme
first hydration shef?) and the hydrated metal cations {M 1 include both chemical and electrochemical dissolution reac-
are modeled as M(@#D),2" and M(H:0)s>" because divalent  tions. Inreactions 1, 6, and 7, the oxygen reduction intermediates
states and four-coordinate and six-coordinate complexes ofinteract with a proton to produce metal cations, and in reactions
transition metals are comm@aThe effect of the solvent beyond  2—5 and in reaction &djacentoxygen reduction intermediates
the first shell is not included, which could be a strong adsorbed on the catalyst surface interact with each other and
approximation to evaluate the absolute change of free energywith a proton to produce metal cations and water. The calculated
of the reaction; however, such an effect is much less important Gibbs free energy changes of reaction 1 to reaction 8 are listed
in this study where we analyze relative free energy changesin Table 1. The difference between thé& of a given dissolution
(AAG) with respect to the same reactions on pure Pt. In each reaction in Table 1 is due to the variation in the hydration
electrochemical reaction, the electron energy is set to zero. Theenergies of the cation with different water coordination number,

Gaussian03 Rev C.02 program packdgeas employed for all and to the metal bond dissociation energy involved in the dimer
calculations. All geometries were fully optimized using B3LYP, model. TheAG's of reactions 6-8 are positive whereas the
which is the hybrid exchange functional BecRe® combina- AG's of the other reactions are negative (except for Pt dimer
tion with the LYP correlation function&f with the LANL2DZ in reaction 3, Pt(k0)s2" model), indicating that all of the

pseudopotential and doublebasis set for transition metéls dissolution reactions are thermodynamically favorable except
and with 6-31%#+g(d, p) for oxygen and hydrogen atoms. for reactions 6-8 with the Pt(HO)s** model. From Scheme 1,
Frequency calculations were done for all optimized geometries the thermodynamically favorable dissolution reactions are
at the same theoretical level as that of the geometry optimization electrochemical, whereas, the chemical dissolution reactieBs 6
to verify that the structures were global minima and to calculate are thermodynamically unfavorable. Among the thermodynami-
the free energies. Different geometric, electronic and spin statescally favorable dissolution reactions, reaction 4 has the highest
were calculated for all species and only the ground states werenegativeAG, which indicates that the more electrons involved,
used to calculate the free energy difference for the metal the higher the equilibrium constant of the associated reaction.
dissolution reactions. The conclusions arising from this initial set of calculations are
Slab and small clusters usually are used to model metal that the possible Pt cathode catalyst dissolution reactions
surfaces for studying oxygen adsorption and reduction reactions(reactions +5 in Scheme 1) are electrochemical, and that all
using DFT calculations, providing reasonable restAts3? For the oxygen reduction intermediates can be involved in the
the cathode catalyst dissolution process, our investigation startgdissolution reactions. We have discussed in the “Computational
analyzing reactions that involve oxygen reduction intermediates Details” section that the main two approximations of this study
adsorbed on a metal M (MO, MOH, MOOH), where M is are neglecting the “bulk” solvent effect beyond the first shell
represented by a single atom or by a dimer. Comparison of theand using a single atom or a dimer to represent the catalytic
AG for each possible dissolution reaction provides the thermo- site, and we argued that such approximations should not affect
dynamic relative stabilities of metal catalysts against dissolution, the conclusions related to thelative changes of reaction free
though the single atom and the dimer models are approximationsenergy. A valid question may be how these approximations may
to the catalytic site. As shown in Scheme 1, the reactions involve affect the absoluté\G'’s. Thus, we observe that once the full
the adsorption of O and OH species to the pure metal or metalsolvation effects for metal cation complexes are taken into
alloys. Thus, it is crucial for the model to be able to accurately account, more negative free energies for metal cations should
describe the binding energies of these species to a metal atonbe obtained. Besides, on the basis of the magnitude adi@is
or to a dimer. In fact, such small metal clusters have proven in Table 1, we estimate that the clear distinction shown between
useful to understand the mechanism of the oxygen reductionreactions +5 and reactions 68 makes it unlikely that the
reaction, where determining binding energies of intermediate conclusions given in this section may be reverted by the use of
species such as O and OH are of the utmost importah&én a more elaborate model. The elementary reactions and corre-
addition, we focus on free energy differences of metal dissolu- sponding mechanism for each thermodynamically favorable
tion reactions, which could cancel the errors arising from the dissolution reaction will be investigated in future work.
approximate metal model to some extent and can provide 3.2. Thermodynamic Analysis of the Stability against
valuable predictions. Dissolution of Metals Other Than Pt. During the cathode
The AG for each dissolution reaction is calculated as the catalyst dissolution process, metahetal bond dissociation
difference between free energies of products and reactants, foprocesses are involved, which are followed by cation hydration.
example, reaction 2 in Scheme 1 for a single metal atom M Therefore, at least two metal atoms should be included in the
and for a metal dimer MM model with the hydrated metal cation cathode catalyst model. However, initially, we compute the
modeled as M(KD)s2" are written as (1) and (2) respectively: single metal atom relative dissolution stability as the simplest
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TABLE 1: Gibbs Free Energy Changes AG, in eV) 15 |
Calculated with B3LYP/LANL2DZ and 6-311++G(d,p) of PtPt Ptr ~ PtPd  PtRh  PINi  PiCo__ g 5
Possible Pt Dissolution Reactions Listed in Scheme 1, 05 | |
Modeling the Hydrated Cation as P&*(H;0), and as R
Pt*(H20)s 05 lanild
reactions AG? AGP AGE AGH g ¥ RS

1 —6.26 -7.12 —4.14 —5.00 3

2 —4.02 —4.88 —2.82 —3.68 25

3 —3.54 —5.25 0.05 —1.66

4 —20.59 —21.44 —19.32 —20.17 3.5

5 —13.01 —13.87 —11.18 —12.04

6 2.72 1.88 4.20 3.34 45

Z; 232 %gg ggg 2‘112 Figure 2. AAG (eV) of Pt dissolution reactions in PtPt, PtPd, PtNi,

apgt modeled as Pt(H,0), and single metal atom modélP£*+
modeled as Pt(H,O)s and single metal atom modélP£+ modeled
as Pt"(H,0)s and metal dimer modef.P£" modeled as Pt(H,O)s
and metal dimer model.

Ptlr, PtRh, and PtCo alloy cathode catalysts based on,®J# with
B3LYP/LANL2DZ and 6-31%+g(d,p).

an acid medium. For each reaction, Co and Ni are the metals
that are more easily dissolved than the other four metals from
the point of view of thermodynamics, withG’s significantly

a 20 [—e—=R 1] ) iy
i Pt Ir Pd Rh Ni €o|_ o mis more negativex 2.0 eV) than that of the Pt atom, especially in
s | . —a-R3 reaction 3, whereas Pt and Ir are the most stable metals
A0 —a—R. 4 a_ccprdlng to this crltgnon (F|gqre la). The stab|l!ty of I.r is very

e —%=R. 5 similar to that for Pt in all reactions except reaction 4, in which

3 oo ' Ir is more stable with &AAG value of~0.8 eV. Generally, Pd

- B is more unstable compared with the Pt atom and the range of
0 variation of AAG for the five dissolution reactions in this case
5.0 1 is +0.2 to—1.4 eV. Rh is also more unstable compared with
6.0 Pt and theAAG values converge around0.7 eV except for
7.0 reaction 3. In summary, using the single atom model, the

_ dissolution stability sequence is Co Rh < Ir in the ninth

b 30 PPt Idf  PdPd  RERE  NiNi CoCa—*R1 column and Ni< Pd < Pt in the tenth column (group VIIIA)
20 —a—R:2 of the periodic table.
;jg ' ‘_“::‘ : Figure 1b shows the relative stabilities of metal catalysts based
10 . iy on the dimer catalyst model in which the metal bond dissociation

3 50 is included, and consequently, we expect the results to be more

-‘é’ -3.0 realistic than those of the single atom catalyst model. Different
4.0 from the single atom model, Ir is more stable than Pt catalyst
5.0 with positive AAG's for all dissolution reactions, due to the
=910 higher dissociation energy of 2.85 eV of the Ir dimer compared
:;'g | _ to 2.32 eV dissociation energy of the Pt dimer. Similarly to the

Figure 1. (a) AAG (eV) of possible dissolution reactions of Pt, Pd,
Ni, Ir, Rh, and Co (single atom model) based on MUH?* calculated
with BSLYP/LANL2DZ and 6-313+g(d,p). (0)AAG (eV) of possible
dissolution reactions of Pt, Pd, Ni, Ir, Rh, and Co (dimer model) based
on M(HxO)e*" with B3LYP/LANL2DZ and 6-311-+g(d,p).

single atom model results, Pd and Rh are more unstable than
Pt for the electrochemical dissolution reactions. In contrast to
the single atom model, Rh shows slightly improved stability
than Pd in all five dissolution reactions. In the single atom
model, Co and Ni have similar stabilities relative to Pt (Figure
1a), whereas Figure 1b shows that the Co catalyst is more stable

catalyst model, and we compare the results with those of a dimerthan the Ni cathode catalyst in most of the dissolution reactions,
model of dissolution. The other five metals (Co, Rh, Ir, Ni, Pd) including the metal bond dissociation. Figure 1b also shows
besides Pt were studied on the basis of the five thermodynami-that the Ni catalyst is the most unstable among the six types of
cally favorable dissolution reactions. The calculate@'s for metal cathode catalysts. In summary, because the stability of
these metals (using single atom and metal dimer models) forthe cathode catalysts against dissolution depends on the
dissolution reactions-15 (Scheme 1) are negative (except for combined effects of all dissolution reactions, an approximate
some dimer cases in reaction 3; data available as Supportingrelative stability order from Figure 1b is k¥ Pt> Rh > Pd>
Information) on the basis of M@D)s2t and M(H:O0)s", Co > Ni based on the average values/oAG (1.55, 0,—1.65,
respectively, which indicates that the dissolution reactions for —2.50,—2.85, and—3.53 eV, respectively).

almost all these metals are also thermodynamically favorable. 3 3. pt Stability against Dissolution in Pt-Based Bimetallic
The AG of reaction 4 in which the highest number of electrons Ajloy Cathode Catalysts. Pt—M alloys were studied on the

is involved has the highest negative value for all the studied pasis of the thermodynamically stable five dissolution reactions
metals. Figure 1a shows the relative stability of each of the metal (Scheme 1) to investigate the effects of the introduction of a
atoms relative to Pt for each dissolution reaction baseting, second metal on the Pt stability against dissolution compared
which is defined as with that of pure Pt. Alloy cathode catalysts with Pt:M ratio of
1: 1 are modeled as Pt-M dimer and the O, OH, and OOH
adsorbents assumed bind to Pt sites Figure 2 shows the
relative Pt site stabilities of five types of cathode alloy catalysts
Negative AAG means that the corresponding metal is more compared with that of pure Pt based on the dissolution reactions
unstable than the Pt atom in the given dissolution reaction in for which AAG is defined as

AAG=AG,, — AG,, M =1r, Pd, Rh, Ni, Co
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AAG = AGpy, — AGppy M =1r, Pd, Rh, Ni, Co 20 [——R.A1

' PPt PUr PtPd PRh PINi  PtCo ~* R 2

NegativeAAG means that Pt in the corresponding alloy is more e y | ——R.3

unstable than pure Pt for a given dissolution reaction in acid o —e—R.4

medium. Figure 2 shows that pure Pt is more stable than Ptin 5. %° T|%=R.5
-1.0

other five alloy catalysts and the presence of a second metal 5
species decreases the stability of Pt adsorption sites. Introductiong 20

of Ir, Pd, and Rh decreases the Pt stability in alloy catalysts of S0
Ptlr, PtPd and PtRh more than that it does Ni in PtNi. Pt in =l
PtNi almost has stability similar to that of the pure Pt cathode -5.0

catalyst, whereas Pt in PtCo alloy is the most unstable cathode  -6.0 '

catalyst of this group. Our calculation results showing that the Figure 3. AAG (eV) of dissolution reactions of metal Pt, Pd, Ni, Ir,
1:1 PtNi alloy cathode catalyst is more stable than the 1:1 PtCo R and Co in PtPt, PtPd, PINi, Ptr, PtRh, and PtCo alloy cathode
alloy cathode are consistent with the experimental report in Cgta'ySt based on M@D)e*" with B3LYP/LANL2DZ and 6-31%+g-
which PtNi/C cathode alloy catalysts showed dissolution rates (dp)
lower than those of PtCo/C alloy cataly3fsErom Figure 2, 5% .
Ni is the best metal to be alloyed with the Pt catalyst without oo PtPt  Ptr PtPd PtRh PiNi PtCo
decreasing the Pt stability against dissolution; obviously this '

——R. 1|
—a—R. 2|

: R.3

criterion does not refer to optimizing the catalyst in terms of T :__R, 4

oxygen reduction activity, which follows different rules as 00 | =R 5|

discussed in previous wofR. g -1.0 '
3.4. Alloyed Metal Stability against Dissolution in Pt-Based 3 20

Bimetallic Alloy Cathode Catalysts. In the previous section 3.0
we discussed the Pt relative stabilities in alloy catalysts 40
compared with that of Pt in a pure Pt cathode catalyst. In an
alloy, it is also important to determine the relative stabilities of
the second metal M species. Here dusorption sites are M Figure 4. AAG (eV) of dissolution reactions of metal Pt vs Pt, Pd

sitesto which the O, OH, and OOH are assumed to bind instead Ni?lr, Rh, and Co in PtPt, PtPd, PtNi, Ptir, PtRh, and PtCo alloy cathode

of binding to Pt, with theAAG defined as catalyst based on M@D):2" with B3LYP/Lanl2dz and 6-31t-+g-
. d,p).
AAG = AGpy, — AGpp, M =Pt Ir, Pd, RN, Ni,Co )

-5.0
6.0

PtPd, PtRh and PtNi alloy cathode catalysts, respectively, which
is consistent with the experimental report that Pd and Rh are
more soluble than Pt in an acid environméht.

The values of AAG shown in Figure 3 indicate that all
dissolution reactions show very similar trends of relative
dissolution stabilities as those in Figure 1b for the respective
pure metals. Ni and Co §how much lower stability in rea(_:tion 4. Conclusions
3 than other metal species. Ir is the most stable metal in the
Pt-based bimetallic alloy compared with the other four metals ~ Analyses of the calculatedG's of possible dissolution
(Pd, Rh, Ni, Co) in PtM alloys and even more stable than Pt in reactions involving adsorbed oxygen reduction intermediates
the pure Pt cathode catalyst. Approximately, Pd, Ni, and Co indicate that five dissolution reactions of oxygen reduction
have similar stabilities in the dissolution reactions except for reaction catalysts are thermodynamically favorable. These
reaction 3, for which Ni and Co having similar stabilities are cathode catalyst dissolution reactions are electrochemical instead
the most unstable, and Pd and Rh behave similarly to each otheof chemical reactions, and the magnitude of the negatiGe
and are more stable that Ni and Co, but still strongly unstable increases with the number of electrons involved in the process.
with respect to Pt and Ir. Thus, the similarity between Figure The relative stabilities against dissolution of different pure metal
1b and Figure 3 indicates that the relative stabilities of second cathode catalysts (Pt, Ir, Pd, Rh, Ni, Co) with respect to Pt based
metals in Pt-based bimetallic alloys correlate well with the on theAAG for each dissolution reaction indicate that Ir is the
stabilities of the corresponding pure metal cathode catalysts inmost stable pure catalyst.
the same acidic environment. For alloy cathode catalysts, the introduction of a second metal
3.5. Comparison of Pt and M Stabilities against Dissolu- influences the Pt stability in the alloy catalysts, except for Ni
tion in the Same Pt-Based Bimetallic PtM Alloy.The results which has little influence on the Pt stability in a PtNi alloy
shown in Figure 4 are based on the valueAafG, defined as compared with the stability of Pt in pure Pt catalyst. The
AAG = AG; — AG,, whereAG; is the free energy for the  presence of Ir, Pd, Rh, and Co decreases the stability of Pt in
second species M as adsorption site in each dissolution reactiorPtlr, PtPd, PtRh and PtCo, respectively, compared with Ptin a
for a PtM alloy, andAG; is the free energy for Pt as adsorption pure Pt cathode catalyst.
site in PtM in each dissolution reaction. Therefore, the negative  The relative stabilities of Ir, Pd, Rh, Ni, Co in the corre-
AAG indicates that the Pt site is more stable than those of the sponding alloy cathode catalysts show trends similar to those
second metal species in Pt-based bimetallic cathode catalystof the corresponding pure cathode catalysts, Ir (inlBtbeing
assuming thaboth Pt and the other metal species are able to the most stable. Comparing the relative stabilities to a given
act as adsorption sites for O, OH, and OOH. Certainly the dissolution reaction of Pt and another metal species in the same
AAG's are zero for PtM= PtPt. Figure 4 shows that Ir is more  alloy cathode catalyst, it is found that Ir and Co are more stable
stable than Pt in the Ptlr alloy cathode catalyst due to the positivethan Pt in Ptlr and PtCo, respectively.
AAG values in all five dissolution reactions. The metal Co is
also more stable than or equally stable to Pt in the PtCo alloy = Acknowledgment. This work was supported by the Depart-
except in reaction 3. Pd, Rh, and Ni are less stable than Pt inment of Energy, grant DE-FG02-05ER15729. This research used
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