
Cathodic corrosion
Hersbach, T.J.P.

Citation
Hersbach, T. J. P. (2018, December 19). Cathodic corrosion. Retrieved from
https://hdl.handle.net/1887/68033
 
Version: Not Applicable (or Unknown)

License: Licence agreement concerning inclusion of doctoral thesis in the
Institutional Repository of the University of Leiden

Downloaded from: https://hdl.handle.net/1887/68033
 
Note: To cite this publication please use the final published version (if applicable).

https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/license:5
https://hdl.handle.net/1887/68033


 
Cover Page 

 
 

 
 
 

 
 
 

The handle  http://hdl.handle.net/1887/68033 holds various files of this Leiden University 
dissertation. 
 
Author: Hersbach, T.J.P. 
Title: Cathodic corrosion 
Issue Date: 2018-12-19 
 

https://openaccess.leidenuniv.nl/handle/1887/1
http://hdl.handle.net/1887/68033
https://openaccess.leidenuniv.nl/handle/1887/1�


7



7 | Local Structure and Composition of PtRh Nanoparticles

Local Structure and Composition of

PtRh Nanoparticles Produced through

Cathodic Corrosion

Alloy nanoparticles ful�ll an important role in catalysis. These particles can be produced

by cathodic corrosion, through applying an AC voltage to an alloy electrode. However,

this harsh AC potential program might a�ect the �nal nanoparticle elemental distribu-

tion. Here, we explore this issue by characterizing the time required to create 1 µmol

of Rh, Pt12Rh88, Pt55Rh45 and Pt nanoparticles under various applied potentials. The cor-

rosion time measurements are complemented by characterization through transmission

electron microscopy, X-ray di�raction and X-ray absorption spectroscopy. The corrosion

times indicate that platinum and rhodium corrode at di�erent rates and that the alloy cor-

rosion rates are dominated by platinum. In addition, structural characterization reveals

that the created alloy nanoparticles indeed exhibit small degrees of elemental segrega-

tion. These results indicate that the atomic alloy structure is not always preserved during

cathodic corrosion.

7.1 Introduction

In heterogeneously catalyzed processes, a high activity per gram of catalyst is desired.

This requires a maximization of active surface area, which is why heterogeneous catalysts

are typically processed to become (supported) nanoparticles.1 Such particles can take on

various manifestations, including alloys. These metal alloys are of great interest, since

their composition can be varied to optimize catalysis.2 In such an optimized alloy catalyst,

the bonding of reaction intermediates to the catalyst can be tuned such that a reaction

is catalyzed with minimal energy losses.3–5 Though this optimization strategy has led to

signi�cant advances in catalyzing various reactions,6–9 preparing alloy nanoparticles with

This chapter is based on Hersbach, T. J. P., Kortlever, R., Lehtimäki, M., Krtil, P. & Koper, M. T. M., Physical
Chemistry Chemical Physics 19, 10301–10308 (2017).
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Introduction

a tuned composition is often challenging. Therefore, �nding new ways to prepare alloy

nanoparticles is potentially of great interest.

Among the various chemical,10–14 biochemical15 and physical16–18 processes used to

create metal alloy nanoparticles, a promising candidate is cathodic corrosion. This

method, which was �rst observed by Haber,19 revisited by Kabanov et al.20 and studied

again more recently,21–26 involves making nanoparticles by applying a cathodic voltage to

a sacri�cial electrode. During this cathodic polarization, nanoparticles will form near and

on the electrode. The majority of these particles generally remains attached to the sac-

ri�cial electrode, which is why a more positive voltage is typically introduced to disperse

the nanoparticles into the working solution and allow the particles to be collected.23 By

alternating these positive and negative polarizations, one obtains an AC potential pro-

gram. Such programs are the basis of most practical cathodic corrosion setups,27–29 which

can be used to produce nanoparticles of most metals and alloys in a relatively fast and

clean way.

Producing alloy nanoparticles by cathodic corrosion should only require a sacri�cial

electrode of the right composition, and should be able to convert the electrode into

nanoparticles with the same composition. This was demonstrated by manufacturing a

variety of PtRh alloy nanoparticles that exhibited superior catalytic activity for various

reactions.27 Cyclic voltammetry (CV), X-ray di�raction (XRD) and energy-dispersive X-ray

spectroscopy (EDX) analysis indicated that these particles had the same structure and

composition as their sacri�cial electrodes.

However, platinum and rhodium vary in their surface energy and resistance to oxida-

tion,30,31 which can lead to sub-nanometer-scale surface segregation of the nanoparti-

cles.32 Because the expected length scale of surface segregation falls beyond the resolu-

tion of the previously employed techniques, segregation might have gone unnoticed. In

addition, platinum and rhodium were recently shown to behave subtly di�erently during

cathodic corrosion: though both metals were shown in Chapter 2 & 3 to start corroding

at similar potentials, rhodium was the only metal from which nanoparticle dispersion

could be observed visibly during constant polarization at mild potentials. It is therefore

not immediately apparent why cathodic corrosion should preserve the atomic structure

and composition of the sacri�cial electrode during the formation of nanoparticles.

To bridge this gap in the understanding of cathodic corrosion, we present a de-

tailed study of cathodic nanoparticle formation of PtRh alloys. Cathodic corrosion of

Pt, Pt55Rh45, Pt12Rh88 and Rh electrodes is combined with three structural characteriza-

121



7 | Local Structure and Composition of PtRh Nanoparticles

tion methods of the resulting nanoparticles: visual characterization through transmis-

sion electron microscopy (TEM), long-range structural characterization through XRD and

local structural characterization through extended X-ray absorption �ne structure (EX-

AFS) measurements. As we will show, these complementary techniques detect small

di�erences in nanoparticle size and composition, which indicate the coexistence of a

crystalline and an amorphous set of particles that exhibit a minor degree of elemental

segregation.

7.2 Materials and methods

7.2.1 Nanoparticle synthesis
All electrochemical experiments were performed in a two-electrode setup, using a graph-

ite rod (Alfa Aesar, Ultra “F” purity) as the counter electrode. Working electrodes were

either of the following wires: Pt (Mateck, 99.99%; � = 0.1 mm), Pt55Rh45 (Goodfellow;

� = 0.1 mm), Pt12Rh88 (Highways International; � = 0.1 mm) and Rh (Mateck, 99.9%;

� = 0.125 mm). All alloy compositions in this work are given as atomic ratios. The

working electrolyte consisted of saturated NaOH (Acros, for analysis). All water used

in this study was demineralized and ultra�ltered by a Millipore MilliQ system (resistiv-

ity > 18.2 MΩ · cm , TOC < 5 ppb). For each measurement, a micrometer screw was

used to carefully control the working electrode immersion depth, such that 1 µmol of

material was immersed. Next, a 100 H z square wave potential was applied until corro-

sion was completed. The square wave potential limits were either −20 V and +10 V ;

−15V and +10V ; −10V and +10V ; −10V and +15V ; or −10V and +20V . These

potentials were applied using a power ampli�er that was controlled by LabVIEW. The pro-

duced particles were puri�ed using repeated centrifuging/rinsing cycles, until the pH of

the supernatant was neutral.

7.2.2 Structural characterization
Crystallinity and coherent domain size of the original alloys and of the nanoparticle alloy

samples were characterized by X-ray di�raction (XRD) and X-ray absorption spectroscopy

(XAS). Before characterization, the nanoparticle samples were embedded in a boron ni-

tride matrix: for each sample, approximately 10 mg of PtRh nanoparticles was mixed

with 200 mg of boron nitride (Wako Chemicals, Japan, ACS grade) and compressed into

pellets.

122



Materials and methods

X-ray di�raction

X-ray di�raction patterns of the nanoparticles weremeasured with a RigakuMini�ex pow-

der X-ray di�ractometer, which uses a Cu Kα X-ray source. From these di�raction patterns,

coherent domain sizes were calculated from the peak shape of the (111) di�raction peaks.

In this calculation, the Scherrer formula was used and the shape of the di�raction peaks

was assumed to conform to the Voigt function. X-ray di�raction patterns of the alloy wires

weremeasured on a Philips X’pert di�ractometer, which was equipped with an X’celerator

and used a Cu Kα source.

X-ray absorption spectroscopy

Local structure information of the prepared alloy nanoparticles was obtained with XAS.

The X-ray absorption spectra were collected in transmission mode in the Pt LIII and Rh K

edge regions at the BL12 (Si(111) monochromator) and BLNW10 (Si(311) monochromator)

beamlines of the Photon Factory synchrotron (Japan Institute for High Energy Physics

(KEK)). The Rh K-scans extended to 20 Å−1 and Pt LIII data were limited to 15 Å−1. Each

spectrum was recorded at four di�erent scanning step sizes: the pre-edge region (be-

tween 500 to 50 eV before the absorption edge) was scanned in 6.5 eV steps to enable

background subtraction. In the 50 eV pre-edge to 100 eV post-edge range, a step size

of 0.4 to 0.5 eV was used to acquire the XANES part of the spectra. Finally, 2.5 to 3.0 eV

scanning steps were used in the 100 to 500 eV post-edge reason, while 7.0 eV steps

were maintained in the post-edge region above 500 eV . The experimental beamtime

was provided by the Photon Factory within project 2014G181.

All data processing prior to the local structure re�nement of the EXAFS functions was

done using version 1.2.10 of the ifeffit software package.33 This processing involved data

normalization, smoothing, background subtraction, Fourier transformation of the spec-

tra and windowing of the transform. The photoelectron wave vector (k) for the Fourier

transforms was kept within the range of k = 3–18 Å−1 for Rh-EXAFS and k = 3–13 Å−1

for Pt-EXAFS. A k-weighting factor of 2 was applied. For presenting EXAFS functions in real

space (R-space), the ranges of R = 1–6 Å and R = 1–4 Å were used for Rh and Pt EXAFS,

respectively. The EXAFS functions in R-space are displayed in Fig. D.1.

After data processing, the local structure of the materials was analyzed using the

artemis non-linear least squares (NLLLS) minimization module of the ifeffit package.34

This was done by performing full-pro�le re�nement of the EXAFS spectra by NLLS mini-
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Fig. 7.1 | : Time required to produce 1 µmol of nanoparticles, using square wave potentials with
various limits. Reported corrosion times are averages of 10 measurements. The error bars repre-
sent a 95% con�dence interval.

mization in R-space with a k-weighting factor of 2. The theoretical model was generated

using the feff6.2 library with structural parameters derived from an ideal face-centered

cubic (fcc) metal with a random distribution of the constituting elements. The coordina-

tion numbers and bonding distances of Pt and Rh in each coordination shell were re�ned

independently without additional constraints.

7.3 Results and discussion

7.3.1 Corrosion rate
In order to study the various factors in�uencing the rate of nanoparticle production, the

time required to corrode 1 µmol of wire was measured for each metal and alloy. This

time, which will be referred to as corrosion time, should be related inversely to the cor-

rosion rate and is displayed in Fig. 7.1 for all tested materials and potential limits. The

corrosion treatment with−10V negative and+10V positive limits, shown in light green

in Fig. 7.1, will be used as a reference for the comparison with the other treatments. This

treatment is therefore shown as the middle bar for each alloy in Fig. 7.1.

Comparing the corrosion time for the di�erent alloys, this time is highest for rhodium

and decreases with increasing platinum content. Equivalently, the corrosion rate is low-

est for rhodium and increases with increasing platinum content. This e�ect of platinum

appears more pronounced for smaller amounts of platinum; the corrosion rate roughly
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doubles when 12 percent of platinum is present and increases further for a platinum

content of 55 percent. In contrast, the corrosion rate increases only marginally between

Pt55Rh45 and pure platinum. Thus, the corrosion rate appears to depend nonlinearly on

the platinum content of the alloy, with smaller platinum ratios having amore pronounced

e�ect on the corrosion rate.

Another factor in�uencing the corrosion rate is the negative potential limit. The cor-

rosion time as a function of the negative potential limit is depicted with the dark and

light orange bars in Fig. 7.1. When lowering the negative limit from −10V to −20V , the

corrosion time goes down drastically; it decreases from 23 seconds to 13 seconds in the

case of platinum and drops sharply from 80 seconds to 27 seconds for rhodium. The

alloys exhibit a similar degree of enhancement. This enhancement has been observed

before and can be explained quite readily by realizing that the nanoparticles are pro-

duced through a cathodic process.23 The rate for this process will be in�uenced by its

driving force: the negative potential limit. Hence, a more negative potential limit will

speed up the corrosion and lower the corresponding corrosion time.

The dark green and blue bars in Fig. 7.1 illustrate the e�ect of the positive potential

limit on the corrosion rate. The corrosion rate is only enhanced signi�cantly by the pos-

itive potential limit in the case of pure rhodium: the average corrosion time decreases

from 80 to 45 seconds when increasing the positive potential limit from 10 to 20V . The

observed change of the corrosion time is negligible for all other materials. This di�er-

ence in corrosion time may be explained by the di�ering anodic dissolution kinetics of

platinum and rhodium.

To properly assess these kinetics, one should distinguish between transient and

steady-state dissolution.35 Transient dissolution takes place when metal oxides are cre-

ated and consecutively reduced. In our system, transient dissolution therefore occurs

when switching between positive and negative polarization. As such, the transient disso-

lution rate should primarily depend on how often positive and negative polarizations are

alternated, which is determined by the frequency of the applied square wave potential.

Since this frequency is kept constant, the transient dissolution rate should be constant in

all experiments as well. In contrast with transient dissolution, steady-state dissolution

occurs during constant positive polarization and takes place concurrently with oxygen

evolution.35 Both the oxygen evolution rate and the steady-state dissolution rate are ex-

pected to increase with a more positive potential limit. Based on the characteristics of

transient and steady-state dissolution, it is therefore expected that only the steady-state
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dissolution rate should increase when the positive potential limit is increased.

These two dissolution mechanisms are of di�ering importance for platinum and rho-

dium. On the one hand, rhodium dissolves through both the transient and steady-state

mechanisms. Its dissolution rate should therefore increase when the positive potential

limit is increased. On the other hand, platinum is virtually una�ected by steady-state

dissolution.35 This would explain why the dissolution rate of platinum and platinum-

containing alloys appears to be largely una�ected by increasing the positive potential

limit.

The observed trends in the corrosion rate underscore the importance of platinum in

the cathodic corrosion of PtRh alloys. Without platinum, rhodium exhibits a slow corro-

sion rate which can be enhanced by increasing the positive potential limit. The presence

of 12 percent of platinum leads to a dramatic increase in the corrosion rate and shifts the

corrosion behavior towards that of pure platinum, while simultaneously diminishing the

in�uence of the positive potential limit on the corrosion rate. With a platinum content of

55 percent, the alloy corrodes virtually identically to pure Pt: it exhibits similar corrosion

rates and barely responds to variations of the positive potential limit. Based on these

observations, we conclude that platinum dominates the corrosion behavior of the PtRh

alloys.

7.3.2 Alloy nanoparticle structure

Further insight into the corrosion behavior of the alloys can be gained by comparing

the structure of the prepared alloy nanoparticles with that of the parent alloys. Such a

comparison is essential, since the local structure of a nanoparticle has a major e�ect on

its catalytic activity. Because the prepared nanoparticles may consist of both crystalline

and amorphous phases, one needs to combine several structure-sensitive techniques

to probe the relation between the structure of nanoparticles and the conditions under

which these particles were synthesized.

The crystalline nanoparticle phases can conveniently be probed by using X-ray di�rac-

tion, since this technique exclusively detects crystalline phases. Additionally, both crys-

talline and non-crystalline phases of the nanoparticles can be detected by EXAFS. This

technique probes the local chemical composition, provides information on the average

coordination number of the alloy components and is able to resolve average interatomic

bonding distances. This information re�ects the average local environment around both

rhodium and platinum atoms, since both the Pt LIII edge and the Rh K edge are probed
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Fig. 7.2 | : X-ray di�raction patterns of the parent alloy wires

independently.

Crystalline phase characterization

Before analyzing the produced nanoparticles, we will brie�y discuss the structure of the

parent electrodes. Since both parent electrodes exhibit di�raction patterns with well-

developed peaks (Fig. 7.2), both parent bulk alloys are crystalline. The peak positions

match those of the fcc structure, which is the native crystal structure of both platinum

and rhodium.36,37 For both alloys, this structure generates a (111) re�ection at 2θ-angles

between 40 and 42 degrees, along with a (200) re�ection peak between 47 and 48 de-

grees. The well-de�ned peaks in the Pt12Rh88 alloy di�raction pattern suggest the pres-

ence of a single crystalline phase. In contrast, the peaks in the Pt55Rh45 pattern contain

a small shoulder at higher re�ection angles. The presence of this shoulder indicates

that each peak is actually the product of two overlapping peaks, which points towards

a co-existence of two crystalline phases of similar chemical compositions. The chemical

composition of both alloys, which can be determined from Vegard’s law, agrees well with

the expected chemical compositions.

More unexpected is the observation that, for Pt55Rh45, the (200) re�ection intensity is

signi�cantly higher than one would expect from the (111) intensity. This can be attributed

to the wire nature of the parent alloy sample, since many wires are oriented along a

crystallographic axis;38 such a preferential orientation should lead to an enhancement

of speci�c peaks in the di�raction pattern of the parent alloy.
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XRD was also employed to analyze the produced nanoparticles. For these nanopar-

ticles, the presence of di�raction patterns (Fig. D.2) demonstrates that they are at least

partially crystalline. All di�raction peaks conform to the fcc structure, which indicates

that no crystalline bulk oxide is present in the nanoparticles. Though all of the di�raction

patterns match the fcc structure, the relative intensities of the patterns di�er between

Pt-rich and Pt-poor materials. On the one hand, Rh and Pt12Rh88 nanoparticles show a

disproportionally suppressed scattering in the (200) direction, which suggests a prefer-

ential orientation of the formed nanoparticles. On the other hand, the Pt and Pt55Rh45
alloys exhibit a more conventional re�ection intensity in the (200) direction, which sug-

gests that these particles grew more isotropically.

For all nanoparticles, one can use the X-ray di�raction data to determine the parti-

cles’ average coherent domain size. This domain size should ideally approach the nanopar-

ticle size and is displayed in Fig. 7.3. The coherent domain sizes in Fig. 7.3 range between

9 and 11 nm for the pure platinum particles and 3.5 and 5.5 nm for Rh and the Pt-Rh

alloys, respectively. The coherent domain sizes decrease with increasing rhodium con-

tent.

Interestingly, the coherent domain sizes of the rhodium-containing particles exceed

the average particle sizes obtained in transmission electron microscopy (Table D.1). This

apparent discrepancy can be reconciled by examining the particle size distributions in

Fig. D.3–D.6, which show that a large fraction of the nanoparticles is smaller than the limit

of the di�raction approach in the XRD setup (ca. 5 nm). Since this fraction of particles

is not detected by X-ray di�raction, XRD detects a disproportionally large amount of big

particles. The obtained domain size is therefore an overestimate of the actual particle

size.

Crystalline and amorphous phase characterization

The discrepancy between the coherent domain size and the TEM-based particle size sug-

gests the presence of a signi�cant amount of amorphous or crystallographically amor-

phous nanoparticles in the studied samples. In this context, ‘crystallographically amor-

phous’ is used to indicate particles that are too small to be detected by XRD. For this

reason, it is insightful to study the nanoparticles with EXAFS, which does not require

crystallinity and probes the local nanoparticle structure. A combination of EXAFS and

XRD will be used in this section to assess the composition of the produced nanoparti-

cles. To simplify the discussion, Pt12Rh88 and Pt55Rh45 will be discussed separately. Each
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Fig. 7.3 | : Coherent domain sizes of the prepared nanoparticles. Error bars represent two standard
deviations. If an error bar is not visible, it overlaps with its corresponding data point.

alloy system will be referred to by the composition of the parent alloy, even though the

following discussion will demonstrate that the original alloy composition is not always

completely preserved in the nanoparticles.

In the case of Pt12Rh88, XRD detects a slight platinum enrichment in the produced

nanoparticles (Fig. 7.4 a). A similar enrichment in platinum is obtained from re�nement

of the Pt12Rh88 EXAFS data (Fig. 7.4 b). The rhodium K edge data suggest that the plat-

inum content in the Rh local environment ranges between 13 and 18 percent, while the

platinum LIII edge data point towards a higher Pt concentration in the local environment

of platinum (22 to 27 percent). Though the XRD- and EXAFS-based compositions deviate

slightly in samples like the one prepared at −10V ; +10V , they generally match well.

A less satisfactory agreement between XRD- and EXAFS-based compositions is found

for Pt55Rh45 (Fig. 7.4 c, d): XRD indicates a platinum content that is markedly higher than in

the parent alloy (71 to 75 percent), while EXAFS generally indicates amore expected Pt con-

tent of 52 to 53 percent in the Rh environment and 59 to 61 percent in the Pt environment.

Though the EXAFS-based compositions point towards a minor platinum enrichment with

respect to the parent alloy, this enrichment is not as dramatic as suggested by the XRD.

This mild platinum enrichment, which is detected by both techniques and for both

alloys, points towards a minor loss of rhodium. Such a loss can be accounted for by

noticing that Fig. 7.3 and Fig. D.3–D.6 indicate that rhodium-rich particles are generally

smaller than rhodium-poor particles. These small-size rhodium-rich nanoparticles are

lost more easily during the purifying centrifuging/rinsing cycles. In addition, a dispro-
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Fig. 7.4 | : Composition of nanoparticles produced from Pt12Rh88 (a, b) and Pt55Rh45 (c, d) wires, as
determined by XRD (a, c) and EXAFS (b, d). Error bars represent one standard deviation.

portional amount of rhodium might have been lost through the formation of cationic

rhodium during steady-state dissolution.

A more paradoxical observation is the di�erence between the compositions found

by XRD and EXAFS. This discrepancy, which occurs in all Pt55Rh45 samples and several

Pt12Rh88 samples, is another indication of the coexistence of a crystalline and an amor-

phous phase. Of these two phases, the crystalline one is the only phase that is detectable

by XRD. Therefore, the crystalline phase is overrepresented in both the XRD-based parti-

cle size and composition data. If this crystalline phase has a di�erent composition than

the amorphous phase, a di�erence between EXAFS and XRD is indeed expected. By com-

bining this result with the observed size di�erence between XRD and TEM, one can deduce

that this crystalline phase has a bigger particle size than the amorphous phase, in addi-

tion to the di�erent content that can be deduced from the di�erence between EXAFS and

XRD.

Another hint for the co-existence of a crystalline and amorphous phase follows from

a closer scrutiny of the compositions that are found from EXAFS analysis of the Pt LIII and
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Rh K edge. These compositions indicate that the average local platinum content is higher

around platinum atoms and that the average local rhodium content is higher around rho-

dium. This implies minor clustering of platinum and rhodium, which is a sign of elemen-

tal segregation. This segregation might be present as either surface segregation within

particles (intra-particle segregation) or as the coexistence of two types of particles with

di�erent compositions (inter-particle segregation). These types of segregation cannot be

distinguished with EXAFS, since the X-ray beam typically probes sample areas between

0.4 and 1mm2 and thus provides insu�cient spatial resolution. Nonetheless, the EXAFS

data clearly indicate a minor degree of elemental segregation. This segregation can be

interpreted in a visual manner by using 2D nanoparticle models, which are presented in

Fig. D.7.

Further evidence for elemental segregation follows from the inhomogeneous distri-

bution of oxygen on the alloy nanoparticles; approximately 0.8 ± 0.3 oxygen atoms per

rhodium atom can be re�ned from the Rh K edge EXAFS data. This oxygen can be at-

tributed to surface oxygen species, since no evidence for the formation of bulk oxides

is present in the XRD data. More speci�cally, this oxygen is likely chemisorbed on the

nanoparticles, since the amount of oxygen is independent of the potential limits that

were used during particle synthesis. In contrast with oxygen on rhodium, no statistically

signi�cant signs of oxygen can be found from the re�ned Pt LIII edge EXAFS data. The ab-

sence of chemisorbed surface oxygen species around Pt and presence of these species

around Rh suggests a preferential con�nement of rhodium to the surface of the produced

nanoparticles. As such, this oxygen distribution is an additional sign of a small degree

of elemental inhomogeneity in the produced nanoparticles.

Coordination numbers

Another indicator of alloy homogeneity is the overall coordination number of each el-

ement, which is shown in Fig. 7.5. This quantity can be used as an indicator of surface

segregation of the alloy components, since a signi�cantly lower coordination number

can be related to the preferential surface con�nement of an alloy component.

The Pt12Rh88 alloy nanoparticles show reasonable similarity of the platinum and rho-

dium coordination numbers, which range between 8.5 and 10.0. This indicates that both

components are distributed homogeneously throughout the nanoparticles. However, the

coordination numbers di�er from 12, which is the coordination number of a bulk fcc

metal. This can be attributed to the rather small size of the prepared nanoparticles,
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Fig. 7.5 | : Average coordination numbers of Pt and Rh in Pt12Rh88 (a) and Pt55Rh45 (b). Error bars
represent one standard deviation.

which is in the order of 1.5–2.5 nm . In such small particles, 40 to 60 percent of the

atoms are at the surface.39 These atoms have fewer neighboring atoms than those in the

bulk, which leads to a lower overall coordination number.

The coordination number of Pt in the Pt55Rh45 alloys is closer to 12, which is in agree-

ment with the larger particle sizes of these alloys. However, the average coordination

number of Rh is markedly di�erent and appears closer to 10. This suggests predomi-

nant con�nement of Rh into the particle surface. This surface con�nement could again

point to both intra- and inter-particle segregation. Intra-particle segregation is plausi-

ble, since rhodium can preferentially be present at the surface of an otherwise homoge-

neous nanoparticle.40 Similarly plausible is inter-particle segregation as the cause of a

lowered coordination number for rhodium: if small rhodium-rich particles coexist with

larger platinum-rich particles, one will expect a lower coordination number of rhodium

due to the di�erence in particle size.

Bond distances

Another parameter that follows from the EXAFS re�nement is the average bonding dis-

tance between the various elements in the alloy. These re�nedmetal-metal distances are

compared in Fig. 7.6, providing insight into the amount of strain in the prepared nanopar-

ticles.

Surprisingly, the re�nement of these distances indicates no variability of the Pt-Pt,

Pt-Rh and Rh-Rh bond distances in the Pt12Rh88 nanoparticles; both Rh K edge and Pt

LIII edge data indicate a bond distance of 2.69 Å. This indicates that the Pt atoms in the

132



Results and discussion

Fig. 7.6 | : Average bond distances of Pt and Rh in Pt12Rh88 (a) and Pt55Rh45 (b). The Pt-Rh and
Rh-Pt distances both represent the same distance, measured on a di�erent absorption edge. The
Pt-Rh data points were measured on the Pt LIII edge, while the Rh-Pt points were measured on
the Rh K edge. Error bars represent one standard deviation.

prepared nanoparticles reside in rather compressed environments, which agrees well

with the fact that the nanoparticles contain more than 80 percent of rhodium. Though

this is less rhodium than was present in the parent alloy wires, the rhodium content

appears to be high enough to cause strain on the platinum atoms.

In contrast, the metal-metal distances in Pt55Rh45 indicate a relaxed structure with

well-distinguished bond distances between Pt-Pt and Rh-Rh bonding pairs. These bond

distances agree well with those reported in bulk Pt and Rh.36,37 A similar agreement is

obtained for the Pt-Rh bond distances, which fall between those of Pt-Pt and Rh-Rh. This

indicates a small degree of element segregation, which matches well with earlier obser-

vations from the local platinum content, oxygen distribution and average coordination

numbers.

7.3.3 Discussion
The electrochemical cathodic corrosion behavior of the studied PtRh systems indicates

that platinum electrodes are converted to nanoparticles at a higher rate than rhodium

electrodes. The corrosion rate of alloy nanoparticles appears to be dominated by plat-

inum, since the corrosion behavior is sensitive to the alloy composition at low platinum

contents and less sensitive to the composition at high platinum contents.

In addition, electrochemical characterization reveals that the corrosion rate of

rhodium is strongly a�ected by the value of the positive potential limit. This indicates a

pronounced role of anodic steady-state rhodium dissolution in the overall nanoparticle
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production rate. In contrast, the role of steady-state dissolution is strongly diminished

for platinum and platinum-containing alloys.

The electrochemically observed steady-state rhodium dissolution is paralleled by

a minor loss of rhodium that is indicated by both XRD and EXAFS. This rhodium loss

can occur during steady-state dissolution of cationic rhodium at positive polarization.

Though it is likely that part of this ionic rhodium will redeposit during the consecutive

negative polarization, rhodium loss through steady-state dissolution can currently not

be excluded. Alternatively, it is possible that small rhodium-rich particles are lost during

particle puri�cation.

Further structural characterization of the PtRh nanoparticles through XRD, TEM and

EXAFS provides several insights. Firstly, X-ray di�raction detects nanoparticles that are

signi�cantly bigger than transmission electron microscopy would suggest. This indicates

that XRD does not detect all produced nanoparticles. In a similar vein, XRD and EXAFS

detect di�erent nanoparticle compositions: XRD detects platinum contents that di�er

signi�cantly from the expected content, while EXAFS matches the expected content rel-

atively well. Combining these observations, it appears that the produced nanoparticle

samples contain crystallographically amorphous particles that are undetectable by XRD,

have sub-average particle sizes and di�er in composition from the nanoparticles that can

be detected by XRD.

Secondly, the analysis of the EXAFS data reveals an increased average Pt content

around Pt atoms and an increased average Rh content around Rh atoms. This indicates

segregation of platinum and rhodium. Elemental segregation is also expressed in the av-

erage coordination numbers of platinum and rhodium in the alloy nanoparticles. Though

these coordination numbers are similar in Pt12Rh88, they di�er in Pt55Rh45: the lower co-

ordination number of rhodium is a sign of con�nement of rhodium to the surface of

the nanoparticles, which is underscored by chemisorbed oxygen only being detectable

around rhodium. Similarly, the re�ned bond distances are similar for both elements in

Pt12Rh88, but are di�erent in Pt55Rh45. These di�ering bond distances are another indi-

cation of element segregation in Pt55Rh45. This segregation can be a sign of both intra-

particle and inter-particle segregation.
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7.4 Conclusions

This study presents an analysis of nanoparticles of four PtRh systems synthesized by the

cathodic corrosion method using various AC potential programs. By studying these ob-

tained nanoparticles with complementary characterization techniques, various insights

are obtained.

First of all, electrochemistry indicates that the corrosion behavior of alloys is dom-

inated by the behavior of platinum, which is the component with the fastest corrosion

rate. Secondly, XRD and TEM suggest the coexistence of larger crystalline and smaller

crystallographically amorphous nanoparticles. This suggestion is con�rmed by the dif-

ference between XRD and EXAFS data: while the EXAFS data detect an overall composition

that is as expected, XRD only detects a crystalline subset of nanoparticles. Finally, the

EXAFS-based compositions, coordination numbers and bond lengths indicate that the

produced nanoparticles exhibit intra- or inter-particle elemental segregation.

Since this segregationmight be induced by the presence of positive potentials during

the corrosion protocol in this study, excluding these anodic potentials in a future study

might yield additional valuable insights into cathodic corrosion. We do note that the

exclusion of anodic potentials would likely lead to longer corrosion times that would

be impractical when upscaling cathodic corrosion as a feasible nanoparticle production

method.

A more pragmatic avenue for future studies would therefore be to study other alloy

systems. The insights obtained in the current work are based exclusively on the PtRh

system, in which rhodium is the component that ismost prone to steady-state dissolution

and has the lowest reduction potential. Research on the corrosion behavior of di�erent

alloys should allow for the distinguishment between the importance of these parameters.

An ideal �rst candidate for this study would be the AuPt system, in which gold is more

prone to steady-state dissolution,35 but has a higher reduction potential than platinum.31

Though the conclusions from these possible future studies might ultimately lead to

a more complete understanding of cathodic corrosion, the current study rea�rms the

potential of cathodic corrosion to be a relatively straightforward technique to create alloy

nanoparticles.27,29 At the same time, these insights indicate that cathodic corrosion does

not always preserve the alloy composition on an atomic level. It is therefore essential to

characterize cathodically created nanoparticles with various complementary techniques,

in order to con�rm the homogeneity of the �nal nanoparticle product.
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