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ABSTRACT: The studies on Pt or Pt-alloy based catalysts for formic
acid oxidation (FAO) have been focused mostly on their activity with
little analysis of durability and long-term performance. While durability
of Pt-based FAO catalysts has been associated with CO poisoning, recent
studies have brought evidence of correlation between catalyst perform-
ance and dissolution of Pt. Aimed at assessing the impact of that
correlation, a detailed quantitative durability analysis of Pt ultrathin films
grown on Au by surface limited redox replacement of a Pb
underpotentially deposited layer is presented in this work. Long-term
catalytic performance of those films featuring well-defined thickness and structure has been examined by potential cycling in 2 M
HCOOH+0.1 M HClO4 solution at sweep rate of 0.050 V s−1 over an extended potential range limited positively by the onset of
Pt oxidation. A clear proportionality between overall life and thickness of the catalyst observed in the tests emphasizes the
dissolution of Pt as the key life-limiting factor. The steady loss of Pt during cycling has been also confirmed by XPS
compositional analysis. Ex situ imaging, performed by SEM and AFM at characteristic stages of the activity decay (associated with
distinctive voltammetric behavior), reveals dramatic morphological changes accompanying the Pt dissolution process. An average
Pt dissolution rate of 272 ± 30 ng·cm−2·h−1 has been determined based on the FAO activity decay of Pt films of different
thickness. For comparison, identical experiments performed in the absence of formic acid showed about 4−5 times lower Pt
dissolution rate, in the range of 61 ± 8 ng·cm−2·h−1. The significant impact of the FAO on the dissolution rate suggests a
possibility of reaction intermediate contribution to the dissolution of Pt.
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■ INTRODUCTION

In the past few decades, the development of polymer electrolyte
membrane fuel cells (PEMFC) as powerful sources of “green”
energy attracted significant attention.1−3 The scientific and
technological focus has been on the development of highly
active yet durable Pt-based catalysts for both cathodic4−8

(oxygen reduction reaction, ORR) and anodic fuel cell
reactions9−19 (hydrogen/hydrocarbon oxidation). PEMFC
using formic acid as a fuel (direct formic acid fuel cell,
DFAFC) has been considered a viable option for portable
power devices.2,20

Comprehensive studies of formic acid oxidation (FAO) on Pt
performed decades ago proposed a dual-pathway mecha-
nism21−23 that involves (1) dehydrogenation of formic acid,
which produces CO2 via one or more reactive intermediates
(direct path) and (2) dehydration of formic acid with the
formation of COad acting as the “poisoning” or reactive
intermediate (indirect path).21,23−26 Since then, most of the
work in this field has been focused on the development of
active and durable bimetallic catalysts for FAO reaction such as
the state-of-the-art Pt11,27−29 overlayers or Pt alloys (PtRu,10

PtCu,16,17 PtPb,14,30,31 PtPd,12 PtBi,15,19,31 etc.) that would
either promote the “direct pathway” or minimize the poisoning
associated with the “indirect” one. Designed in the form of
nanoparticles or ultrathin films these systems address the

challenges of Pt limited supply and the related catalysts’ high
price. In recent time, emphasis has been placed on the
maximum performance of bimetallic catalysts and especially on
the enhanced activity attributed to bifunctional, ensemble, or
electronic effects.10,32 In the longer term, the mechanism of
FAO on Pt has been explored for decades, but debates on
fundamental aspects of both mechanistic details on the
molecular level and the actual nature of reactive intermediates
are still ongoing.22,33−39 The nature of the reactive
intermediates in the direct pathway has been particularly
controversial, as clearly seen through the discussion revolving
around works of Osawa et al.,37,40 Behm et al.,35,38,39 and
Cuesta et al.36 This controversy not only illustrates the FAO
mechanism complexity but also reveals its strong dependence
on the applied potential and on the presence of reactive
intermediates or coasdorbate species.
The focus on FAO mechanism and the ever existing drive to

Pt-based catalysts with higher activity have left very little
attention on the catalysts’ durability during FAO and related
fundamental aspects of Pt dissolution. The thus far limited
number of FAO studies on Pt and Pt-alloys have partially
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examined durability conducted either potentiostatically (over
short time, 10−30 min)17,30 or potentiodynamically, employing
pulsing41 or cycling protocols.16,31,42,43 The constant potential
testing was generally focused on and somewhat limited by the
low potential COad poisoning that rapidly reduces catalytic
activity.17,30 The potentiodynamic testing better reflects the
complexity of fuel cell operation,44 but its power in controlling
the effect of COad poisoning/reacting depends substantially
upon the choice of potential limits. Thus, a high positive
potential limit would favor oxygen adsorption/surface oxidation
leading to COad oxidation and its removal from the catalyst’s
surface.21,45 In support of the latter scenario, a recent work of
ours demonstrated that choice of positive potential limit in the
range 1.3−1.4 V (NHE) marginalizes the effect of COad
poisoning in FAO durability tests carried out by potential
cycling on bulk Pt.43 Another important finding of durability
testing of Pt-based catalysts (Pt and PtCu alloys) has been the
strong impact of Pt dissolution on the lifetime of catalysts with
limited Pt content (thin films and nanoparticles).16,42,43 These
results not only identify the dissolution of Pt as a key factor
impacting the catalysts’ durability but also point toward a
delicate balance between (i) Pt dissolution and (ii) interplay
between FAO intermediate adsorption, COad poisoning, and Pt
oxidation in the course of potential cycling.43 No extra
fundamental insight on catalysts’ durability in FAO is available
because most of the Pt dissolution oriented research has been
performed through the prism of PEMFC development with
focus on the ORR in perchlorate or sulfate acidic solutions.
More specifically, several recent reviews on PEMFC Pt
nanoscale catalysts44,46,47 emphasize as areas of interest: (i)
the degradation of Pt nanoparticles supported on carbon
associated with dissolution of carbon support,46,48 (ii) Pt
solubility along with mechanism of Pt dissolution under both
equilibrium and nonequilibrium conditions,44 and (iii) Pt and
Pt-alloy nanoparticle degradation under different polarization
and cycling conditions.48−50 However, despite some recent
advances, the mechanistic understanding of the dissolution
process even on a planar Pt surface in background electrolyte is
still incomplete. It is unclear whether Pt dissolution is an anodic
process taking place alongside Pt oxidation or a cathodic one
happening during oxide−reduction and facilitated by chemical
dissolution of Pt-oxide.51−55 In both cases, Pt-oxide species
seem to be a key contributor to the dissolution processes.
Supporting that claim, most recent ICP-MS studies of
Mayrhofer et al.55 provide clear evidence for strong impact of
operation conditions like cycling, polarization, pH, etc. (all
controlling the Pt oxide formation), on Pt dissolution in
perchloric acid solutions. Other fundamental studies of bulk Pt
dissolution have been performed also in background electro-
lytes using potential cycling (often referred to as electro-
chemical activation)51,52,55−59 and potentiostatic conditions60,61

Higher dissolution rates have been reported for the potential
cycling experiments.56,60 Also the effect of acidic media on the
dissolution of Pt has been assessed in early work of Johnson et
al.,51 Rand et al.,56 and Kinoshita et al,57 in sulfuric (1 M
H2SO4) and perchloric (0.1 M HClO4) background electro-
lytes. Points of interest in these studies have been effect of the
negative potential limit, the Pt surface area evolution during
dissolution, and the nature of the dissolved Pt complex. Pt
dissolution rates of 2.0−5.5 ng·cm−2 per cycle have been
reported for various sweep rates during potential cycling with
negative potential limit between 1.2 and 1.5 V (NHE).51,56−58

So far it has been found that in perchloric acid media the

primary dissolution product is a Pt(II)47,52 complex whereas in
sulfuric acid a Pt(IV) complex dominates among the oxidized
species.51,56 Recent in situ work of Komanicky et al. has
demonstrated an effect of the crystallographic orientation on Pt
dissolution in 0.6 M HClO4 at constant potentials by
identifying the (111) facets as being more prone to dissolution
than the (100).61

To the best of our knowledge, no quantitative investigation
of Pt dissolution has been performed so far during electro-
oxidation of formic acid. Few studies, among them the work of
Zhang et al.,62 where formic acid is used as a contaminant, and
recent work of ours,16,43 have associated the dissolution of Pt
with trends in the performance and durability of the catalyst.
More specifically, a comparison of oriented Pt and PtCu
nanoparticles16,43 with their planar thin film counterparts has
revealed a correlation between the loss of catalytic activity and
catalyst dissolution. Building upon these findings, we present
here the first multifaceted and detailed quantitative study of Pt
dissolution during FAO. Technically, the study is conducted on
Pt thin films grown on Au by surface limited redox replacement
(SLRR) of Pb underpotentially deposited (UPD) layers.28

Developed recently, the SLRR deposition approach provides
remarkable control of structure and thickness of epitaxially
deposited Pt films. This along with knowledge on the
characteristic voltammetric behavior changes correlated with
Pt dissolution during FAO enable quantitative Pt loss
measurements. The testing is limited to Pt ultrathin layers of
preselected thickness deposited on bulk polycrystalline Au and
(111) textured Au thin films. The loss of Pt is studied under
cycling conditions with the positive potential limit set at the
onset of Pt oxidation, which allows for minimization of the
COad poisoning effect and enables comparisons with previously
reported results.16,42,43 The characterization of Pt catalyst at
different stages of dissolution have been conducted by X-ray
photoelectron spectroscopy (XPS) analysis and cyclic voltam-
metry (CV), that is, H UPD. The Pt dissolution kinetics has
been studied through the activity loss during FAO monitored
by CV. The corresponding morphological changes have been
documented by scanning electron microscopy (SEM) and ex-
situ atomic force microscopy (AFM) imaging.

■ EXPERIMENTAL SECTION
Preparation of Au and Pt Polycrystalline Electrodes.

Polycrystalline Au and Pt disks, d = 0.6 cm, 2 mm thick, were used
as working electrodes (WE) in this study along with the Au thin films
grown on Si wafers. Au and Pt crystals were initially mechanically
polished down to 0.05 μm using water-based, deagglomerated alumina
suspensions (Buehler) followed by electropolishing by dc anodization
in 30:7:5 ethylene glycol, hydrochloric acid, and glacial acetic acid
using Ag wire as a cathode. Au samples were treated for 10−15 s at dc
current density of ∼2.5 A cm−2, while Pt samples were treated by
anodization of ten impulses of 1 s at the same current density. After
the electropolishing step, both Au and Pt samples were immersed in
concentrated HNO3 to remove any remnants of the polishing runs
followed by thorough rinsing with Barnstead Nanopure water (>18
MΩ cm). Prior to experiments, the crystals were annealed until “red-
hot” with a propane torch and then cooled under N2 atmosphere.
After annealing, a water droplet was placed upon the electrode surface
to prevent contamination, and then the electrode was immersed in a
three-electrode cell in a “hanging meniscus” configuration.

Preparation of Au Thin Film Electrodes. The Au thin films 250
nm thick were ultrahigh vapor deposited on Si-wafers with a 4 nm Ti
adhesion layer. The X-ray diffraction θ−2θ measurements showed
(111) texture with average grain size of 30 nm. The Au films were
cleaned in concentrated HNO3 and H2SO4 followed by rinsing by
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Barnsted Nanopure water and drying in pure N2. All Au films were
flame annealed using a propane torch under constant N2 flow in a
Purex tube with the flame directed outside the tube for 1−2 min. The
annealing protocol resulted in reproducible Au (111) textured films
featuring average grain size of 100−200 nm.
Pt Ultrathin Film Deposition. The growth of Pt films on Au film

has been conducted by SLRR of Pb UPD in one cell configuration as
described in detail in previous work.28 Growth solution 0.1 M NaClO4
(Sigma, 99.95%), 1 mM HClO4 (GFS Chemical, 70% redistilled), 1
mM Pb(ClO4)2 (Aldrich, 99.995%), and 0.5 mM K2(PtCl4) (Sigma
Aldrich 99.999%) was thoroughly deoxygenated by purging with
ultrahigh purity N2 for 2 h. SLRR cycles consisted of repeated metal
UPD formation steps (one-second potential impulse at −0.83 V)
followed by redox replacement of a UPD layer by Pt (at open circuit).
The deposition was controlled and monitored using an OMNI 90
(Cypress Systems) potentiostat coupled to a PC using a Cypress
Systems electronics module and analog-to-digital converting board
“National Instruments”. Dasylab software (version 9.00) was used to
operate and control the setup.
Electrochemical Testing and Characterization. The quality of

deposited Pt films was characterized by H UPD conducted by cyclic
voltammetry in 0.5 M H2SO4 (GFS Chemical, highest purity grade,
redistilled). FAO experiments were conducted by cyclic voltametry in
solution containing 0.1 M HClO4 and 2 M HCOOH (Sigma, 98%) at
sweep rate of 0.050 V s−1 in the potential range −0.500 to 0.800 V.
Control experiments were carried out using the same cyclic conditions
(potential limits and sweep rate) in solution containing 0.1 M HClO4.
The characterization of Pt films was performed using model AFCBP
bipotentiostat (Pine Instruments) interfaced with a PC through the
Pinechem software (Version 2.80). All solutions were made using
Barnsted Nanopure water and high-purity grade chemicals as received
from the vendors. Unless stated otherwise, a saturated mercury−
mercurous sulfate electrode (MSE) was used as reference electrode
and Pt wire as counter electrode. All potentials in the manuscript are
presented versus MSE, and all current densities present normalization
of the current with respect to the geometric area of the electrode.
Ex Situ Surface Characterization. AFM characterization of Pt

surface morphology at different stages of prolonged FAO was
performed ex situ in tapping mode, right after the electrochemical
characterization in 0.5 M H2SO4. The AFM study has been conducted
using Dimension 3000 Veeco AFM system with NanoScope V SPM
controller. XPS characterization of Pt films grown by 30 SLRR events
was performed on a PHI 5000 Versaprobe from Physical Electronics
with monochromatic Al Kα X-rays (1486.6 eV). The spot size was 100
μm × 1400 μm X-ray at 100 W with pass energy of 187.75 eV for
survey scans (0−1400 eV) and 23.5 eV for region spectra. The take off
angle was 45°. Depth profiling measurements were done using
sputtered Ar+ at a rate of 0.5 kV/min. SEM images were obtained
using a FE-SEM Supra 55VP with EHT = 10.00 kV and a working
distance of 3.2 mm.

■ RESULTS AND DISCUSSION
Demonstration of Pt Dissolution during HCOOH

Oxidation. The dissolution of Pt at positive potentials and
during potential cycling in background electrolytes so far had
been mainly measured and detected by analytical approaches
based on the solution elemental analysis.56,57,60,61 For example,
the variety of atomic spectroscopy (absorption, colorimetry,
mass spectroscopy), rotating disk electrode technique,51 and
most recently ICP-MS55 have been employed to (i) prove the
presence of dissolved Pt and (ii) decouple between Pt(II) and
Pt(IV) complexes formed during dissolution.
Our recent study in 2 M HCOOH + 0.1 M HClO4 solution

revealed a significant difference in the long term behavior of
bulk Pt and Pt thin films deposited on Au (hkl).43 A steady
long-term electrochemical behavior of the former and limited
life of the latter43 suggested Pt dissolution as a likely reason for
this significant difference. To start, we employed an electro-

chemically based approach to demonstrate that Pt dissolution
takes place during the course of FAO potential cycling by
detecting the presence of dissolved Pt complex in the solution.
The approach is based on use of Au counter electrode (CE),
which during FAO cycling can “detect” dissolved Pt species, if
present in the solution, by their reduction on the CE. A
markedly different electrochemical behavior of Pt and Au in
sulfate solution then can be used as qualitative monitoring of
the Pt dissolution process (Pt does and Au does not exhibit H
UPD). Figure 1 shows the electrochemical analysis of Au
electrode before and after different times of use as CE during
FAO, examined in a separate cell with 0.5 M H2SO4 solution.

As it can been seen in Figure 1, the pure Au electrode
features typical sulfate adsorption63 (not pronounced on
presented CV) and onset of hydrogen evolution reaction
(HER) at a potential of approximately −0.75 V. However, a
very different voltammetric behavior is obtained on the Au wire
after its use as counter electrode during cycling for 21 h in FAO
testing. The onset of HER shifts about 0.12 V positively and
very distinguishable shoulders, characteristic of H UPD on Pt,
can be observed.28 For the sake of comparison, voltammetry of
Au wire with a submonolayer amount of Pt (∼0.25 ML)
deposited by SLRR is also presented. The remarkable shape
similarity of both CV curves suggests a submonolayer amount
of Pt deposited on the Au wire after 21 h of FAO testing.
Figure 1 also shows the same Au wire serving as CE for longer
FAO cycling of 47 h. The corresponding curve indicates the
presence of more Pt on the CE as the H UPD charge
apparently increases and the associated CV characteristics
become more pronounced. The corresponding CV curve
features a pronounced peak at −0.50 V indicative of
predominant Pt(100) facets.64 Also the charge measured
under the H UPD peaks suggests nearly complete coverage
of the Au electrode by Pt. In conclusion, while no quantitative
data could be obtained by the experiment described in this
section, its value is in the clear demonstration of Pt
accumulation on the Au CE over long-term FAO testing of
bulk Pt. That finding undoubtedly suggests a Pt dissolution
process taking place at a measurable rate. Quantitative aspects
of the dissolution kinetics are presented and discussed at the
end of the Results and Discussion section.

Figure 1. Cyclic voltammetry (CV) curves in 0.5 M H2SO4 of Au wire
before (red) and after use as counter electrode (CE) in 2 M HCOOH
+ 0.1 M HClO4 solution in which bulk Pt electrode is cycled for 21 h
(green) and 47 h (black). For the sake of comparison, CV of 0.25 ML
of Pt deposited on Au via SLRR is presented (blue). Scan rate 0.050 V
s−1.
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Dissolution of Pt Ultrathin Films with Controlled
Thickness. To gain a better understanding of the dissolution
process and make a quantitative dissolution rate assessment
during FAO, Pt thin films of varying thickness have been
examined. The thickness control is strictly exercised by the
SLRR approach for Pt deposition providing for the growth of
one Pt monolayer per each replacement (R) event. In order to
avoid ambiguities related to crystallographic orientation effects
on the dissolution of oriented Pt faces reported in earlier
work43 (e.g., (100) face is more durable than the (111) face),
we have examined FAO on Pt films grown on the Au-poly
(polycrystalline) substrate with uniform and reproducible
structure.28 The electrochemical characterization by H UPD
of Pt films of different thickness is shown in Figure 2. The

quality of Pt films of different thicknesses is in agreement with
earlier reported results28 showing no significant surface area
evolution even after 30 SLRR events of growth. The films
feature a roughness no greater than 1.5 based on the charge of
H UPD28,65 normalized to the monolayer charge of 210 μC
cm−2 for atomically flat (111) surface.66,67 Figure 3 shows the
HCOOH oxidation CV curves after three cycles with 0.050 V
s−1 scan rate on corresponding Pt films of different thickness.
Apparently, all three films regardless of thickness exhibit
approximately the same catalytic activity (18−20 mA cm−2)

that we assign here to a maximum current density of the peak in
the negative potential scan (dashed arrows) measured initially
at about 0.0 V. The only noticeable difference in the
voltammetry curves can be seen in the positive scan (solid
arrows) peaks where the oxidative current increase follows the
increase of the Pt film thickness. Such difference is not
surprising knowing that ensemble and electronic effects of the
Au substrate can be manifested by thickness dependent
catalytic activity and by adsorption of intermediates that with
increased thickness approaches bulk metal behavior.68,69

The activity gradually decreases during FAO cycling at
constant rate of 0.050 V s−1, as shown in Figure 4 where the

activity of the sample is presented as normalized, relative
(percentage), value of the initially measured one. The results in
Figure 4 clearly demonstrate the direct correlation between the
amount of Pt and catalyst durability. Considering “complete
loss” of the catalyst as the time it takes the activity to drop to
20% of the initial value, it can observed that it takes about 8 h
for Pt film grown by 5 SLRR events, about 30 h for 15 SLRR
events, and finally about 60 h for 30 SLRR events. This suggests
that the catalyst durability dependence on Pt film thickness is
nearly linear. The detailed inspection of the curves in Figure 4
shows decays featuring plateaus at around 50−60% activity
(very pronounced for films grown by 15 and 30 SLRR events).
This trend is similar to the one reported in our recent works on
crystallographically oriented Pt and PtCu nanoparticle and thin
film catalysts.43 It must be mentioned that lowering the positive
cycling limit on the same Pt films leads to activity decays
qualitatively similar in shape, albeit 1.5−2 times slower in
reaching the 20% mark. Overall, the common trend of activity
decay on Pt-based catalysts of limited thicknesses undoubtedly
identifies Pt dissolution as the leading factor for loss of catalytic
performance during potential cycling. This is further supported
by the lack of such activity decay on bulk Pt samples reported
in our earlier work, which was attributed there to the “infinite
supply” of Pt.43

XPS Characterization. In order to obtain quantitative
confirmation of Pt dissolution, films grown by 30 SLRR events
on polycrystalline Au were analyzed by XPS after being
subjected to different number of cycles (i.e., time) of FAO. As
seen in the Figure 5, the control sample (t = 0, with no FAO
cycling) shows absence of the Au substrate 4f5 and 4f7 peaks.
This indicates that the Au surface is completely screened off by
Pt prior to potential cycling and shows the XPS spectra

Figure 2. H UPD in 0.5 M H2SO4 on Pt films deposited on Au-poly
after different numbers of SLRR events (R) using Pb UPD: 5R (red),
15R (blue), and 30R (green). Scan rate 0.050 V s−1.

Figure 3. Cyclic voltammetry curves of formic acid oxidation on Pt
films deposited on Au-poly after 5 (red),15 (blue), and 30 (green)
SLRR replacement events in 2 M HCOOH + 0.1 M HClO4 solution.
Scan rate 0.050 V s−1.

Figure 4. Normalized activity decay for Pt films deposited on Au-poly
after 5 (red), 15 (blue), and 30 (green) SLRR events. Solution 2 M
HCOOH + 0.1 M HClO4. Scan rate 0.050 V s−1.
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(especially the Pt 4f peaks) of intact Pt film. After 30 h of FAO
cycling the XPS shows marginal presence of Au on the surface
(see the onset of Au 4f5 and 4f7 doublet peak at 84−87 eV).
However, the spectra completely changes for the sample tested
by potential cycling for 100 h. In that case, clear presence of Au
is evident by prominent Au 4f5 and 4f7 doublet peaks with
marginal traces of Pt manifested by a hint of doublet peak of Pt
4f5 and 4f7.
The analysis is further supported by a depth-profile XPS

examination of the sample before and after FAO cycling shown
in Figure 6. The comparison of depth profile of the control

sample (Figure 6, solid lines) and a sample after 30 h of cycling
(Figure 6, dashed lines) suggests significant thinning of the Pt
layer. In the latter case, the Au substrate can be detected right
from the beginning of a depth-profile characterization.
Sputtering deeper into the layers for 5 min reveals more
obvious differences in the treated sample manifested by the
onset of Pt signal decrease and Au signal increases. At the
electrochemically “dead” sample obtained after 100 h of cycling,
XPS depth-characterization (Figure 6) suggests insignificant
traces of Pt.

Morphological Characterization of Stages of Pt
Dissolution. The morphological changes during Pt dissolution
pointed out earlier by electrochemical and XPS results have
been examined further by SEM and AFM techniques. First it
needs to be mentioned that during the course of FAO cycling,
that is, Pt dissolution, the shape of the CV changes
substantially. Four distinctive CVs obtained on Pt thin films
grown by 30 SLRR on Au films are presented in Figure 7 and
associated with characteristic points of the decay curve
presented already in Figure 3. For the sake of convenience
the corresponding decay curve is included in Figure 7 as inset
where color coded arrows link accordingly colored CV curves
with the decay time line. The most notable CV change that can
be observed during cycling besides reduction of the main
activity peak is the formation and evolution of a second broad
peak in the negative scan at −0.15 V as seen in Figure 7b−d.
This change is accompanied by decrease of the second, more

positive peak in the positive potential scan generally associated
with oxidative removal of COad.

21,45 The observed changes
(Figure 7b, blue curve) correspond to the onset of leveling off
of the activity decay. Following further cycling the negative
scans show a significant magnitude change in the ratio between
the sharp current rise at 0.0 V (initially pronounced peak) and
the (initially) shoulder that becomes a well-defined peak at
−0.15 V with cycling. Along with those changes, a gradual
increase of the first and decrease of second peak can further be
observed in positive scans (Figure 7c, green curve). Finally,
close to the end of testing (Figure 7d, black curve), a single
well-defined peak in negative direction at −0.20 V nearly
identical in shape and magnitude to the associated oxidation
peak can be registered along with complete disappearance of
the second most positive oxidation peak.

SEM Characterization. Insight into the surface changes
associated with stages depicted in Figure 7 is obtained from
corresponding SEM images presented in Figure 8. The SEM
micrograph in Figure 8a shows the surface prior to any cycling
consistent with our previous work,28 showing a continuous
network of merged Pt clusters and the grain structure of
underlying Au films is clearly visible. During FAO cycling, the
activity peak shows signs of decay and the surface begins to pit
at different spots (image not shown here). The SEM
micrograph (Figure 8b) registered just prior to the stage of
activity leveling off shows a homogeneously pitted Pt film (dark
regions) that has developed a quasi-ordered honeycomb
structure. As can be observed in Figure 8c, the latter structure
breaks apart and becomes increasingly disorganized at the end
of the normalized activity leveling. As the CV curve starts
exhibiting negligible hysteresis (Figure 7d) and the normalized
activity decays below the 20% mark, most of the Au surface
becomes exposed as shown in Figure 8d (some pitting is
observed also in the substrate).
The combined analysis of CV curves and SEM images could

explain the decay of the activity and loss of Pt due to
dissolution. The initial part of activity decay in Figure 7 inset
could be associated with dissolution of some roughness
(developed in the final stages of Pt growth) leading generally
to flattening of the deposit. Then, presumably the surface
would behave and dissolve like bulk Pt within the range of
relatively steady activity. Although no comparison could be
made directly, some analogy can be drawn from a recent work
of Komanicky et al.,61 conducted in 0.6 M HClO4 under
constant potential conditions. It has been observed that
dissolution of Pt (111) single crystal leaves the surface with

Figure 5. XPS excitation of 4f electrons recorded on Pt thin films
deposited by 30 SLRR events on Au after 0 (black), 30 (blue), or 100
h (yellow) of potential cycling in 2 M HCOOH + 0.1 M HClO4 with
scan rate of 0.050 V s−1. Inset, XPS scans of the same samples in
broader binding energy range.

Figure 6. XPS depth-profiles of Pt thin films deposited by 30 SLRR on
Au film before and after different times of cycling in 2 M HCOOH +
0.1 M HClO4 with scan rate of 0.050 V s−1 (same samples as in Figure
5): solid line, control sample without exposure to FAO; dashed lines,
samples tested by potential cycling after 30 and 100 h as marked. Ar+

sputtering rate 0.5 kV min−1.
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severe roughening of the step edges as well as the enlargement
of preexisting defects leading to the uneven yet uniform
thinning of the Pt layer.61 It is plausible that cycling results in
more pronounced roughening, that is, uneven surface
dissolution, leading to the emergence of discontinuities and
pitting of the Pt layer. As it has been shown in the work of
Bauldauf et al.70 for catalysis on Pd films deposited on Au (hkl),

the substrate influence becomes significant when a part of it
(Au) is exposed to the electrolyte along with the catalyst (Pd).
In the present work, the exposure of Au seen in Figure 8b−d
leads to a slight shift of the system energetics to more negative
potentials manifested by the wide peak formation on the
negative scan and its trend with time to reversibility as observed
in Figure 7b−d. Along with that, the more positive oxidation
peak associated with COad oxidation21,45 decreases steadily
suggesting that less CO poisoning takes place with the Au
exposure. Finally, as observed in Figure 8d, the Au surface
remaining partially covered with Pt clusters behaves electro-
chemically (Figure 7d) in line with the so-called bifunctional
effect reported recently in detail for Pt−Au surfaces in the
literature.27 Moreover the reduction of magnitude of the FAO
nearly identical peaks and their shift toward more negative
potentials can be correlated with the drastically reduced
coverage of Pt on Au.27

It must be mentioned that SEM images show undefined 3D
clusters scattered over the surface mainly at the lower Pt
coverage when the Au surface becomes increasingly exposed.
Knowing that XPS results show no Pt at the end of the testing
and not seeing such residue in tests run by cycling only in
background solution (Figure S1a, Supporting Information), we
believe these features are not a result of interaction between Pt
and formic acid or biproducts of its oxidation. Although the
nature of the features is unknown and the absence of Pt
participation warrants no priority for further investigation, we
speculate in this work that they are associated with participation
of the Au substrate.

AFM Characterization. Further support for the suggested
loss of Pt catalyst is obtained by ex situ AFM carried out on Pt
films deposited by 10 SLRR events on Au thin films. The AFM

Figure 7. Cyclic voltammetry scans of Pt film deposited on Au-poly by 30 SLRR events using Pb UPD in 2 M HCOOH + 0.1 M HClO4 solution at
different times: (a) t = 0 h; (b) t = 10 h; (c) t = 30 h; (d) t = 60 h. Inset, normalized activity decay as a function of time. Scan rate 0.050 V s−1.

Figure 8. SEM micrographs of Pt film deposited on Au thin films by
30 SLRR events at different stages of dissolution in 2 M HCOOH +
0.1 M HClO4 after (a) 0, (b) 10, (c) 30, and (d) 60 h of cycling with
scan rate of 0.050 V s−1.
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study has been conducted on thinner films for the sake of easer
experimental control and sample handling that includes shorter
time of Pt cycling to reach dissolution stages of interest. AFM
imaging was performed right after the samples have been taken
out at the stages indicated with color coded arrows on the
normalized activity decay plot in the center of Figure 9. The
specific stages were chosen in a similar way as those in SEM
characterization. The images in Figure 9a−d show the initial
surface (a), the catalyst right before (b) and after (c) the
activity leveling, and the stage of complete Pt dissolution (d).
The AFM image of the untreated sample, Figure 9a, reveals Pt
layer morphology that is consistent with the one seen in our
previous work.28 As the dissolution process progresses, the
uniform Pt surface undergoes changes revealing (i) contours of
major morphological features of the underlying substrate such
as grain boundaries and edges (manifested by “grooving” lines)
and (ii) hints of structuring with formation of larger clusters
surrounded by smaller Pt clusters between them (Figure 9b).
More detailed dimensional analysis of holes surrounded by six
clusters suggests close similarity with the length scale of the
honeycomb cells in Figure 8b. However, despite the general
similarity, Figure 9b depicts a slightly earlier stage of testing
than the one presented by Figure 8b. Support for this statement
can be seen in SEM micrograph in Figure 10, which represents
the surface after 5h of cycling. The formation of isolated holes
in the continuous Pt film can be clearly observed. Proceeding
further with the analysis of Figure 9c presenting a catalyst taken
out at the onset of the second activity decay (green arrow), one
sees substantial discontinuity of the layer consisting of more or
less isolated Pt clusters. This structure is similar yet more
discontinuous to the broken honeycomb structure seen by
SEM in Figure 8c. Apparently, the Pt dissolution process in that
case has advanced to the point of revealing (lower right
portion) parts of bare Au surface. Another interesting similarity
between the AFM and SEM experiments is associated with the
bigger cluster formations seen in Figure 9b,c that could be
associated by size and shape with the 3D clusters seen on the
SEM micrographs with the progress of the experiment. Finally,
Figure 9d obtained on a catalyst reaching the final stage of

activity loss depicts mainly Au surface sporadically covered by
isolated Pt clusters. Closer examination of the same image
reveals characteristic for the Au (111) faceted triangular
terraces separated by step regions. Also, some of the white
spots could still be seen on the surface, but more importantly
one sees enough evidence for pitting of the Au substrate itself at
the end of the process. A comparison could be made also
between the surface in Figure 9d and an AFM image of bare Au
thin film at identical magnification. It could be seen in Figure
11 that the overall macrostructure of the post-treated Au
substrate differs from the untreated one only in minor details
like local corrugations and pits, whereas the macrostructure in
both cases remains nearly identical. This is not unexpected
when accounting for the Au dissolution seen in our experiments
and elsewhere in the literature56 to generate minor to moderate
microstructural damages in the absence of formic acid (Figure
S1, Supporting Information). In summary, both AFM and SEM

Figure 9. (a) AFM images at different times of cycling of a Pt layer grown on a textured Au(111) film by 10 SLRR events: (a) t = 0 h; (b) t = 8 h;
(c) t = 17 h; (d) t = 28 h (catalyst death); (inset) % activity decay of the same film. Solution 2 M HCOOH + 0.1 M HClO4. Scan rate 0.050 V s−1.

Figure 10. SEM micrograph of Pt film deposited on Au-poly by 30
SLRR events after 5 h of cycling in 2 M HCOOH + 0.1 M HClO4 with
scan rate of 0.050 V s−1. Inset shows a characteristic CV obtained prior
to the SEM imaging.
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characterization results demonstrate a common general trend in
morphological evolution during dissolution regardless of the Pt
layer thickness. Both experiments also associate well character-
istic points in the activity decay curve with specific structure
and morphology of the dissolving Pt layer. This along with the
precise thickness control enabled by the SLRR approach for
growing Pt is of great importance for quantifying the rate of Pt
dissolution during FAO.
Quantitative Analysis of the Pt Dissolution Rate. Many

groups over the years have used different means to quantify the
dissolution of Pt.51,56−59,61 Johnson et al.51 measured Pt
dissolution charge density of 4.7 μC·cm−2·cycle−1 in 1 M
H2SO4 and 3.5 μC·cm−2·cycle−1 in 0.1 M HClO4 acid during
potential cycling between −0.2 and +0.8 V (MSE) with the rate
of 0.5 V min−1. Taking in consideration a length of cycle of 240
s (∼15 cycles per hour) and assuming for the sake of simplicity
(111) crystallographic orientation of the dissolving Pt surface
and only Pt(II) complex as dissolution product, one can make
conversion of the charge density per cycle to mass density per
hour. Thus, such consideration associates 1 μC with 1.02 ng of
Pt resulting in Pt dissolution rate of 71.9 ng·cm−2·h−1 in H2SO4

and 53.6 ng·cm−2·h−1 in HClO4. The results of Johnson et al.51

could not be directly compared with the results of our work
because of differences in the sweep rates. However, one can still
justify a coarse comparison based on practically identical
positive potential limit (+0.8 V in both cases) and close overall
potential range (1.3 V in our case vs 1.0 V in Johnson’s
work51). Relying on this justification, we present in this section
an estimate of the average dissolution rate made by considering
the total time for complete depletion of Pt in films of three
different thicknesses (5R, 15R, and 30R) presented, tested, and

characterized in this work. For the sake of simplicity, we have
considered in the estimate 100% efficient Pt deposition (based
on earlier EQCM results showing practically 1 ML of Pt
deposited per SLRR event28), (111) crystallographic orienta-
tion for all Pt films (470 ng per ML), and virtually complete
depletion of Pt at the 20% activity level, that is, of negligible
amount of catalyst left (supported by SEM and AFM results
shown earlier). Based upon the measured durability of Pt films
with three different thicknesses, the average rate of Pt
dissolution was determined to be 3.9 ± 0.5 ng·cm−2·cycle−1

and 272 ± 30 ng·cm−2·h−1 revealing 4−5-fold faster kinetics in
the presence of formic acid compared with Johnson’s51

dissolution rates in perchloric acid only.
Taking a further comparative step, we performed experi-

ments in the absence of formic acid by subjecting a Pt film
grown by 5 replacements to identical cycling conditions in
perchloric acid only as shown in Figure 12. It can be clearly
seen in Figure 12a that in the absence of formic acid, the only
observed phenomena are the reduction/formation of Pt oxide
coupled with partial formation/stripping of the H UPD layer
on the Pt film. After approximately 5 h, the Au oxide peak starts
to appear at a potential of 0.460 V indicating dissolution of the
Pt surface. As the film is cycled, the ratio of the peaks starts to
increase in favor of the Au owing to further exposure of Au
surface to the solution. With the progress of Pt dissolution, the
ratio becomes about 1:1 at approximately 23 h. After 35 h (not
shown), the Pt oxide peak is much smaller as surface is largely
dominated by Au, and at 48 h, no presence of Pt is registered
and only Au redox behavior is seen. Along with the dissolution,
the film was tested in separate cell for FAO activity in order to
collect information for performing a quantitative determination

Figure 11. AFM images comparing (a) Pt/Au (thin film) after the end of long-term cycling (about 50 h) in the potential range of −0.500 to +0.800
V (MSE) with sweep rate of 0.050 V s−1 in 0.1 M HClO4 and (b) bare Au(thin film) surface.

Figure 12. (a) Cyclic voltammetries in 0.1 M HClO4 solution at different times of Pt film deposited on Au-poly by 5 SLRR events, scan rate 0.050 V
s−1. (b) Normalized activity decay for the same film (blue) compared with the one cycled in the presence of HCOOH (black).
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of the rate of activity decay following the routines of the present
work (results shown in Figure S2, Supporting Information).
The activity decay along with the corresponding one (taken for
comparison from Figure 4) in the presence of formic acid is
shown in Figure 12b. It is clear that in the absence of formic
acid, the rate of dissolution is about 5 times slower as the film
under FAO reaches 20% activity at 8 h compared with the film
cycled in perchlorate, which reaches the same activity at about
42 h. This difference relates to a slower Pt dissolution rate of
approximately 0.9 ± 0.1 ng·cm−2·cycle−1 and 61 ± 8
ng·cm−2·h−1 measured in perchlorate solution. The comparison
of results on Pt dissolution rates in the presence and absence of
formic acid undoubtedly confirms the significant difference of
Pt dissolution rates. In addition, our data validates the proposed
herein approach for assessing Pt dissolution kinetics given the
remarkable agreement with the work of Johnson et al.51 and the
comparability with realm of results on Pt dissolution obtained
recently by Mayrhofer et al55 by ICP-MS in perchloric acid
solution.
Overall, the reason for such dramatic difference in Pt

dissolution rates is unclear in the absence of understanding of
the mechanism of Pt dissolution in FAO. At the same time, this
difference is in concert with our previous work where Pt
nanoparticle catalysts with low FAO activity were found to
dissolve considerably slower than ultrathin film catalysts
containing the same amount of Pt and featuring higher
activity.43 The trend similarity in both cases implies that the
rate of Pt dissolution is somehow proportional to or dependent
on the overall oxidation, positive charge, Qox, accumulated per
cycle (i.e., Qthin‑film‑FAO

ox > Qnanoparticle‑FAO
ox > Qbackground

ox ). This
observation is unexpected because Pt, as catalyst, should remain
unaffected by the catalyzed process. Thus, the higher overall
oxidation charge would be solely contributed by the different
rate of FAO. All that would lead eventually to a constant rate of
Pt dissolution. Therefore, the charge-dependent dissolution
rate observed experimentally in our work implies indirectly that
the formic acid contributes in a certain way to the loss of Pt in
the course of potential cycling. Apparently, the nature of this
contribution is unclear, and more fundamental studies are
needed for understanding quantitatively the difference in Pt
dissolution in the absence and presence of formic acid. Such
studies should focus on the role of Pt in the oxidation of CO
and other intermediates (i.e., CO, HCOO−, COH3−)22,36

during a potential cycle of FAO testing.22 Experimentally, the
emphasis would be on the delicate balance between CO/
intermediate adsorption and Pt oxidation/reduction that could
realistically be tested by (i) cycling with different scan rates, (ii)
varying the positive potential limit, and (iii) even performing
potentiostatic experiments at different potentials where both
phenomena are enabled. Obtaining quantitative information of
these experiments would allow one to not only ascertain the
governing role of CO poisoning and Pt dissolution to the
durability of Pt catalysts for FAO but also derive details on the
specific contribution of adsorption, intermediate oxidation, and
Pt redox cycle to the catalyst’s lifetime.

■ CONCLUSIONS
Electrochemical approaches are used to demonstrate Pt
dissolution at a detectable rate in FAO during cycling in a
potential range limited by the onset of Pt oxidation. The Pt loss
has been confirmed quantitatively by surface and depth-profile
XPS characterization. In addition, when subjected to FAO, Pt
thin films of different thicknesses deposited on Au by up to 30

SLRR events of Pb UPD (∼10 nm thickness) have shown
gradual decay of the normalized activity featuring plateaus at
about 45−55% value. The plateau duration and the catalyst
lifetime have been correlated with the Pt layer thickness.
Distinct changes in the CV behavior in the course of activity
decay have been associated with characteristic morphological
changes registered in SEM and AFM characterization at
different stages of the Pt dissolution process. Formation of
Au exposed regions has been shown to coincide with the
formation of a new oxidation wave at more negative potentials
accompanied by a decrease of the positive peak attributed to
oxidative removal of COad. A formation of a uniform 2D Pt
network degrading to scarce Pt remnants at the end of catalyst
life has been associated with a CV curve showing nearly
identical anodic and cathodic behavior. The quantitative aspect
of this study is supported by measuring the Pt dissolution rate
that has been found to be 3.9 ± 0.5 ng·cm−2·cycle−1 and 272 ±
30 ng·cm−2·h−1 in FAO testing environment and 0.9 ± 0.1
ng·cm−2·cycle−1 and 61 ± 8 ng·cm−2·h−1 in the absence of
formic acid (in background solution only). The reported
measurements are performed by a new method utilizing the
precise control of amount deposited Pt provided by the SLRR
approach along with a detailed knowledge on the kinetics of Pt
corrosion in the Pt/Au system. The results obtained in this
work are in a good agreement with literature data for Pt
dissolution in background electrolyte. Future work is planned
on studying in detail the mechanism of Pt dissolution in the
presence of formic acid.
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