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COMBINED ELECTROCHEMICAL/SURFACESCIENCE INVESTIGATIONS
OF Pt/Cr ALLOY ELECTRODES

K. A. Daube, M. T. Paffett, S. Gottesfeld, anu C. T. Campbell

Los Alamos National Labo~aLory
Los Alamos, New Mexico 87545

USA

Chromiulfiaddition improves the performance of carbon-supported Pt elec-

trodes for oxygen reduction in phosphoric acid fuel cells. To clarify Lh& ,’ole

of chromium and its chemical nature at the electrode surface, we have performed

a combined clectrochcmlcal/surface science investigation of a series of bulk

PLxCr(l-x) alloys (U $ x ~ !). in this paper we report.thu surface chariicteri-

zaLion of the starting electrodes by XPS, electrochemical results frc+ncyclic

voltammrtry in 85% ptl~’:lphoricacid, and po~(,-clec’Lroctlcmical surface ch~ri]ct~r-

ization. Fgr Cr contunts less Lhwr 401, the eluctrcd:s were quite stuhle up to

,+1.6V vs DHK. The surfac~’Cr wds lar’-elyoxidized to Cr+j for surl”a,!usat

open ui:cuit and ‘,how’expost’dut potentials < +1.4 V. For intermudiatv Cr

levcIls,Cr was le~chcd from th(”surfdcu ruglon by +1.5 V, lci]virlgiiporous Pt.

electrhoduwith i,lcre~uudeluctruuhemlcal hydrogw adsorption ~~~il~ity. For

F1U02 CrU,b, tr~.iLmenL$’,iii~1.4 V and aLovr lt~dL(JI,ht.app~tir’i]t)(,~, uf PLb+ iltld

Crb4 Spc’cit!s,dppiIrvIItlv st.iibill?x’d In a porou:)phuuptl,]t.(:ovt!rldyt:rmu~)LIJ!JO1

thick. Tht’Pt cli!uLrochcmlc,+lhydrogulladsorpt,lorl~ii~(.l(slt,y wii~ :~lmulti]t]ouu:]ly

in(v’ull:;l’dby a f:icLO’of I’J.
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1. INTRODUCTION

A!.teringthe surface chemical properties of

another transition metal has been an acLive area

a noble metal by alloying with

of research for both electro-

chemists [1] and surface scientists [2]. Speclflcally, supported PtCr alloys

have drawn considerable interest [3] as electrocatalysts possessing superior

performance to pure Pt for oxygen reduction In the phosphoric acid fuel cell.

Among the several explanations for the reported [3] enhanced electrocatalytic

activity of PtCr alloys for 02 rcductlon are a decrease in the bulk lattice

constant [4], the presence of a reactive spezles not found on pure Pt, and

simply increased Pt surface area. Thus, this system 1s interesting fran both a

fundamental and practical point of view. In this work we present preliminary

results correlating electrochemical proper~ies of bulk PtCr alloys with their

surface composition as revealed by electron spectrascoples. A full presenta-

tion of these results lncludlng similar studies made in H2SC+ apwar elscwhf!re

[5].

11. EXPliHIMENTAL

Thu PLCr alloys were made by urc meltlng a mixture uf Lhc pure trlemunt.u

(5N Durc) in an Ar atmosphuru. Samples were spark cut, pollshud on onr aldc

with diamond pullsh t.oa mirror flIIish,and ultrasunic<l]lyclcanud. For.potrn-

tlootutlc control, H PL wire WWJ spot welrkd Lo the bil~kof the elect.r(ldc,

which wag ~oilk~’din uonuctltrtitvdHi~SOllto r’l~movvtinyCu left from SIXJLuoldif)K.

Electru~W(?mil:nlCYC?llllkUfI:J Pc!f’f’WIII!’d III M M)-mt K(I1-Fv{’11. Th~’r(lrwtv)(’i~ W,I:I

o dynumic hydr’ogm oluutrudv, -+L).UIII) V VH HHE [01. All potcntlalrjarv qu(~t{~d

with ruspv~t Lo P}lli.
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Electronic grade 85x H3P04was treated with H202 to remove oxidizable

impurities [71. Prior to electrochemical ❑easurements the solution wa:lde-

gassed with ultra-high purity argon. Usually 50 cycles were ❑ade between

+0.04 V and the desired upper limit and the potential brought to +0.40V

(double layer region) before removing from potentiostatic control. The elec-

trode was lu!!edlatelyremoved frcm solution and washed ~lth pure water in an

ultrasonic cleaner. The samples were then ultrasonically cleaned In absolute

ethanol, and placed in the vacuum chamber for analysis.

X-ray photoelectron s~ctroscopy (XPS) was performed in a Leybold-Hereaus

apparatus descrlbec!previously [81, using a Mg-Ku X-riiysource. Spectra were

collected at 100 eV pass energy, referenced to a Ag 3d5/2 Peak at 367.91 ev

binding energy (B.E.) for pure Ag, with a full width at half maximum (FUHM) of’

1.67 eV. All spectra were referenced to the terml level of the sample. Sputter

cleaning was achieved with a 3 ku Ar’+ion beum.

1110 RESULTS

111.1, Ch~r~ctef.lzatlonof pol~~hed ptcr Alloys

To uscertaln whether the gutfil~~ of the alloys

bulk, XP2 s~~t.~ilof Pt(4f) and Cr(2p) ruglor’,swur[’

well as for purv Pt and Cr. Figure 1 shuws spectr:~

have bvun briefly (<!)mln] sputt(?r~’dclu;m wl:h Ar’4



-4-

Cr/Pt - S(I#pt) , (1)

where S is the scaling ratio chosen to best fit this data. It’s value agrees

within 25fiof the value predicted from the bulk XPS signals (1°) for clean,

pure Pt and Cr:

s = (I;t/I&) x (p&/p;t) , (2)

the pure element. The results are shown

both :puttered and unshuttered samples

neither Pt nor Cr surface segregates in

where P“ is the bulk atomic density of

In Fig. 2. The surface composition in

corresponds well with the bulk. Thus,

these alloys even under air oxldatlon at room temperature [91, and there 1s no

evidence of sl~ificant selective sputtering of either element.

An interesting consequence of alloying 1s the smooth increase in Pt(4f)

binding energy ~s the Cr content increases (Fig. 2), explalned below on tht?

basis of final ~tate effects. “rhrLr(2p) 13.E.sharply decreases from the lean-

est ::?alloy, Pto,gCrool. As could bt’seen in Fjg. 1, this alloy showed a v~ry

brmd Cr(2p) peak which included oi~al from oxldiz(’[iC.r(Cr203 at 5’16.4cV)

ev~n nfter 10 mln sputtering in viicuum. W(?feel this is due to minor oxygt’n

impurities even aL signlf’leantdepths in this U11OY (probably present dt gr.llrl

Dounddrtt!s).
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kith Cr content <50%, this was also true up to +1.6 V. However, marked in-

creases in the Pt-related voltammetric peak areas resulted frao cycling the

pto.5Cr0.5 and PtOQ2Crdo8 alloYs to ~+1.5V. The amount of this increase grew

with the cycling voltage, the number of cycles, and with Cr content. After 50

cycles to +1.6 V, the Pto 2CrOm8 alloy showed Pt-related feaLures for hydrogen.

adsorption which were 15 times larger than those ex~cted for a smooth surface

of thjs composition. The lineshapes, however, were very similar to those

obtained pure Pt voltammeLry. The use of these hydrogen adsorption peaks to

assess surface area of Pt electr~des nas been described [10]. We interpret

this increase in VOltaMmetriC charge dS due to a large inc:’easein Pt sur~ac.?

area, related to significant structural changes in the surface of the alloy as

discussed belo”. More specific details of the voltammetric peak shapes are de-

scribed elsewhere L51.

111.3. Surface Characterization of the Electrochemlcally Treated Alloys

In order to agsess the effect of” electrochemical treaLment of tnese

alloys, it was necessary Lo examlnc the effect on surface composlt.lonof both

the electrolyte soluLlon and the atmospilereto which the alloys were exposed.

In Fig. 3 selected Cr(2p) Xp:;spectra are present,cd for PL0.5CrUm\ subJected to

a varie:y of treatmen~s. Surface Cr is easily air oxidized, as evident fran

the large peak at 5’/6,4eV ct~ar~cLeristl~lof’Cr3+ [11], consistent with prtlvi-

ous obser~ations lIzJ. lmm~”rsingthu ~lloy lflH3Pu4 for W mln without,any

potentlostatlc contr(.)1(i.e., at open circuit) also produc~3 slgnlflcilnt.Cr3+.

The Cr signal has dimlnish(:ddue Lo t.hcpretienceof P and O in the surfiiw (iIs

sc(irlby XPS) whlvllw~I!titcrpret, as lrICOI’pUIiaLCd ~}]os~)iilt,~ qpecles. T))ua, iL la
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clear that Cr3+ is present on the surface of the alloy before any electro-

chemical measurements even begin. On the other hand, the Pt(4f) B.E. remains

unchanged frcwnits ❑etallic state [13]. This result was found for all alloys

and pure metals.

In electrochemlcally cycling the Ptoa5Cr0.5 alloy between +0.040 and

+1.0 V, the extent of surface oxidation of Cr does not change, although some

loss of Cr is already observed (Fig. 3). Upon cycling up to +1.4 V, the Cr(2p)

intengity characteristic of the Cr3+ state diminishes strongly so tPat very

llttle oxidized Cr remains in the surface region (Fig. 3) and the Pt/Cr atomic

ratio is increased to 2.b times the bulk value. We conclude that the oxidized

Cr ig leached from the electrode and transferred to solution. In the ~a~e of

H2S04, this was confirmed by chemical analysis of the solution [5]. Appar-

ently, the remaining Cr 1s shielded from oxidation by solution or by ai with a

~urrounding snell of Pt atoms. This loss of Cr is even more dramatic when the

electrode is cycled to +1.6 V, giving a Pt/Cr atomic ratio of 7.2 from XPS

intensities (compared to its bulk value of !.0). The pt0,~CrOm8 allOy behav~~s

differently and will be discussed below. The two lower Cr content alloys also

show a loss Of Cr3+ XPS slgndl. xhen cycled to +1.6 V, but enough CrO 1s lefL

(prott?ctedby the Pt matrix) that the F’t/Crratlc never exceeds 8 times the

bulk value.

The depth of the chemically affi?ctedregion 1s estimated by Lhc (c,Jll-

brated) sputtering tlmc required to bring the Pt/Cr XI’Sratio back to Its bu]k

value. By thla crlterlon, the Pto,bC~Uo5 alloy is dcpltitodof Cr t.uonly H(!i

whun cyclwl LO 41.6 V in lljPf.lll,cumparud tu a 21U ~ affected layer for

PtU,2Lr0.po Iiesultsin H2SOIIshow ttlutCl-d(J~]Ct17fldepths c~]CU~ALUd t})ltl Wily

agree with those calculated from the amounl of Cr f’ouIIuin solution LIJJ.
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The b3haViOr of PtO ~CrO 8 when cycled to hi~h positive potentials is. ●

unique among these alloys. In general it is observed [5] that the oxidation

state of Pt does not change greatly with electrochemical treatment. At most,

in samples cycled to high positive potentials, the Pt(4f) B.E. falls a few

tenths of an eV, consistent with the loss of Cr and the corresmnding shift in

the metallic Pt level as per Figs. 1 and 2. However, when pt~ozcr~aa iS cycled

to +1.6 k, a new Pt(4f) signal appears at 74.6 eV B.E., chitracteristlcof

Pt4”, as s!townin Fig. 4 [13,14]. The appearance of such highly oxidized Pt

was unique to this alloy for cycling to +1.6 V. Thus, it appears that the high

chromium cot]tentin some way catalyzes the formation of Pt4+. Note that Pt4+

has .~lsoappeared when a ~ Pt electrode was held at +2.0 V vs SHE or higher

in IN H2S04 [14]. In th~t case, careful analysis indicated that Pt4+ was pres-

ent as an hydroxide, Pt(OH)U [14]. We have no reason to ckange this interpre-

tation for the Pt/Cr alloys, but only to point out that Pt4+ appears at much

lower voltazes here.

To compare directly with these eXpt’r~MentS,the ptom~Cr~m8 alloy was

treated using the same procedure, i.e., the alloy was first cycled j times to

the upper voltage limit, then held there for 15 mln, and removed from solution

at that voltage under potentiostatlc control. (The gample was th~n washed au

usual,) The unly dlffereticeht!re1s in our sulutlon, ‘~~ Hjwl instead of

‘N V“4* Thu results are shown in Fig. 4. Already at +1.4 V, thv Pt4+ pfidk

has appeared, and it predomlnateg by +1.6 V. Since increasing pH will only

llze the oxid zud StiJtC9o!’PL 115], wu Ci]n conclude that alloying wlt.h

d(?clit!iiur:~ttl”~poLcnLl~llfor gcncrat.ionof l’tu+surface species by abJIJt
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In addition to this interesting property of the ptOo2CrOo8 alloY, there

was no significant decrease in the Cr/Pt XPS ratio upon electrochemical treat-

ments UF to +1.6 V in H3P04; although, absolute signal intensity did decrease

(Fig. 4). Moreover, for treatments to +1.6 V, which led to the ❑assive appear-

ance of Pt4+ species, the entire ❑etal-like Cr(2p) intensity had been converted

toa peak at 577.5 eV B.E. (Fig. 4). This value exceeds that for Cr203

(576.6 eV), and is closer to that

pearance of a Cr6+ species may be

current at >+1.5 eV In the cyclic

expected for CrO, (578.1 eV) [11]. The ap-
J

correlated with the large

voltammetry of this alloy

onset for pure Cr has been shown to be due to the breakdoun

6+ ions inCr3+ oxide layer and the massive appearance of Cr

‘to 2Cr0.8 eleotrode and electrolyte solution also showed a.

tint, characteristic again of a Cr
6+

species. Nevertheless,

onset of anodic

[51. A similar

of the transpassive

solution [11]. The

distinct yellowish

the surface Cr/Pt

ratio indicates no selective loss of Cr from the surface region, and is associ-

ate with the presence of Cr6+ and Pt
4+

species. Such behavior was not ob-

seried in sulfuric acid solutions.

One further feature that can be correlated with the appearance c!’Pt4+ and

Cr6+ species after cycling to +1.6 V is the

slty for phosphorus and oxygen transitions.

factors [13a], we calculate a stoichiomctry

almultaneous growth in XPS lnten-

Uslng tabulated XPS sensitivity

of -P04 8 frun the P/O XPS ratio.,

This is in reasonable agreement with t~at of a phosphate species, PO?-. We

feel that the reason Cr d~es not appear by XPS to be selectively lost from the

surface of these alloys upon cYcllng 1s that it is somehow complexed by this

phosphate species and an equilibrium is established between solution and sur-

face Cr species. Furthermore, thl” phosphate seems to form a porous film on

the surface, since the pt and Cr XYS features arc severely attenuated by its
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presence. The ektent of attenuation for the ptOm~CrOo8 allOY after ‘1=6 V cY-

cling would indicate a layer -50 ~ thick. Note thaL this film is not rinsed

off by ultrasonic cleaning In water, whlcn indicates scmething more than a

residue fran the solution. In addition, the film is electrochemically perme-

able, as evidenced by the large Pt-related peaks in the cyclic voltammetry. It

is Pt ❑etal, not Pt4+ that gives the peaks observed; therefore, the electro-

chemistry samples an area below the region accessed by XPS, which sees only

Pt4+.

IV. DISCUSSION

The smooth increase in Pt(4f) B.E. with increasing Cr content for the

clean alloys is somewhat hard to understand. The relative electrop-sitivity of

Cr would predict charge tflansferto the Pt, which would cause an opposite shift

in the initial state for the photoemission prccess. The shift can, however, be

understood on the basis of final state effects. Shirley et al. [16] have ad-

dressed the differences in core level bjndlng energies across the transition

metal series for the bulk metal minus that of the free gaseow atom. These

trends are understandable in terms of a final state effect, where the addi-

tional neighbors in the solid state help to screen the final state core hole.

The greater the polarizability of the metal, the greater this difference. Thus

Pt shows a very large difference. Chromium shows an anomalously small differ-

ence due to the unu:jualstability of Lhe d5 configuration. Thus adding Cr Lo

Pt will reduce the extent of final StaLe qcreenlng and ledd to an increase in

the Pt core level B.E.; and vice versa. ‘ihesetrends are geen in Fig3. 1 and
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2, and point to the importance of final state effects in understanding core-

level spectra of allbys. For the 101-Cr alloy, significant oxidation of

is maintained even in the sputtered sample, giving an anomalously large

Cr(2p3t2) B.E.

An interesting point of our results is the fact that high Cr levels

the Cr

seem

to catalyze the oxidation of Pt to Pt4+. The appearance of Cr6+ is undoubtedly

important since it is easily obtained at >+1.4 V [12], and is known to oxidize

Pt to Pt4+ oxide (Pt02 or Pt(OH)4) [17]. Sincz bulk Pt is not oxidized elec-

trochemicaliy to Pt4+ until +2.0 V [14], the catalytic actior,of Cr (or Cr6+~

may be due to its proximity to Pt atoms which have few Pt neighbors in the

alloy structure. Due to the relative ease of oxidation of both dispersed Pt

and Cr, and the possibility for oxygen sha~lng by Pt and Cr, such Pt is likely

to be more easily oxidized than bulk Pt. A role of the phosphate may be Lo

compiex Cr
6+

oxides and make them less soluble in the concentrated phosphoric

acid solutions thus holdinb them at the surface to oxidize or capture Pt.

These complexed ions are ionic conductors, as the H3P04 itself Ls; this allows

electrochemical access to fresh electrode beneath Lhe layer. Below the region

sampled by XPS, there must be increased Pt” surface area, as evidenced by the

increase in cyclic voltammetrlc peaks. This increase in exposed k.’ atoms may

be due to the general lattice breakup caused by Cr oxldatlon.

The increase in Pt surface area may be the main explanation for the role

of Cr in supported electrocatalysts for the oxygen reduction reaction in fuel

cells. Indeed, studies on the 02 reduction klnetlcs made on these same alloys

indicated no increase in actlvltY Der surface pt atom for any of the alloys

cnmpareci to pure Pt [181. The 02 reduction reaction 1s usually run at +0.9 V,
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far below the potentials where the ❑assive Pt area increase occurred in our one

hour experiments. However, fuel cell electrodes contain very finely divided

❑etal which may be thermodynamically easier to oxidize than bulk ❑etal (this is

implied in the oxidation of Pt in pt~.~Cr~,8). and over thousands of hours the

same increase in Pt surface area may be observed at lower potentials. As for

more fundamental explanations, we point out that the surface chromium always

appears to be largely oxidized. Thus, the system can hardly be described in

terms of the bulk properties of the alloys, as has been attempted ir!the past

[4]. It is more reasonable to consider the influence of Cr203 on the Pt,

rath~r than that of ❑etallic chromium.
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FIGURE CAPTIONS

1. Pt(4f’)and Cr(2p) regions of’the XPS spectra for polished and sputter
cleaned alloys: A) pure Pt; B) PtO Cro ,;

?“ D) ptoo5Cro.5; E) # o,2~ro48; F) pure Cr.c) pto065cr0.35t

2. a) Cr/Pt atomic ratios obtained from XPS p=ak intensities for the alloys
and pure elements.

b) Binding energies for Pt(4!’7/2)and Cr(2p3/2) on sputtered clean alloys
and pure elements, from data in Fig. 1.

39 XPS spectra of Pto 5Cro s Cr(2p) region after sputter cleaning, air oxida-
tion, exposure to H P04”solution,

?
and electrochemical cycling. Peak posj-

tions for Cr metal 5’/4.1eV) and Cr203 (576.4 eV) are indicated by
arrows. [!1].

4. XPS spectra of Pt(4f) and Cr(2p) regions for Pt
treated in 85% H3P04. The sample cycled to +1.t“$cg8”!:::c:::c::::::1:t
+0.40 v; the samples held at +1.4 V and +1.6V were removed under potell-
tiustatic control at those potentials while bef-~ rinsed uith fresh
H3P04.
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COMBINEDELECTROCHEFIICAL/SURFACESCIENCE
OF Pt/Cr ALLOYELECTRODES

INVESTIGATIONS

K. A. Daube, M. T. Paf’fett, S. Gottesfeld, and

Los Alamou National Laboratory
Los Alamos, Newhlexieo 87545

USA

C. T. Campbell

Chromium ●ddition improves the performance of carbon-supported Pt elec-

trodes for oxygen reduction in phosphoric ●cid fuel oells. To clarify the role

of chromium and its chemical nature ●t the electrode surface, we have performed

● combined olectrochemlcaltaurface science investigation of ● eer-ies of bulk

PtxCr(l-x) alloys (O $ x ~ 1). In this paper we report the ~urface char~cterl-

zation of the starting electrodes by XPS, electrochemical results fran cyclic

voltammetry in 85% phosphoric acid, and post-electrochemical surface character-

ization. For Cr contents less than 401, the electrodes were quite stable up to

+1.6 V V8 DHE, The surface Cr was l~rgely oxidized to Cr*3 for surfaces at

open circuit ●nd those exposed ●t potentials C +1,4 V, For intermediate Cr

levels, Cr was leached from the Sufane region by +1.5 V, leavlng ● porous Pt

electrode with ~ncreased electrochemical hydrosen ●dsorption capacity. For

‘to,~ CrQ,Os treatm0nt8 ●t +1.4 V and aoove led to the appearance of’ Pt4+ ●nd

Cr6+ apeclea, ●pparently stabilized in ● pwous phosphate overlayer up to 50 ~

thick, The Pt ●lectrochemical hydrogen ●dsorption Capuclty was simultaneously

increased by ● factor of 15.
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Chromium addition improves the performance of carbon-supported Pt elec-

trodes for oxygen reduction in phosphoric acid fuel cells. To clarify the role

of chromium and it$ chemical nature at the electrode surface, we have performed

a combin~d electrochefni callaurface science investigation of a series of bulk

PtxCr(l-x) alloys (0 $ x ~ 1). Xr, this paper we report the surface characteri-

zation of the atartina electrodes by XPS, electrochemical results from cyclic

voltammetry in 85% phosphoric acid, and po?t-electrochemi cal surface character-

ization, For Cr contents less than 40$, the electrodes were quite stabl? up to

+1,6 V VS DHE. The surface Cr was largely oxidized to Cr+3 for surfaces at

open circuit and those exposed at po:ential$ < +1.4 V. For lntermed~ate Cr

levels, Cr was leached from the surface region by +1.5 V, leaving a porous Pt

electrode wit)) increased electrochemical hydrogen adsorption capacity. For

Pto,z cr’~,ij,treatments ●t +1.4 V and above led to the appearance o!’ Pt4+ and

Cr6+ ~pecies, apparently stal’i,lized in a porous phosphate overlayer up to 50 ~

thick. The Pt elecLFochem~cal hydrogen adsorption capacity was simultaneously

increased by a factor of 15.


