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Abstract
For the hydrogen oxidation reaction (HOR), platinum group metal (PGM) catalysts are still the norm, and their large initial 
catalytic activity is counterbalanced by their uncertain durability in alkaline environments: harsh degradations proceed, like 
detachment and agglomeration of metallic nanoparticles from the carbon support, as witnessed from dedicated accelerated 
stress tests (AST). Herein, a strategy to increase such catalysts’ durability is provided, using carbon layers surrounding the 
Pd-based carbon-supported nanoparticles. The robustness of such catalysts, baring 0.5- or 0.7-nm-thick carbon cap over the 
Pd nanoparticles, is evaluated from AST combined with several pre/post-test characterization techniques: identical location 
transmission electron microscopy (IL-TEM), ex situ X-ray photoelectron spectroscopy (XPS) and ex situ inductively coupled 
plasma mass spectrometry (ICP-MS). The carbon layer protection limits the Pd-based nanoparticles’ agglomeration, detach-
ment, and metal leaching, improving long-term catalyst durability in HOR-like operation. Thicker carbon layers surround-
ing the Pd nanoparticles lead to higher materials durability and lower degradation rate (larger performance stability) upon 
AST, compared to thinner carbon layers. In addition, the carbon-capped catalysts enable to maintain better the required Pd/
PdO state of the surface that is essential for fast HOR, resulting in superior intrinsic HOR activity versus unprotected Pd/C. 
Overall, this work demonstrates that the activity-durability relationship can be tuned for carbon-capped catalysts.

Keywords  PGM-based electrocatalyst · Carbon-coated catalyst · HOR catalysis · Identical location transmission electron 
microscopy

Introduction

In the past few years, the emergency need for zero CO2 emis-
sion technologies has driven the attention of materials sci-
entists and electrochemists to the development of alternative 
electrochemical systems for energy storage and conversion. 
In this context, electrolyzers and fuel cells are promising 
and complementary technologies when coupled to “clean” 
renewable energies [1]. Alkaline fuel cell (AFC) and anion 
exchange membrane fuel cell (AEMFC) have demonstrated 
advantages versus their acidic counterparts, as the alka-
line pH renders possible to use a broader range of polymer 
chemistries for membrane systems, of fuels besides H2, 
such as alcohols, sodium borohydride, hydrazine in liquid 

environments [2–4], and the operation with low or with-
out platinum or other platinum group metal (PGM) in the 
electrodes, owing to the faster kinetics of alkaline oxygen 
reduction reaction (ORR) [5].

Although the utilization of PGM-free catalysts has 
recently enabled strategic improvements in the alkaline ORR 
[6–8], these materials are still challenged on the hydrogen 
oxidation reaction (HOR) side, both for PGM-free mono-
metallic and bimetallic electrodes [9–12]: so far, PGM-free 
catalysts do not achieve similar high HOR performance 
compared to PGM ones, at least in the beginning-of-life of 
the anode [9]. Nevertheless, carbon-supported PGM-based 
catalysts, the present standard in A(EM)FC anodes, display 
insufficient materials’ durability, hence low stability of their 
performance, which challenges the long-term and large-scale 
deployment of alkaline fuel cells [13]. Carbon-supported 
PGM-based anode catalysts are relatively more degraded 
in alkaline than in acidic conditions [14–16], mainly fol-
lowing nanoparticles detachment from their support (a pro-
cess driven by the PGM-catalyzed corrosion of the carbon 
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support in the vicinity of the PGM nanoparticles) and, in 
minor extension, agglomeration [17]. The degradation of 
such catalysts occurs at different rates, and possibly, mecha-
nisms, depending on the nature of the carbon substrate [18] 
and the ability of the PGM-based nanoparticles to oxidize 
CO-like species: PtRu > Pt >  > Pd, more active CO-like 
oxidation catalysts proving more unstable [19]. As such, 
carbon-supported Pt monometallic catalysts display higher 
HOR performance (as demonstrated by the hydrogen bind-
ing energy volcano plots [20]) and smaller durability in alka-
line media [17, 21], compared to their Pd counterparts, that 
show a better balance between their pristine performance 
[22] and long-term durability in high pH environments [19, 
23]. This, and the larger abundance of Pd versus Pt in the 
Earth’s crust [24], led the scientific community to focus 
largely on Pd-based catalysts for alkaline HOR.

Different synthesis approaches of Pd-based catalysts have 
been studied in the literature so far, and their catalytic activ-
ity was measured in their pristine state [25, 26]; degrada-
tion studies about Pd-based materials are mainly focused 
on metallic nanoparticles supported on a carbon substrate 
(Pd/C) [16, 18, 27, 28]. Various variables have been inves-
tigated, such as modulation of the degree of graphitization 
of the carbon substrate [18], variations of the palladium 
nanoparticles size, metallic content or geometry [28], and 
even the nature of the electrolyte [27]. Firstly, similarly to 
what is reported for Pt/C [19], the direct contact between Pd 
nanoparticles, carbon support, and alkaline electrolyte may 
lead to the progressive destabilization of the nanoparticles 
by Pd-assisted local corrosion of the carbon substrate, pro-
ducing carbonates and driving Pd nanoparticles migration, 
agglomeration, and/or detachment. Selecting a graphitized 
carbon substrate versus an amorphous one shifts the mode 
of Pd/C degradation from detachment and agglomeration to 
coalescence and dissolution/redeposition [18]; this change 
of degradation mechanism does however not slow down 
the degradation up to 1000 cycles of accelerated stress test 
(AST) in the diluted alkaline electrolyte (0.1–1.23 V vs. 
RHE in 0.1 M NaOH, 25 °C). Secondly, unsupported cubic 
palladium nanoparticles are more susceptible to local Ost-
wald ripening and associated restructuration; they lose their 
cubic definition after only 150 cycles of AST (0.1–0.9 V 
vs. RHE in 0.1 M NaOH, 25 °C) [28]. Thirdly, when the 
electrolyte has reducing properties (NaBH4, hydrazine, 
borane, and hydrogen instead of supporting NaOH), the 
Pd/C instability is magnified, because the chemical reducer 
enables to better reduce palladium oxides at a given low 
vertex potential, thereby enhancing the Pd-assisted carbon 
corrosion upon alternation of low/high potential values [27], 
hence increasing the Pd nanoparticles detachment into the 
electrolyte [29]. Thus, if one wants to use carbon-supported 
Pd-based catalysts at the anode of an A(EM)FC, it is very 
desirable to “protect” the Pd nanoparticles, so to minimize 

their deleterious effect on carbon support corrosion and, 
consequently, their detachment from the carbon support, in 
an objective to enhance their long-term catalytic activity.

As an approach to enhance the catalytic activity towards a 
specific reaction and/or materials durability, different types 
of protection on metallic/oxides nanoparticles have already 
been evaluated in the literature [25, 30, 31]. Herein, a strat-
egy to synthesize amorphous carbon layers (carbon coat-
ing) surrounding palladium nanoparticles (carbon-coated Pd 
nanoparticles) that are themselves supported on a carbon 
black substrate is proposed, so to enhance the durability of 
HOR catalysts in alkaline media. To that goal, a one-pot 
synthesis is applied to tailor the carbon coating thickness, 
which can be varied by adapting the carbon chain length of 
the metal complex: carbon caps of 0.5 nm and 0.7 nm are 
generated from palladium (II) acetate and acetylacetonate 
to Pdace/C and Pdacc/C catalysts, respectively. The synthe-
sis produces directly metallic palladium nanoparticles with 
controlled sizes and metal content on the chosen carbon sub-
strate (Vulcan XC72).

In this work, we perform a study involving different 
thicknesses of the carbon-coated Pd nanoparticles, and, 
for the first time, track systemically their physicochemi-
cal and electrocatalytic properties along an accelerated 
stress tests that mimics start/stop operation of an A(EM)FC 
anode (0.1 ≤ E ≤ 1.23 V vs. RHE). The AST is performed 
up to 1000 cycles to evaluate the long-term durability of 
the carbon-coated Pd/C catalysts versus their commercial 
Pd/C counterparts, identical location transmission electron 
microscopy (IL-TEM) imaging being done to monitor the 
morphological changes of the materials (in comparison to 
previous works [27, 30]). These techniques demonstrate the 
advantageous properties of the carbon-coated Pd/C catalysts, 
as well as their superior HOR performance. To understand 
the positive effect of the carbon coating protection and 
evaluate the influence of its thicknesses, ex situ techniques 
have been employed in complement (X-ray photoelectron 
spectroscopy, XPS, and inductively coupled plasma mass 
spectrometry, ICP-MS).

Materials and Methods

Electrocatalysts, Inks, and Thin‑Layer Electrodes

Carbon-coated palladium catalysts were synthesized from 
the mixture of palladium (II) acetylacetonate (Sigma-
Aldrich) or palladium (II) acetate (Sigma-Aldrich) with 
Vulcan XC72 carbon (Cabot) in the metallic proportion of 
10 wt.%, following the procedure described by Gao et al. 
[32]. Then, the dry powder containing palladium precursor 
and carbon black was pyrolyzed under a neutral atmosphere 
(Ar) at a ramp of 45 °C min−1 from room temperature to 
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450 °C and held at 450 °C for 30 min; depending on the 
palladium precursor complex, this pyrolysis produced two 
catalysts labeled as Pdacc/C and Pdace/C, respectively. Pd/C 
(Premetek; 10 wt.%) was selected as the unprotected (with-
out carbon layer surrounding the metallic nanoparticles) 
benchmark catalyst for further comparisons.

Catalytic inks were prepared from a mixture of desired 
catalytic powder (ca. 7 mg), ultrapure water (2 mL; Mil-
lipore, 18.2 MΩ cm, 1 − 3 ppb TOC), isopropanol (3 mL; 
Sigma-Aldrich), and 5 wt.% Nafion (40 μL; Sigma-Aldrich) 
followed by homogenization in a sonication bath (room tem-
perature). Then, a desired amount of the ink was dropped 
onto a glassy carbon (0.196 cm2) tip to obtain 10 μgPd cm−2 
for rotating disk electrode (RDE) measurements. Glassy car-
bon plates and larger Pd loadings were employed for samples 
that undergone analyzes by the ex situ techniques: ICP-MS 
(75 μgPd) and XPS (150 μgPd), the larger Pd loadings being 
adapted to the detection limits of these techniques.

Electrochemical Measurements

Glassware, electrodes, plastic accessories, and PTFE-based 
materials were previously cleaned in Caro’s acid solution 
(50% v/v H2SO4/H2O2) and rinsed by ultrapure water before 
the electrochemical procedures. All glassy carbon electrodes 
were mirror-polished with diamond paste (6, 3, and 1 μm) 
prior to their use.

Electrochemical experiments were performed in a de-
aerated (under Ar or H2 flow) 0.1 M KOH aqueous solution 
prepared from KOH (Alfa Aesar) pellets and ultrapure water 
at controlled temperature (T = 25 °C). The three-electrode 
PTFE-based electrochemical cell was composed of one com-
mercial reversible hydrogen electrode (RHE, Hydroflex), a 
glassy carbon sheet as the counter electrode, and a rotat-
ing disk electrode connected to the rotation speed control 
(or simply a glassy carbon sheet) as working (thin layer) 
electrode. An H-type electrochemical cell baring a glass frit 
separating the working electrode and the counter one was 
employed to avoid further metal redeposition on the coun-
ter, then quantifying more accurately the leached palladium 
in the electrolyte by ex situ ICP-MS. The electrochemical 
system was connected to a Bio-Logic potentiostat (VMP3) 
and monitored using the EC-Lab software.

Electrochemical characterization followed a sequential 
procedure involving cyclic voltammetry (CV) between 
0.05 and 1.05 V vs. RHE for the break-in of the thin-layer 
electrode: (i) twenty CVs at υ = 100 mV s−1 and (ii) three 
CVs at υ = 20 mV s−1, with the second cycle (that overlaps 
with the third one) used to compare the electrocatalysts in 
terms of characteristic features of hydrogen underpotential 
deposition/oxidation and Pd-oxides formation/reduction. 
ECSA (electrochemical surface area) was calculated by 
integrating the PdOx reduction peak of the first monolayer 

(with the charge associated being 424 μC cmPd
−2), in which 

PdOx monolayers were previously produced at high poten-
tial during the CVs between 0.05 and 1.5 V vs. RHE at 
υ = 20 mV s−1 [33]. The degradation procedure (accelerated 
stress test (AST)) consisted of potential stepping between 
0.1 and 1.23 V vs. RHE with a pulse of 3 s at each poten-
tial (1 cycle = 6 s) in Ar-saturated electrolyte (T = 25 °C).  
Before and post-AST, the HOR catalyst activity was quanti-
fied by slow-scan CVs between 0 and 0.5 V at υ = 5 mV s−1 
with RDE speed rotation of 1600 rpm in H2-saturated elec-
trolytes. The HOR activity of the three different catalysts 
was compared using three relevant kinetic markers: the 
mass-normalized kinetic current (ik, m

10 mV; mass activity) 
calculated by the Koutecky-Levich equation at E = 10 mV 
vs. RHE, as well as mass- (i0, m) and surface area- (i0, s) 
normalized exchange current were obtained from Tafel plot 
fitted by Butler-Volmer equation. All electrochemical meas-
urements were corrected at 85% from the ohmic drop deter-
mined at open circuit potential (EOCP).

X‑ray Diffraction (XRD)

An X’Pert PRO MPD PANalytical diffractometer was 
employed to analyze the crystalline structure of catalytic 
powder samples. The diffractometer was operated at 45 kV 
and 40 mA using Cu-Kα x-ray radiation (λ = 1.5419 Å) in 
Bragg–Brentano mode. The 2θ angle was scanned from 5° 
to 100° using a sweep rate of 0.1° min−1. The XRD patterns 
were assigned using the software Diffrac.Eva.

Inductively Coupled Plasma Mass Spectrometry 
(ICP‑MS)

The palladium content of the Pdace/C and Pdacc/C catalysts 
and the (possible) palladium leaching in the electrolyte post-
AST were quantified using a PerkinElmer NexION 2000 
ICP-MS instrument. In the former case, the powder sam-
ples were digested in aqua regia (solution 1:3 HNO3/HCl) 
assisted by microwave irradiation (t = 1 h and T = 250 °C) 
for complete carbon degradation and metal solubilization. In 
the latter case, the palladium leaching content was quantified 
directly into the post-AST alkaline electrolyte and estimated 
by the equation: ([final Pd content/ppb]electrolyte/[maximum 
Pd content/ppb]electrolyte) × 100%. The determined Pd content 
in the initial 0.1 M KOH electrolyte was 0 ppb and the [max-
imum Pd content] was estimated from the total dissolution 
of Pd on the catalytic layer divided by the final electrolyte 
volume. The palladium calibration curve was made from 
single-element ICP-MS standard solutions (Carl Roth Gmbh 
& Co. Kg, Germany) prepared in 0.05 mol L−1 KOH with 
analytical solutions containing 0, 2, 5, 10, 20, and 50 ppb 
of palladium and 2.5 ppb 103Rh internal standard solution 
(PerkinElmer). Polyatomic interference was attenuated by 
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Helium collision mode with kinetic energy discrimination 
(KED) to detect 108Pd in the samples.

Transmission Electron Microscopy (TEM) 
and Identical Location Transmission Electron 
Microscopy (IL‑TEM)

TEM and IL-TEM analyses were performed using a JEOL 
2010 TEM instrument operated at 200 kV (LaB6 filament) 
with a point-to-point resolution of 0.19 nm. The samples 
comprised the initial and potential-cycled catalysts depos-
ited from an ink (above described) on an Au-Lacey-carbon 
grid. The electrochemical (IL-TEM) measurements have 
consisted of the AST cycle procedures using such prepared 
TEM grids as the working electrode, without any previous 
stabilization due to the low catalyst content on the grid. The 
images were visualized and recorded using Gatan Micros-
copy Suite software pre- and post-AST on identical regions 
of the TEM grid, as detailed for example in refs. [21, 27, 34]; 
the Pd nanoparticle sizes and carbon coating thicknesses 
were determined by analyzing the micrographs using the 
ImageJ software.

X‑ray Photoelectron Spectroscopy (XPS)

A Thermo Scientific Kα spectrometer with a monochro-
mated Al X-ray source (hν = 1486.6 eV; spot size 400 μm) 
was used to obtain the XPS patterns directly from the cata-
lytic layers deposited onto specifically designed glassy car-
bon plates. The Pd 3d XPS pattern was fitted using Shirley 
background subtraction and LA(1.9,7,2) line shape to deter-
mine the Pd and PdO near-surface content. Binding energies 
were corrected by referencing the C–C component of the C 
1 s (sp2 and sp3-hybridized carbon atoms) peak at 284.3 eV.

Results and Discussion

Catalysts Physicochemical Characterization

High-magnification TEM images of the carbon-coated 
Pd/C samples (Figs. 1A–B and S1), obtained from three 
different regions, show Pd nanoparticles wrapped by 
an external amorphous carbon layer (no clear graphitic 
planes could be detected), labeled here as the carbon coat-
ing or carbon cap. The final materials are designated as 
carbon-coated palladium catalysts: Pdace/C and Pdacc/C. 
The thickness of this amorphous carbon layer was delib-
erately chosen to be the main physical difference between 
Pdace/C and Pdacc/C, where Pdace/C has a thinner coating 
of 0.5 ± 0.05 nm surrounding Pd nanoparticles and Pdacc/C 
has the thicker one with 0.7 ± 0.05 nm, as detected in the 

representative TEM micrographs and cap thickness dis-
tributions histograms of Fig. S2A and B, respectively. 
Varying the length of the carbon chain of the palladium 
precursor complexes leads to these tailored thicknesses: 
acetylacetonate (C10) has a longer alkyl chain than acetate 
(C4), producing Pdacc/C and Pdace/C, respectively. Accord-
ing to three different TEM micrographs (Figs. 1A–B and 
S1-S2), the coating thickness differences do not affect the 
Pd nanoparticle morphology and size: their shape remains 
spherical, with a near-constant diameter of 6 ± 1.9 nm and 
7 ± 1.6 nm for Pdace/C (Figs. S3-S4) and Pdacc/C (Figs. S5-
S7) materials, respectively. Commercial Pd/C catalyst also 
presents spherical-shaped nanoparticles, with a size of 
4 ± 0.7 nm (Fig. S8), the same as found in previous work 
(ca. 4 nm [27]). Similarly, the Pd content is controlled by 
the one-pot synthesis procedure, as detected by ICP-MS 
analysis: the palladium-to-carbon mass is 5 wt.% (Pdace/C) 
and 7 wt.% (Pdacc/C). In addition, based on the XRD pat-
tern in Fig. 1C–D, only Pd metallic phase was detected by 
XRD in the case of the two carbon-coated catalysts (no 
Pd-oxide phase is detected). The metallic phase is a cubic 
crystalline structure of palladium (PDF 04–001-0111) with 
diffraction peaks set at 2θ = 40, 47, 68, 82, and 87°, while 
both Pd and PdO phases are found on the commercial 10 
wt.% Pd/C catalyst (Fig. S9). This demonstrates that the 

Fig. 1   High-magnification TEM images of A Pdace/C and B Pdacc/C 
with arrows highlighting the carbon layers surrounding Pd nanopar-
ticles. XRD patterns of C Pdace/C and D Pdacc/C with assigned (*) 
crystalline cubic phase of metallic palladium
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present one-pot synthesis produces protected metallic 
nanoparticles that resist passivation when stored in ambi-
ent conditions, unlike the commercial (unprotected) Pd/C 
sample. Table 1 summarizes the obtained carbon coating 
thickness, nanoparticles size, and metallic content of the 
Pdacc/C, Pdace/C, and Pd/C materials.

Electrochemical Performance and Nanoparticle 
Morphology

To examine the catalyst materials’ durability/stability in 
electrochemical conditions, which means mimicking the 
operation in an A(EM)FC system, the carbon-coated mate-
rials went through accelerated stress tests from E = 0.1 to 
1.23 V vs. RHE. This potential interval mimics the one 
experienced by the anode catalyst upon repeated starts (low 
potential, here E = 0.1 vs. RHE) and stops (high potential, 
here E = 1.23 V vs. RHE). Figures 2A–B and S10. A show 
the evolution of the carbon-coated and the commercial cata-
lysts from the pristine state, post-150 cycles and up to 1000 
cycles of AST. The main CV features are (i) the hydrogen 
adsorption/desorption on negative- and positive-going scans 
(0.1 ≤ E ≤ 0.4 V vs. RHE), respectively [33], (ii) adsorbed 
palladium oxygenated species (i.e., PdO, Pd(OH)2; labeled 

Table 1   Physicochemical properties of the Pdacc/C, Pdace/C, and Pd/C 
catalysts

a Based on three different TEM images

Catalyst Pd 
content/
wt.%

Nanoparticle 
sizea/nm

Carbon coating 
thicknessa/nm

Pd crystalline 
phase

Pd/C 10 4 ± 0.7 - Pd and PdO
Pdace/C 5 6 ± 1.9 0.5 ± 0.05 Pd
Pdacc/C 7 7 ± 1.6 0.7 ± 0.05 Pd

Fig. 2   Cyclic voltammetry of 
initial and post-AST cycles for 
A–C Pdace/C and B–D Pdacc/C 
catalysts; E estimated ECSA 
along the AST cycles
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here as PdOx) formation close to E = 0.6 and 0.7 V vs. RHE, 
and (iii) PdOx monolayer at higher potentials (E ≥ 1.4 V vs. 
RHE) and the corresponding PdOx reduction peak at E ≈ 
0.7 V vs. RHE [33]. In the pristine state (initial; black line), 
the CV features are significantly different for the two carbon-
coated catalysts: while the Pdace/C has the typical features 
of palladium cyclic voltammogram (Fig. 2A), with lower 
currents than the commercial one (Fig. S10A), the Pdacc/C 
has meager contributions of hydrogen and oxide-hydroxide 
adsorption/desorption regions (Fig. 2B). Moreover, for both 
carbon-coated Pd catalysts, the monolayer PdOx reduction 
peaks have smaller integrated areas (Fig. 2C–D) than on the 
unprotected Pd/C (Fig. S10B), which further confirms that 
metallic nanoparticles of protected Pd are less exposed to 
the electrolyte, even at such high oxidation potential (1.5 V 
vs. RHE). The carbon coating is an amorphous (see TEM 
micrographs of Figs. 1A–B and S1), hence porous, barrier 
that might initially constrain the electrolyte access, depend-
ing on its thickness: Pdacc/C has less access to the electrolyte 
than Pdace/C. This means that the initial electrolyte access 
to the palladium nanoparticles is hindered for thicker car-
bon coatings (Pdacc/C < Pdace/C < Pd/C). To prove the above 
hypothesis and to understand what action is needed to “open 
up” the porous carbon layers so that the electrolyte, and in 
particular the reactant of the HOR (H2O and OH−), can pass 
through to reach the Pd surface, standard AST condition was 
used; the results are presented in Fig. 2. As expected, the 
AST, by favoring repeated mild oxidation/reduction cycles, 
caused the opening of the carbon layers (led to opening and/
or creation of porosities) and enhanced hydrogen and oxide-
hydroxide adsorption/desorption regions post-150 cycles, as 
well as the monolayer PdOx reduction peak area obtained 
in Fig. 2C-D after 450 and 1000 cycles of AST. Clearly, 
such potential cycles make the palladium nanoparticles more 
accessible to the electrolyte, i.e., activation process, leading 
the carbon-coated catalysts to have higher ECSA values in 
the course of the AST, as shown in Fig. 2E.

Despite the different coating thicknesses, the final ECSA 
reaches roughly similar values post-1000 cycles for the two 
protected catalysts, meaning that the Pdacc/C is activating 
2.5 times faster (in terms of ECSA gain: + 1.0 × 10−3 cm2 
cycle−1) than Pdace/C (+ 0.4 × 10−3 cm2 cycle−1), a simi-
lar trend being found in the first 450 cycles. In contrast, 
the unprotected (Pd/C) catalyst continuously and monoto-
nously loses its ECSA, at an initial rate of − 2.7 × 10−3 cm2 
cycle−1 (from 1 to 450 cycles) and then of − 1.6 × 10−3 cm2 
cycle−1 (from 450 to 1000 cycles), reaching a final ECSA 
close to that previously reported in the literature for such 
AST program (Refs [18, 23, 27]). The ECSA loss for unpro-
tected Pd/C is caused mainly by severe Pd nanoparticles 
detachment from the carbon support, with agglomeration 
as a minor contribution [18, 19, 23, 27]; in addition, the 
potential of the PdOx reduction peak shifts to higher values  

in Fig. S10B, a sign of Pd nanoparticles size growth follow-
ing minor Ostwald ripening. These degradation processes 
do not occur and/or contribute to a minimal extent on both 
carbon-coated Pd catalysts: the coating efficiently protects 
the Pd nanoparticles, this protection remaining until 1000 
cycles of AST. High-magnification TEM micrographs 
(Figs. S11-S12) show the essentially unchanged thickness  
of the carbon layers surrounding Pd nanoparticles post-300 
and 1000 cycles (except in some regions for Pdace/C post-
1000 cycles as discussed below). The thicknesses value 
could not be tracked statistically on high-magnification 
TEM mode due to the degradation of the palladium nano-
particles by the electron beam after ASTs, as exemplified 
by Fig. S12C-D. IL-TEM images (Fig. 3) with the respec-
tive histograms (Fig. S7) confirm the excellent stability of 
most carbon-coated palladium nanoparticles: agglomeration 
is near-avoided, and the size of the nanoparticles remains 
identical to the initial ones; based at least on two different 
regions (Figs. S3-S7), they are ca. 6 nm and ca. 7 nm even 
post-300 and 1000 cycles for Pdace/C and Pdacc/C, respec-
tively (summarized in Table S1).

The Role of Carbon Coating Thickness and HOR 
Electrocatalyst Durability

The surface chemical composition of Pd-based catalysts was 
evaluated by ex situ XPS; more precisely, the initial metal-
lic content was compared to that after 450 and 1000 poten-
tial cycles of AST (details in Materials and Methods). The 
spectra were fitted in the Pd 3d region with two components 
for Pd (3d 5/2 = 335.1 ± 0.1 eV and 3d 3/2 = 340.3 ± 0.2 eV) 
and PdO (3d 5/2 = 335.9 ± 0.3 eV and 3d 3/2 = 341.9 ± 0.5 eV) 
[35], as shown in Fig. S13. Figure 4A and B quantify Pd  
and PdO species determined from fitted XPS spectra for the 
pristine materials: the unprotected catalyst (Pd/C Premetek) 
has the lowest Pd metallic content (ca. 65 at.%); similar pal-
ladium metallic contributions were also detected on other 
samples, such as Pd/C [36] and Pd/C TKK [37]. It is fol-
lowed by Pdace/C (ca. 85 at.%) and the fully Pd metallic 
Pdacc/C catalyst, evidencing that the thicker carbon-coated 
nanoparticles exhibit more metallic Pd content, which con-
firms the electrochemical measurements presented above 
(Table S2), whereas Pd nanoparticles protected by CeOx lay-
ers with thicknesses from ca. 0.7 nm (≈ Pdacc/C) to 1.3 nm 
show the presence of some oxidized Pd species [38].

Subsequently, a steady growing PdO tendency can be 
witnessed along 450 and 1000 potential cycles for Pdacc/C; 
a similar behavior is found for Pdace/C until 450 cycles. 
Indeed, the AST potential window enables the palladium 
metallic species oxidation into PdO (E = 0.9 V vs. RHE); 
PdO/PdO2 oxidation also may be considered since its poten-
tial (E = 1.28 V vs. RHE) [39] is very close to the maxi-
mum potential applied in the AST procedure (E = 1.23 V vs. 
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RHE). However, the unprotected palladium nanoparticles 
(Pd/C) catalyst exhibits an inverse decreasing trend, with 
depreciation of PdO content on the near-surface, indicating 
the strong dissolution (see hereafter) of oxidized species into 
the alkaline electrolyte, in agreement with the trend moni-
tored by IL-TEM in the previous contributions of Zadick 
et al. [27]. It also can be monitored by a continuous decrease 
of the Pd/PdO ratio, which has the “proper value” (for high 
HOR activity, see hereafter) for the activated and balanced 
catalysts, such as Pdace/C up to 450 cycles and Pdacc/C 
(Table S2).

Palladium dissolution was quantified using ex situ ICP-
MS to measure the overall Pd content in the 0.1 M KOH 
supporting electrolyte post-450 and 1000 cycles (details 
in Materials and Methods). Figure 4C shows the estimated 
palladium losses in the electrolyte as compared with a theo-
retical complete catalytic layer dissolution in the final elec-
trolyte volume; the possible deviation from the complete 
layer wettability, related to the hydrophobicity feature, was 
disregarded. As expected, according to the previous results, 
the highest Pd loss is found for Pd/C (ca. 5%) followed by 
the thinner (Pdace/C; ca. 4%) and the thicker (Pdacc/C; 0.4%) 
carbon-coated catalyst post-450 cycles, and ca. 12, 8, and 
4% post-1000 cycles, respectively. These ICP-MS results 
evidence the non-negligible palladium nanoparticles disso-
lution along the AST cycles, especially for the unprotected 
Pd/C catalyst; this feature keeps up with PdO near-surface 
formation for Pdace/C and Pdacc/C catalysts detected by XPS 
measurements. The detection of soluble Pd species by ICP-
MS essentially scale with the Pd/PdO surface oxidation of 

Fig. 3   IL-TEM images of initial 
and post 300 and 1000 cycles 
for A–C Pdace/C and D–F 
Pdacc/C catalysts

Fig. 4   XPS quantification of A Pd metallic and B PdO species on the 
surface of the catalyst layer, and C estimated Pd loss detected by ex 
situ ICP-MS in the bulk electrolyte for Pd/C, Pdace/C, and Pdacc/C 
catalysts
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the catalysts, being initially high for the unprotected Pt/C, 
and progressively growing for the two protected Pd/C mate-
rial; the electrochemical transition between these surface 
oxides and Pd metal during repeated potential cycling [39] 
indeed leads to the (transient) leaching of Pd ionic species 
[29]. In particular, this cathodic instability decreases the 
PdO content on the surface of the (unprotected) commer-
cial catalyst, while the protective carbon coating enables 
most PdO species to remain stable onto the catalytic layer 
for Pdace/C and Pdacc/C, for at least up to 450 cycles. A 
thicker carbon layer (Pdacc/C) protects more the palladium 
nanoparticles from dissolution throughout the investigated 
potential cycles than thinner ones (Pdace/C) and slows down 
their degradation. Similarly, Speck et al. [38] have demon-
strated a clear decline tendency of Pd dissolution with the 
rising of CeOx layer thickness in H2-saturated 0.05 M NaOH 
electrolyte.

However, effective protection is not unlimited; it reaches 
a maximum between 450 and 1000 cycles for the thinner 
coating (Pdace/C): the PdO content grows up to 450 cycles, 
while for Pdacc/C (thicker one) the growth occurs until 1000 
cycles. In opposition, the unprotected Pd/C continuously 
loses its PdO content over the AST. Thus, according to the 
number of AST cycles, the Pdace/C catalyst follows an inter-
mediate behavior between the thickest carbon-coated cata-
lyst and the unprotected one. This means that the degree of 
protection or the activation energy can be tailored by the 
thickness of the carbon layer.

In order to evaluate the HOR performance of the pro-
tected vs. unprotected catalysts, HOR polarization curves 
were measured at pristine state and post 150, 300, 450, 
and 1000 cycles of AST, following the degradation proce-
dure detailed above. The HOR characteristics are shown 
in Fig. 5A–C for commercial, Pd/C, Pdace/C, and Pdacc/C 
catalysts, respectively. In the pristine state, Pdace/C has a 
high current in the kinetic region (E ≈ 10 mV vs. RHE) and 
a well-defined diffusion-convection region (0.3 ≤ E ≤ 0.5 V 
vs. RHE), the latter being near-similar to that monitored for 
Pd/C and in literature [22]. The Pdacc/C catalyst exhibits a 
typical HOR polarization curve of a low-active catalyst in 
either the kinetic and diffusion-convection-limited regions: 
the thickest coating catalyst requires an extra activation by 
150 cycles, only reaching similar current density magnitudes 
as for the pristine Pdace/C and Pd/C after this prolonged acti-
vation; it confirms that the contact between the electrolyte 
and the more-or-less protected palladium nanoparticles can 
be improved by proper “activation” of the material. The 
optimal HOR activity seems to require a proper interplay 
between Pd and PdO surface sites [12, 31, 36, 40, 41], which 
are initially present on Pdace/C and Pd/C, but not on Pdacc/C.

Less protected and unprotected, Pdace/C and Pd/C, respec-
tively, nanoparticles experience a non-negligible degrada-
tion of their HOR performance post-150 cycles, with similar 

descending features up to 1000 cycles; the “more protected” 
Pdacc/C sample witnesses a less-degraded HOR behavior in 
the course of the AST, evidenced in Fig. 5D.

Figure 5E presents the mass-normalized kinetic current at 
10 mV vs. RHE (i k,m

10 mV), both for the initial and post-AST 
states of the catalysts: the highest initial HOR mass activ-
ity is monitored for Pdace/C (85.2 ± 7.6 A gPd

−1); together 
with the activated-Pdacc/C (> 150 cycles; 47.8 ± 6.5 A gPd

−1), 
they have ca. 3- and twofold higher HOR mass activity than 
commercial Pd/C, respectively, which can again be associ-
ated with a maintained optimal Pd/PdO coverage at the cata-
lyst particles surface in the course of the AST, whereas the 
PdO species are irremediably leached for unprotected Pd/C. 
Likewise, the surface-normalized exchange currents (i0,s,), 
obtained by fitting the Tafel plot (Fig. S14), are 3- to four-
fold higher for Pdacc/C (> 150 cycles; 88.1 ± 1.0 μA cm−2

Pd) 
and Pdace/C (75.5 ± 3.9 μA cm−2

Pd) than the commercial one 
(Table S3). It indicates that the carbon coating thickness 
influences the magnitude of the kinetic parameters: while 
the external carbon protection likely enables to maintain the 
metal nanoparticle in its optimal Pd/PdO configuration for 
fast HOR, as similarly reported in the literature for PGM and 
PGM-free encapsulated electrocatalysts and/or heteroatoms-
doped carbon substrates [42–46], thick carbon layers slow 
down the initial activation process (formation of PdO from 
initially metallic Pd nanoparticles) of carbon-coated Pd 
nanoparticles

The carbon-coated catalysts HOR mass activities, based 
on ik, m

10 mV, are kept between 3- and sevenfold better than 
for the commercial Pd/C benchmark along the investigated 
number of cycles, as represented in Fig. 5E. After 1000 
cycles of AST, the two carbon-capped Pd/C catalysts still 
retain at least the initial HOR activity measured on unpro-
tected Pd/C, which itself has an activity degraded by ca. 
sixfold compared to this value. Similar trends are measured 
for i0,m and i0,s, which means that the high and maintained 
HOR activity of the carbon-coated catalysts is a result of a 
combination of their maintained Pd/PdO surface ratio and 
of their reduced morphological degradations (reduced Pd 
detachment, leaching, and minimum (or absence) nanoparti-
cles agglomeration) upon AST compared to the commercial 
Pd/C sample. However, the degradation rate of HOR perfor-
mance is more pronounced for the thinnest coating catalyst 
(from 211 to 74 mA gPd

−1 cycle−1) than the thickest (from 
75 to 37 mA gPd

−1 cycle−1) and unprotected one (from 84 to 
28 mA gPd

−1 cycle−1). As the coating thickness grows from 
0.5 nm to 0.7 nm, a circa twofold slower degradation rate is 
monitored in favor of the thicker catalyst (Pdacc/C), the mate-
rials still displaying significantly higher HOR performance 
than Pd/C catalyst from 150 to 1000 cycles.

Despite the slow rate of Pd leaching for Pdace/C and 
Pdacc/C, the HOR mass activity still decreases along the 
potential cycling procedure from 0 and 150 cycles to 1000 
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cycles, respectively. It may be attributed to two main con-
tributions: (i) some nanoparticles detachment caused by the 
Pd-catalyzed oxidation of the carbonaceous matrix, as pro-
posed by Lafforgue et al. [19] is possible and is visualized 
here by IL-TEM images (Fig. 6) in minor regions (white cir-
cles) of the thinnest carbon-coated catalyst post-1000 cycles. 
Those nanoparticle losses occur in a much lower extent than 
for the commercial Pd/C sample, as demonstrated by the 
recorded electrochemical features, ex situ ICP-MS and in 
refs. [27, 30]. However, combined with a small extent of 
Ostwald ripening and nanoparticles growth (also seen in 
Fig. 6 and larger range distribution in Table S2), it seems 
enough to drop the nanoparticle density in a few (but detect-
able by IL-TEM) regions for Pdace catalyst. A second con-
tribution is (ii) the partial interconversion of metallic Pd to 

oxides species (ca. 20–27%); too extensive PdO formation 
depreciates the HOR activity since carbon-supported PdO 
has lower HOR mass activity than Pd in the same condi-
tions [47] and since the Pd/PdO surface ratio needs to be 
optimal for fast HOR [31, 36, 40, 41]. In addition, an intrin-
sic small electrical conductivity of oxides versus metallic 
particles could add to this depreciated HOR activity versus 
AST cycling.

A durability enhancement using the thickest (ca. 0.7 nm) 
carbon coating on Pd catalysts makes this type of catalyst 
really advantageous versus an unprotected one for prolonged 
HOR operation in alkaline conditions. However, the intrin-
sic feature of PGMs to catalyze the carbon oxidation reac-
tion, even being less catalyzed for Pd than Pt and PtRu [19], 
still requires improvements in their chemical composition. 

Fig. 5   HOR polarization curves 
for initial and post-AST cycles 
for A commercial Pd/C, B 
Pdace/C, C Pdacc/C catalysts, and 
D comparison post-1000 cycles; 
E mass-normalized kinetic 
current at E = 10 mV vs. RHE (i 
k,m

10 mV) along AST cycles
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This statement and the current experimental results sug-
gest that bimetallic carbon-coated catalysts may consist of 
a better combination of activity and durability, owing to the 
improved catalytic performance of bimetallic/bifunctional 
materials [48–50] and better durability of Pd-M alloys ver-
sus monometallic towards HOR catalysis [51]. This is the 
next step that will soon be evaluated by the team.

Conclusions

A one-pot method employed in this work enables to synthe-
size well-controlled carbon-coated palladium nanoparticles, 
in terms of the carbon layer thickness (based on the carbon 
chain length of metal precursor complexes), Pd nanoparti-
cles size, and metallic content. The carbon layer surround-
ing palladium nanoparticles improves the HOR activity (its 
maximum being reached after a necessary activation step) 
and long-term durability of the materials versus potential 
cycling in alkaline conditions. This is mainly ascribed to the 
protection features of the carbon coating, which on the one 
hand limits nanoparticle agglomeration, avoids detachment, 
and slows down metallic leaching out to the electrolyte, while 
helps to maintain dual Pd/PdO surface species that enable 
fast HOR. These advantageous features are even more appar-
ent on the thicker carbon-coated catalyst (Pdacc/C), with a ca. 
0.7-nm-thick carbon cap. The latter however requires an extra 
activation of 150 cycles between 0.1 ≤ E ≤ 1.23 V vs. RHE 
compared to the thinner carbon-coated catalyst (Pdace/C; 
0.5-nm-thick carbon cap) to reach its maximal HOR activity. 
Lower metal losses obtained for the carbon-coated materials 
upon AST enable the protected Pd/C catalysts to show better 
HOR catalysis performance than the commercial post-1000 
cycles of AST, their intrinsic HOR performance being also 
advantageous at shorter time scales. This long-term dura-
bility towards HOR performance is even higher on Pdacc/C, 
which exhibits the lowest degradation rate and highest HOR 
performance upon the electrochemical cycling. Overall, the 
two carbon-capped Pd/C catalysts outperform unprotected 
Pd/C, rendering their use in A(EM)FC anodes promising.
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