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Lanthanide Contraction Effect on the Alkaline Hydrogen Evolution
and Oxidation Reactions Activity in Platinum-Rare Earth
Nanoalloys

Carlos A. Campos-Roldan,** Raphaél Chattot,’ Frédéric Pailloux,” Andrea Zitolo," Jacques Roziere, ®
Deborah J. Jones, ® and Sara Cavaliere*°.

The hydrogen evolution/oxidation reactions (HER/HOR) play an important role in hydrogen energy conversion devices.
Notwithstanding, the poor understanding of the sluggish HER/HOR kinetics on Pt in alkaline media is still a bottleneck.
Herein, we have prepared a series of Pt-rare earth (RE) nanoalloys and, for the first time, systematically evaluated them
towards the alkaline HER/HOR, and have identified the effect of the lanthanide contraction. Operando XAS measurements
revealed that the induced compressive strain is not the sole kinetic descriptor, and that the chemical nature of the RE
might modulate the adsorption and mobility of oxygenated-species, boosting the electrochemical reactions kinetics. This
work provides insights on the property-activity trends of the unexplored Pt-RE/C nanoalloys in alkaline solution, and might

inspire the rational

Introduction

The hydrogen economy represents a crucial component in achieving
the current decarbonization targets.1 Even though proton-exchange
membrane (PEM) water electrolyzers and fuel cells (PEMWE and
PEMFC, respectively) are the most efficient devices so far, technical
and economic  barriers  still  hamper their massive
commercialization,’ e.g., electrocatalysts’ high cost (use of
expensive precious metals at high loadings), sluggish oxygen
reactions kinetics, harsh corrosive environment, etc. In this context
and due to the growing development of anion-exchange
membranes (AEM),3 water electrolyzers and fuel cells (AEMWE and
AEMFC, respectively) have attracted attention due to their
interesting advantages with respect to their PEM counterparts,
namely, the possible use of more generally available non-precious
metals, faster reaction kinetics for the oxygen reactions, relatively
lower corrosion problems, etc. Notwithstanding, for still unclear
reasons, the alkaline hydrogen evolution reaction (HER, cathodic

reaction of an AEMWE) and the hydrogen oxidation reaction (HOR,

%ICGM, Univ. Montpellier, CNRS, ENSCM, 34095 Montpellier cedex 5, France.

b Institut P’, CNRS - Université de Poitiers — ISAE-ENSMA - UPR 3346, 11 Boulevard
Marie et Pierre Curie, Site du Futuroscope, TSA 41123, 86073 Poitiers cédex 9,
France.

“ Synchrotron SOLEIL, L’Orme des Merisiers, BP 48 Saint Aubin, 91192 Gif-sur-
Yvette, France.

tElectronic Supplementary Information (ESI) available: Complementary ICP-MS

results, complementary TEM micrographs and particle size histograms, comparison

between the acquired cyclic voltammograms at the RDE setup and the XAS
electrochemical cell, the detailed explanation of the kinetic parameters
determination, details of the HAADF-STEM/EELS, CO-stripping voltammograms and

HER/HOR polarization curves. See DOI: 10.1039/x0xx00000x

design

of electrocatalysts for the alkaline HER/HOR.

anodic reaction of an AEMFC) on precious metal surfaces are at
least two orders of magnitude slower than their acidic
counterparts.4 Therefore, the poor understanding of the sluggish
alkaline HER/HOR kinetics on precious metal, especially on Pt-based
surfaces, still limits the rational design of efficient electrocatalysts.

A widely use strategy to improve the activity of Pt-based
electrocatalysts is by combining it (either by alloying or decorating
its surface) with other metals, e.g., Ru, Ni, Co, etc.’ However, there
is a wide debate in the literature concerning the role of the mixed
metal on the electrocatalytic activity.s’14 Although the compressive
strain effect, induced by the alloying metal, is among the most
studied properties in Pt-based electrocatalysts, its impact on the
alkaline HER/HOR performance is still elusive, with studies that
either su pportlz’ Yorrefute®a positive effect.

On the other hand, research on Pt-rare earth (Pt-RE) nanoalloys as
electrocatalysts has considerably increased in recent years.l‘r"23
Indeed, their key structural properties for electrocatalysis, such as
the induced compressive strain, might be tuned by means of the
lanthanide contraction.” Namely, the Pt-RE alloys can present an
CaCus-like
accommodates the alloying elements of different atomic radius in a
different way from face centred cubic (fcc) or hexagonal closed-

unusual hexagonal crystalline structure that

package (hcp) alloys. While the lattice parameter a in the hexagonal
structure continues its shortening through the lanthanide
contraction, the b and c lattice parameters are considerably
different due to the re-organization of the atoms. Thus, the lattice
constant a will contract (shorter Pt-Pt distances) as the RE covalent
radii decrease.® This trend is an interesting strategy to
systematically investigate the effect of the induced strain in Pt-



based alloys. Moreover, Pt-RE nanoalloys have never been explored
as alkaline HER/HOR electrocatalysts so far, and the high
oxophilicity of the REs could also contribute to the bifunctional

effect.®* %

Herein, we contribute to this field with new insights regarding the
systematic study of the compressive strain in hexagonal PtsRE/C
(RE= La, Ce or Nd) nanoalloys towards the alkaline HER/HOR. While
the crystalline structure is maintained constant, the imposed
compressive strain is modulated by the lanthanide contraction: as
the atomic size of the RE steadily decreases (La > Ce > Nd), the
imposed compressive strain increases (PtsLa < PtsCe < PtsNd). This
trend is confirmed using operando X-ray absorption spectroscopy
(XAS) measurements, and the experimental alkaline HER/HOR
activity is rationalized with the structural parameters derived from
operando measurements.

Results and discussion

Pt,RE/C (RE= La, Ce or Nd) nanoalloys were synthesized using the
carbodiimide complex route proposed by Hu et al.”® with some
modifications, see experimental
Information S1. The XRD patterns shown in Figure 1a confirm the

details in Supplementary

Pt-RE alloy formation, the crystalline structure of which comprises
the hexagonal PtsRE arrangement (space group P6/mmm). The
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induced ex situ compressive strain shown in Table S1 clearly shows
the systematic effect of the lanthanide contraction in the structure
of the nanoalloys, in agreement with Escudero-Escribano et al®
The Pt content in all samples, determined by ICP-MS, lies between
27-28 % wt., giving a Pt:RE ratio of ca. 6:1 (see Table S1). TEM
reveals the presence of nanoparticles (NPs) of ca. 6 nm and
agglomerates of 12 nm dispersed over the carbon support (Figure
S1). Furthermore, the HRTEM overview shown in Figure 1b resolves
the atomic arrangement of the hexagonal PtsNd (101) crystalline
plane, revealing the lattice parameter a ~ 5 A, in agreement with

the XRD patterns.

As a representative example, combined HAADF-STEM/EELS analyses
also attest to the presence of Pt and Ce in PtxCe/C (Figure 1c) and
Pt and La in PtxLa/C (Figure 1d), which are consistent with a
discernible Pt enrichment (< 1 nm) at the border of the NPs,

agreement with previous reports for PtxLa/C,"® PtxCe/C*® ** and
Pthd/C.26 The results presented above underpin that PtxLa/C,

PtxCe/C and PtxNd/C electrocatalysts presents similar crystalline
structure, chemical composition, local morphology and particle size,
c.f. Table S1. Therefore, a proper comparison of the effect of the
lanthanide contraction on the alkaline HER/HOR activity can be
performed.

Nd sA Nd Nd
1000 k—>l

Pt Pt Pt

Distance / nm

Ce-Ny 5

Fig. 1 (a) XRD patterns of PtxLa/C, PtxCe/C and PtxNd/C. Pt/C is used as reference. (b) Representative HRTEM micrographs of PtxNd/C (the
insert corresponds to the power spectrum of the selected area); (c) representative HAADF-STEM/EELS analysis of (c) PtxCe/C (chemical line

scan) and (d)

PtxLa/C (chemical mapping).
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Fig. 2 (a) Cyclic voltammograms in N,-saturated 0.1 M KOH at 20
mV s?, and (b) HER/HOR polarization curves in H,-saturated 0.1 M
KOH at 10 mV s™ at 1600 rpm of PtxLa/C, PtxCe/C and PtxNd/C. The
black dashed line represents the Nernstian diffusion overpotential
(ngif) curve. Measurements were carried out at 26 *1 °C. Pt/C is
used as reference.

Figure 2 shows the results extracted from RDE measurements in 0.1
M KOH. The cyclic voltammogram of the Pt/C reference in Figure 2a
depicts the well-known features of Pt polycrystalline NPs in alkaline
medium on a glass-free setup.27 However, the acquired signals in
the profiles of the Pt-RE/C electrocatalysts differ from those of the
reference, suggesting the existence of modifications in their surface
electrochemistry. By overlapping the cyclic voltammograms
(Supplementary Information $3), the position of the H,yq peaks of
PtxLa/C and PtxCe/C are negatively shifted with respect to Pt/C. In
the case of PtxNd/C, the H,,4 peaks are not clearly resolved. This
feature might be related, to a certain extent (see discussion below),
to the weakening of the Pt-H bond strength derived from the d-
band shifting caused by the alloying effect. Indeed, similar shifts in
the Hyq region have been observed in sputter-clean bulk
polycrystalline Pt-RE electrodes in acid medium.?*

The HER/HOR polarization curves, Figure 2b, reveal that Pt-RE/C
electrocatalysts present enhanced intrinsic activity with respect to
the Pt/C reference, and a shift towards the Nernstian diffusion
overpotential curve is observed.” This observation is also reflected
in the micropolarization region (insert in Figure 2b) and in the
turnover frequency values (TOF), defined as the number of H,
molecules evolved (HER) or consumed (HOR) per active site per unit

time” (Table 1), where an activity enhancement trend PtxCe/C >
PtxLa/C > PtxNd/C > Pt/C is observed. The mass activity values (I,
also indicate an enhancement factor using the Pt-RE/C nanoalloys,
with respect to the Pt/C reference, of ca. 2.8, 2.0 and 1.6 for
PtxCe/C, PtxLa/C and PtxNd/C, respectively.

To determine the local structure of the Pt-RE/C nanoalloys under
electrochemical conditions, operando XAS measurements were
performed. It is important to note that the surface electrochemistry
acquired in the electrochemical cell for the operando XAS
measurements match satisfactorily with the profiles obtained using
the RDE setup (Supplementary Information S5), allowing
comparison and evaluation of the structural properties under the
electrochemical conditions.

The operando Pt L; edge X-ray absorption near-edge structure
(XANES) spectra acquired at 0.1 Vgye, shown in Figure 3a, reveal an
increased white line intensity for the Pt-RE electrocatalysts (PtxCe/C
> PtxLa/C > PtxNd/C = Pt/C). The white line intensity is directly
related to the Pt 5d band occupancy:g'0 the higher the white line
intensity, the higher the unoccupied valence states, suggesting a
higher oxidation degree as the white line intensity increases. This
result suggests that, at 0.1 Ve, PtxCe/C and PtxLa/C might present
higher oxygenated-species adsorption (OH,4 and/or H,0 ,4) than
PtxNd/C and Pt/C. Jia et al® have also observed a relationship
between the increased white line intensity and enhanced HER/HOR
activity with Pt-Ru systems. The effect of this feature on the
HER/HOR kinetics will be discussed below.

Moreover, the results of the fitting of the filtered Fourier
transformed operando extended X-ray absorption fine structure
(EXAFS) spectra, cf. Figure 3b and Table 2, clearly indicate that the
nearest neighbour Pt-Pt interatomic distances (dp.p;) in the Pt-RE/C
nanoalloys are shorter than in the Pt/C reference. Indeed, the dpp;
contraction relative to Pt/C follows the trend PtxLa/C (-0.87%) >
PtxCe/C (-1.34%) > PtxNd/C (-1.78%), and reflects the effect of the
lanthanide contraction under the electrochemical conditions: as the
atomic size of the RE through the lanthanide series steadily
decreases (La > Ce > Nd), the dp.p; are shorter and, therefore, the
imposed compressive strain increases.”*
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Table 1. Kinetic parameters extracted from the RDE characterization of PtxLa/C, PtxCe/C and PtxNd/C. Pt/C is used as reference. TOF and I,
values are calculated at n= -10mV for the HER and n= 10mV for the HOR. Details for the calculation are given in the Supplementary

Information S4.

Sample ECSA Rcty

Jo

TOF gn--

TOF@ n=10 mV Im@ n=-10 mVv Im@ n=10 mV

(M’ ge!) | (MACM™ | (Qcem’p) 10 mv (#H, site™ %) (Amg™e) (Amg™e)
2pt) (#H2 Site-l
)

Pt/C 55.5+2.1 0.46 56.28 £1.73 12.63 12.21 £0.92 0.057 £0.003 0.055 +£0.004
+0.01 +0.66

Pt,La/C 47.6 £3.6 0.61 42.43 £3.00 26.14 27.76 £1.96 0.104 £0.011 0.111 £0.007
+0.04 +2.95

Pt,Ce/C 47.0£3.4 0.80 32.99 £2.46 34.23 38.55 £2.60 0.135 £0.008 0.152 £0.010
+0.04 +2.04

Pt,Nd/C 48.2 £2.5 0.55 46.80 £2.43 21.52 23.03 £2.64 0.087 £0.009 0.093 £0.010
+0.03 +2.34

Rationalizing the TOFg .- 19y Values reported in Table 1 and the Tafel step: 2x—H .= H,

local structural properties under the electrochemical conditions
shown in Table 2, a volcano-like curve emerged, Figure 4,
suggesting a maximum TOF value for PtxCe/C, achieving a
compressive strain of -1.34 %.

For the sake of clarity, we will discuss these interesting
experimental trends with the current mechanistic understanding
of the alkaline HER/HOR. Although the controversy in the
literature, it is accepted that the alkaline HER/HOR on Pt
surfaces follows the Volmer-Tafel/Tafel-Volmer mechanism, the
reaction determining step being the Volmer step31:

Volmer step: H,0 +x+e~ =% —Hyys + OH™

Where * states an active site on the surface.

Following classical d-band theory, weakening the strength of the
hydrogen binding energy (HBE) through the compressive strain
effect improves the Volmer step through a Brgnsted-Evans-
Polanyi (BEP) relationship.32 Although this argument is
particularly true in acidic electrolytes, recent contributions have
suggested important deviations of the BEP relationship at high
pH values,* concluding that other complex phenomena
modulate the electrochemical kinetics in alkaline medium.

4| J. Name., 2012, 00, 1-3
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Fig. 3 Operando Pt Ls-edge (a) XANES spectra, and (b) EXAFS spectra and the corresponding best fits of PtxLa/C, PtxCe/C and PtxNd/C.

Measurements were carried out in H,saturated 0.1 M KOH at 0.1 Vg Pt/C is used as reference.

Table 2. Best first-shell fit parameters obtained from the Pt L;-edge EXAFS analysis acquired at 0.1 Vg of PtxLa/C, PtxCe/C and PtxNd/C.
Pt/C s used as reference. The amplitude reduction factor Soz was set at 0.8.

2

Path N R (A *g (%) c AE R factor
Pt/C Pt - Pt 9.7+£1.0 2.749 0 0.0049 +£0.0006 6.87 £0.85 0.014
+0.005
Pt - Pt 55+0.3 2.725 -0.87 0.0052 +£0.0009 5.48 +1.06
Pt.La/C +0.007 0.020
Pt—La 0.4£0.2 -- 0.0039 £0.0011 9.14 +0.55
3.155
+0.007
Pt - Pt 6.4 1.0 2.712 -1.34 0.0045 +£0.0009 5.45+1.49
Pt,Ce/C +0.006 0.024
Pt—Ce 0.5%0.2 -- 0.0059 +£0.0010 9.92 +0.95
3.097
+0.080
Pt - Pt 6.3 0.2 2.700 -1.78 0.0052 +0.0004 7.46 £0.65
Pt,Nd/C +0.006 0.012
Pt — Nd 0.5+0.2 -- 0.0097 +£0.0006 6.64 +1.85
3.167
+0.080

*Relative to Pt/C at 0.1 Vgye.
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Fig. 4 Relationship between the Pt-Pt bond length and the TOF (measured at n= 10 mV), of PtxLa/C, PtxCe/C and PtxNd/C. Pt/C is used as

reference.

Even though straightforward relationships between the induced
compressive strain and the weakening of the HBE has been used as
the sole kinetic descriptor for Pt-based nanoalloys towards the
alkaline HER/HOR,** * Figure 4 reveals that the alkaline HER/HOR
activity of the present Pt,RE/C nanoalloys reaches a critical value as
the induced
compressive strain might not explain completely the observed

compressive strain increases. Therefore, the
activity enhancement, in agreement with the previous work on

ptCu/C.”

On the other hand, it has been proposed that the origin of the Hq
peaks of Pt surfaces in alkaline electrolytes stem from the exchange
between H,4 and OH,.J,df’1 or a specifically H,0,4, with the oxygen
facing towards the electrode (HzO\l/ads)33. Therefore, H,4s might not
be the only surface species present during the alkaline HER/HOR,
suggesting a competition between H,4 and oxygen adsorbates
(OH,gs and H,04 4% the electrochemical kinetics might be
governed by the activation barriers and thermodynamics
connecting each elementary step in the reaction mechanism, i.e.,
Hags, OHaq and H,0,4. In this sense, it has been reported that the
hydroxide binding energy (OHBE)7 or the interfacial water

structure® ** should be strengthened to boost the alkaline

HER/HOR. Looking at Figure 3a, the increased white line intensity of
Pt,Ce/C indicates a higher oxidation state relative to Pt/C,
suggesting an enhanced primary desorption of H,4 in this potential
region,8 in line with the negative shift of the H,,4 peaks shown in
Supplementary Information S3. Indeed, the interaction between
OH™ and Pt-based surfaces, in alkaline medium, can be monitored
using carbon monoxide as a molecular probe,9 since the alkaline CO
electro-oxidation process on Pt-based surfaces proceeds through a
Langmuir-Hinshelwood reaction between the adsorbed states of CO
and OHadSSS:

COqgs + OHgys + OH™ - CO; + e~ + H,0

Figure S6 shows the CO-stripping voltammograms of the Pt-RE/C
series, along with the Pt/C benchmark. From Figure S6, a main CO
electro-oxidation peak shift is observed towards lower electrode
potential for the Pt-RE/C nanoalloys relative to the Pt/C reference.
This feature might suggest a higher supply of reactive OH species to
remove the adsorbed CO from the surface of the Pt-RE nanoalloys.
Nevertheless, the electronic modification caused by the
compressive strain might also weaken the Pt-CO bond energy.36

Please do not adjust margins




This promoting effect might facilitate the Volmer step via the

8, 9, 25

bifunctional mechanism or by facilitating the mobility of

charged intermediates through the double Iayer.33’ 3 Considering
that the basic strength of lanthanides decreases as the RE size
decreases, it is plausible that the chemical nature of the RE plays an
important role for the oxygenated-species adsorption and mobility

during the alkaline HER/HOR.

It should be noted, however, that the Volmer step inevitably

disrupts the interfacial water structure, and thus water
reorganization energy should be considered. Therefore, an ideal
HER/HOR electrocatalyst should balance the HBE and the
interaction with oxygen-based intermediates (OHBE or water
reorganization energy) to facilitate, respectively, the Tafel and
Volmer steps. Further DFT calculations might provide fundamental
insights on the effect of the lanthanide contraction on the water

reorganization energy.

Conclusions

In conclusion, a series of Pt-RE/C (RE= La, Ce or Nd) nanoalloys were
prepared and, for the first time, evaluated as electrocatalysts for
the alkaline HER/HOR. The hexagonal PtsRE crystalline structure,
chemical composition, local morphology and particle size were kept
similar, allowing for systematic examination of the lanthanide
contraction effect on the electrocatalytic activity towards the
alkaline HER/HOR. Operando XAS measurements revealed that the
compressive strain is not the sole kinetic descriptor for the alkaline
HER/HOR, with the maximum activity being observed with Pt,Ce/C
(e = -1.34 %). Interestingly, our results also suggest that the
chemical nature of the RE might modulate the adsorption of
oxygenated-species, i.e., OH,y4 and/or H,Od .4, and boosts the
electrochemical kinetics.

This work provides insights on the property-activity trends of the
unexplored Pt-RE/C nanoalloys and might inspire the rational design
of electrocatalysts for the alkaline HER/HOR.
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