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Unlocking the Potential of Sub-Nanometer Pd Catalysts for
Electrochemical Hydrogen Peroxide Production

Ji Sik Choi,* Suhwan Yoo, Ezra S. Koh, Raquel Aymerich-Armengol, Christina Scheu,
Guilherme V. Fortunato, Marcos R. V. Lanza, Yun Jeong Hwang,* and Marc Ledendecker*

The utilization of nanoscale catalysts represents a valuable and promising
strategy for augmenting catalytic performance while mitigating the reliance on
expensive noble metals. Nevertheless, a significant knowledge gap persists
regarding the intricate interplay between catalyst size, physical properties, and
catalytic behavior in the context of the oxygen reduction reaction. In this
study, the synthesis of precisely controlled palladium catalysts is presented,
spanning a wide range from individual atoms to metal clusters and
nanoparticles, followed by a comprehensive evaluation of their performance
in acidic conditions. The results show a significant increase in H2O2

selectivity of up to 96% with decreasing catalyst size and strategic approaches
are identified to eliminate unselective sites, facilitating the attainment of
active and selective catalysts. The enhanced selectivity of the catalysts
highlights the potential of single atom catalytic sites and can be adapted to
improve the performance of various catalytic processes.

1. Introduction

The development of catalysts with well-defined sizes, surface
facets, and ligand environments has gained significant attention
in catalysis in recent years.[1–5] The catalytic and physical prop-
erties are fundamentally altered as the size of the metal cluster
is reduced further to a sub-nanometer scale and ultimately to an
atomic level.[6] As a result, metal clusters and single atom mate-
rials have received much attention in recent years as they allow
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for precise control of the number and
quality of active sites leading to poten-
tially higher catalytic activity and selectiv-
ity compared to their bulk counterparts,
resulting in improved efficiency and cost-
effectiveness in the production process.
Especially, competitive catalytic reactions
can be selectively tuned depending on
the nature of the atomic level active
sites. Researchers have synthesized var-
ious nanoparticles, clusters, and single
atom catalysts using metals such as Pt,
Pd, and Au, with many studies focusing
on the optimization of their metal load-
ing, size, shape, and surface properties
to improve catalytic performance.[7–12]

The catalytic understanding and dif-
ferentiation between single atoms, clus-
ters, and nanoparticles is laborious and
poses challenges for their widespread use

in a variety of applications.[13,14] This is especially true for the
production of hydrogen peroxide where extended surfaces lead
to the decomposition of H2O2 to H2O.[15–17] Size effects in fuel
cell research have received extensive attention in the last decades
focusing on the 4-electron pathway toward water.[1,2,7,18–21] While
metal clusters and single atom catalysts essentially eliminate the
presence of metallic sites that are typically present in bulk cata-
lysts, their selectivity and activity toward hydrogen peroxide only
received minor attention so far.[3,22–24]
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Figure 1. Characterizations of PdxAc/C catalysts. HAADF-/STEM images of a) Pd1Ac/C, b) Pd2Ac/C, c) Pd4Ac/C, and d) PdNPs/C. The scale bars for
(a–d) are 2 nm, 10 nm, 10 nm, and 20 nm, respectively. e) Stacked histogram of the frequency particle size distributions and average cluster diameters.
f) XRD patterns. g) Core level XPS spectra corresponding to the Pd 3d core level of Pd clusters.

Our study aims to elucidate the electrochemical performance
of metal nanoparticles, metal clusters, and single atoms, with
the objective of unraveling the underlying mechanisms that con-
tribute to achieving high selectivities in the hydrogen peroxide
production. Specifically, a diverse array of catalysts was synthe-
sized utilizing an organic metal precursor impregnation method.
These catalysts were tailored to exhibit a range of sizes, enabling
us to systematically investigate the influence of size distribu-
tion on catalytic performance. To correlate the underlying mech-
anisms governing the observed performance variations with the
structural characteristics of the catalysts, we employed high angle
annular dark field high-resolution scanning transmission elec-
tron microscopy (HAADF-STEM). To further enhance our under-
standing, we utilized in situ/operando electrochemical attenu-
ated total reflection-surface enhanced infrared reflection absorp-
tion spectroscopy (ATR-SEIRAS) in order to explore the active
and selective sites present within the catalysts. To accomplish
this, we introduced carbon monoxide (CO) as a probe molecule,
strategically designed to mask any unselective catalytic sites. By
modifying the direct environment at the metal/electrolyte inter-
face, we established a correlation between the vibrational signa-
tures of CO and the specific behavior of the oxygen reduction
reaction (ORR).

2. Results and Discussion

In order to correlate the ORR activity and selectivity in rela-
tion to atomic cluster size, a series of palladium catalysts sup-
ported on carbon (designated as PdxAc/C, with x represent-
ing the Pd loading in wt.%) were prepared. The catalysts were
prepared through a wet impregnation method, utilizing palla-
dium acetylacetonate impregnated onto Vulcan XC72R carbon
support.

To ascertain the particle size distribution of the prepared
catalysts, an in-depth characterization was performed employ-
ing HAADF. Figure 1a–c and Figure 1e show the HAADF-
STEM images, accompanied by stacked histograms illustrating
the frequency size distribution and average cluster diameters.
For Pd1Ac/C, the Pd speciation revealed predominantly atom-
ically dispersed metal sites accompanied by a smaller fraction
of di/trimeric Pd species. Negligible amounts of nanoparticles
with diameters smaller than 1.2 nm were detected. The average
cluster diameters for Pd1Ac/C, Pd2Ac/C, Pd4Ac/C, and PdNPs/C
were 0.28 ± 0.26 nm, 0.43 ± 0.29 nm, 0.62 ± 0.34 nm and
2.46 ± 2.27 nm, respectively (Figure S1, Supporting Informa-
tion). In addition to Pd clusters, Pd single atoms were observed in
all samples (Figure S2, Supporting Information). These findings
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highlight the controlled synthesis of catalysts with distinct atomic
cluster sizes, allowing for a systematic investigation of their im-
pact on catalytic performance. In addition to size distribution,
the Pd content in the synthesized catalysts was quantified using
X-ray fluorescence (XRF) analysis, yielding measured values of
0.89% for Pd1Ac/C, 1.53% for Pd2Ac/C, and 3.03% for Pd4Ac/C
(Table S1, Supporting Information).

After confirming the successful manipulation of average Pd
cluster size, XRD and XPS were applied to gain a comprehen-
sive understanding of the physical and chemical properties of the
deposited Pd catalysts and their surface speciation after synthe-
sis. The XRD spectra for various as-prepared Pd atomic cluster
catalysts and acetone treated carbon are shown in Figure 1f. No-
tably, for both single atom and cluster catalysts, no discernible
diffractions corresponding to metallic Pd (JCPDS no. 46–1043)
or PdO (JCPDS no. 41–1107) were detected. The broad and weak
diffractions at ≈25° and 43° 2Theta correspond to amorphous
carbon.[25] High-resolution XPS was used to study the oxidation
state of Pd. Figure 1g showcases the Pd 3d core-level spectra for
PdxAc/C (x= 1, 2, and 4) after peak deconvolution. The XPS spec-
tra of the Pd 3d level are characterized by the spin-orbit split
components corresponding to the Pd 3d3/2 and Pd 3d5/2 dou-
blets. Analysis of the Pd 3d5/2 peaks revealed peak positions at
338.0, 338.2, and 338.3 eV for Pd1Ac/C, Pd2Ac/C, and Pd4Ac/C,
respectively, indicative of oxidized Pd species, Pd𝛿+ with 2 ≤ 𝛿

≤ 4.[26] Consistent with the XRD analysis, no secondary metallic
Pd speciation at 335.3 eV was detected.[27] To gain insights into
the embedding coordination environment of the Pd catalysts, we
included bare Pd(acac)2 as a reference in our analysis. The ob-
tained signals at 338.0 eV are in agreement with literature rang-
ing between 337.9 and 338.3 eV[27,28] validating the retention of
Pd2+ and supporting the intact deposition of the acetylacetonate
complex.[26]

To ensure the stability of the prepared catalysts during the elec-
trochemical study, we compared the initial cyclic voltammograms
of Pd1Ac/C and Pd4Ac/C in the potential range of 0.1 and 0.9
VRHE. Additionally, XPS before and after the ORR were recorded.
In Figure S3 (Supporting Information), we observed no char-
acteristic oxidation peak associated with the decomposition of
Pd(acac)2 or any other indications of Pd1Ac/C electrochemical re-
duction/oxidation, whereas Pd4Ac/C showed a minor reduction
peak, attributed to the small share of nanoparticles where surface
oxidation and reduction occurs. This is in line with the particle
size distribution shown in Figure 1e. Furthermore, in Figure S4
(Supporting Information), XPS spectra obtained after the ORR
provide additional support for the stability of the catalysts during
the electrochemical study. Specifically, Pd1Ac/C showed no sig-
nificant phase changes, with only a slight downshift of 0.08 eV
in the Pd 3d5/2 binding energy compared to the initial state. In
contrast, Pd4Ac/C displayed partial reduction to metallic Pd (Pd0)
with a binding energy of 335.7 eV, consistent with the cyclic
voltammograms shown in Figure S3 (Supporting Information).
The proportion of metallic Pd following reduction, as determined
by XPS analysis, aligns with the fraction of particles larger than
1 nm as indicated by the acquired particle size distribution. These
observations suggest that smaller-sized Pd particles below 1 nm
in the PdxAc/C, which strongly interact with the acetylacetonate
ligand, exhibit hindered reduction, while larger-sized Pd parti-
cles, over 1 nm, are more prone to reduction. Considering the

combined results of the XPS analysis after the ORR and the ab-
sence of Pd oxidation peaks in the initial current-potential curves,
we can conclude that the electrochemical reduction of Pd(acac)2
did not occur.

In order to correlate the influence of the cluster size with
its electrocatalytic performance, ORR polarization curves were
recorded in an O2-saturated 0.1 M HClO4 electrolyte between
0.1 and 0.9 VRHE at forced convection of 1600 rpm. To en-
sure consistency in the electrocatalysis experiments, a con-
stant Pd loading of 10 μg cm−2 was employed on the work-
ing electrode. The acetone-treated carbon as a reference showed
nearly no activity within the applied potential range of 0.1–0.6
VRHE as shown in Figure 2a. For PdNPs/C, the ORR polariza-
tion curves align with previous reports on palladium nanopar-
ticles with low selectivity of 7.7% toward H2O2 over the whole
potential range. The polarization curves demonstrate a well-
established diffusion limiting regime below 0.6 VRHE, indicat-
ing a 4-electron process.[29] The ORR onset potential, as de-
picted in Figure 2a, is shifted from 0.89 VRHE for Pd4Ac/C to
0.86 VRHE for Pd2Ac/C and 0.71 VRHE for Pd1Ac/C, close to
the thermodynamically expected potential of H2O2 production
( E0

O2∕H2O2
= 0.69 VSHE).

The corresponding H2O2 selectivity as determined by Equa-
tion S1 (Supporting Information), and electron transfer numbers
(denoted as n and calculated using Equation S2 (Supporting In-
formation), averaged between 0.1 and 0.5 VRHE, were plotted as a
function of the cluster size in Figure 2b. Pd1Ac/C exhibited H2O2
selectivities of 86%, while Pd2Ac/C and Pd4Ac/C produce H2O2
with 43% and 21% selectivity, respectively. The number of trans-
ferred electrons n for Pd1Ac/C was calculated to be ≈2.3 averaged
between 0.1 and 0.5 VRHE, indicating a dominant 2-electron path-
way. In contrast, Pd2Ac/C and Pd4Ac/C had n values of 3.1 and
3.6, suggesting an increased contribution from a 4-electron path-
way.

The ORR selectivity to H2O2 increases proportionally with a
decrease in particle/cluster size, which is closely linked to the
oxidation state and size of Pd. The presence of acetylacetonate
ligands might introduce geometric modifications to the metal,
which, in turn, influence the oxygen adsorption behavior on the
catalyst surface. From literature, the ligands predominantly fa-
cilitate end-on O2 adsorption on Pd.[30–32] Once O2 adsorbs in
an end-on configuration, only one reaction intermediate, OOH*,
is involved, and as a result, both catalytic activity and selectivity
are mostly determined by the binding free energy of the OOH*
intermediate.[10,33] High-resolution XPS analysis of the Pd 3d
spectrum revealed that the binding energy of Pd 3d5/2 in Pd1Ac/C
measured at 338.0 eV is higher compared to metallic Pd situ-
ated at 335.3 eV, strongly indicating an electron transfer from Pd
to acetylacetonate. This leads to modifications in the electronic
structure of Pd, which could result in a downshift of the metals
d-band center. As a consequence, the lowered d-band center influ-
ences the binding energy and impacts the adsorption/desorption
behavior of the reaction intermediate on Pd sites, potentially
weakening the binding energy of the reaction intermediate.[34–36]

As a result, the reaction primarily proceeds through the domi-
nant 2-electron pathway. While the binding energy of Pd 3d5/2
in Pd4Ac/C experienced a significant upward shift compared to
Pd1Ac/C, the catalytic behavior showed an opposite trend due to
the extended Pd surface resulting from an increase in cluster size.
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Figure 2. ORR performance of PdxAc/C catalysts. a) RRDE voltammograms obtained in an O2-saturated 0.1 m HClO4 electrolyte with a scan rate of
10 mV s−1 at 1600 rpm (only the cathodic scan is shown), together with the detected H2O2 current density on the ring electrode (upper panel) at a fixed
potential of 1.4 VRHE. The Pd loading on the electrode was fixed at 10 μg cm−2. b) H2O2 selectivity and the number of electrons derived from RRDE data.

On these surfaces, hydrogen peroxide can be further reduced to
water, thereby reducing the selectivity for H2O2 in a competitive
manner.[15–17]

As the proportion of metal clusters and nanoparticles in-
creased, the reaction increasingly favors a 4-electron transfer. To
discriminate between genuine homogeneous molecular cataly-
sis and cluster/nanoparticle catalysis, it is desirable to selectively
block one of the catalytic sites. In this regard, we employed CO
as a probe molecule. The utilization of CO as a probe draws in-
spiration from previously reported methodologies such as the
mercury poisoning test[14] and halide adsorption, [37,38] given its
robust adsorption characteristics on noble metals with extended
surfaces, including platinum (Pt) and Pd.[39]

The adsorption energies of CO are known to exhibit variability
depending on the specific interaction sites, with lower energies
typically observed for on-top binding sites, and higher energies
associated with bridge and hollow sites.[40–42] Qiao et al. inves-
tigated the nature of single atom Pt supported on FeOx by em-
ploying in situ IR spectra of CO adsorption complemented by
DFT calculation. The authors observed that CO adsorption on
single Pt𝛿+ atoms is weak and partially reversible. In contrast,
on Pt-dimers or Pt clusters, CO adsorption in a bridge-bonded
configuration was found to be irreversible, persisting even after
evacuation in vacuo.[43] This distinct difference in CO adsorption
behavior allowed for the selective blocking of active sites on larger
Pd clusters (Pdx, x > 2). Consequently, this approach enables the
estimation of catalytic performance specifically attributed to iso-
lated Pd single atoms.

To mitigate electrochemical oxidation of adsorbed CO, the
ORR measurements were conducted within a narrow poten-
tial window of 0.1 to 0.5 VRHE, as illustrated in Figure 3a and
Figure 3b. Upon CO adsorption on the catalyst surface, the mass-
normalized current taken at 0.4 VRHE for Pd1Ac/C exhibited a
partial decrease from 0.20 to 0.11 mA μg−1. Simultaneously, the
selectivity was significantly enhanced to 95%. Similar trends
were observed for Pd2Ac/C, Pd4Ac/C, and the reference PdNPs/C,
where the ORR activity decreased while the H2O2 selectivity in-
creased, reaching values of 95%, 96%, and 92%, respectively. A
decrease in mass normalized current was observed for Pd2Ac/C
and Pd4Ac/C, ranging from 0.36 to 0.08 and from 0.43 to
0.05 mA μg−1. In contrast, the reference catalyst PdNPs/C exhib-

ited a substantial decrease in activity from 0.10 to 0.02 mA μg−1,
which is likely due to the coverage of CO on the extended surface
of Pd. For PdxAc/C, the modified catalytic performance and ma-
nipulated reaction path from 4e− to 2e− ORR can be attributed
either to the exposure of only active sites of Pd single atom,
achieved by fully blocking the active site of clusters in the mixed
single atom and cluster system, or to the interaction not only with
the active sites of Pd single atoms but also with the partially un-
blocked active site of clusters. While it is challenging to deter-
mine whether the adsorbed CO fully or partially covers the ac-
tive sites of clusters, we believe that the presence of acetylaceto-
nate ligands hinders oxygen access to the unblocked active sites
of the clusters that might remain after CO adsorption. In the case
of partially reduced metallic Pd in the bigger sized clusters after
ORR, as demonstrated in Figures S3 and S4 (Supporting Infor-
mation), the unblocked sites, on which CO is relatively weakly
adsorbed, can also contribute to changing the reaction pathway
due to the absence of steric effects caused by acetylacetonate lig-
ands. However, as depicted in Figure 3a, metallic Pd nanoparti-
cles significantly lost their activity after CO adsorption. Based on
this observation, the contribution of reduced metallic Pd derived
from the bigger sized clusters after ORR to the manipulated reac-
tion pathway is minuscule compared to that from the single Pd
atoms. As a result, we can cautiously conclude that the altered
reaction pathway observed after CO adsorption primarily origi-
nates from the single atom Pd surfaces, where their active sites
remain in the mixed single atom and cluster system of PdxAc/C.
This observed selectivity of CO to selectively block active sites on
extended surfaces, thereby leaving only single sites as catalytic
centers, provides valuable insights in how to deliberately modu-
late the ORR performance. Consequently, there is a reduction in
electron transfer to 2.1 for all PdxAc/C catalysts which is consis-
tent with the proposed mechanistic model.

In Figure S5 (Supporting Information), the CO stripping be-
havior is shown for our different catalyst systems. We note a
minimal CO stripping peak, indicating that there is limited hin-
drance in CO adsorption and that CO ad/desorption on the ac-
tive sites of single atoms is reversible and weak, thereby support-
ing our initial hypothesis. As the size of the clusters increases,
the CO stripping peaks become more pronounced indicating a
higher share of extended surfaces. However, relying solely on the
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Figure 3. Effect of CO adsorption on PdxAc/C catalysts. a) Comparison of ORR activities (before and after CO adsorption) at 0.4 VRHE measured by
RRDE in an O2-saturated 0.1 m HClO4 electrolyte from 0.1–0.5 VRHE at 1600 rpm. b) H2O2 production selectivity and the number of electrons estimated
by RRDE measurements. c,d) Series of time-dependent in-situ/operando EC ATR-SEIRAS spectra collected during CO adsorption at −0.2 VRHE and ORR
at applied potential in 0.1 m HClO4 for Pd1Ac/C (left panel (c)) and Pd4Ac/C (left panel (d)) and response of the integrated band areas for COatop and
CObridge during the ORR (right panel (c,d)).

interpretation of the CO stripping behavior has its limitations.
These curves provide information about the total amount of ad-
sorbed CO on extended surfaces but do not offer precise insights
into the extent of blockage for different-sized PdxAc/C catalysts.

To overcome this limitation and gain deeper understanding
regarding the influence of CO adsorption on catalytic perfor-
mance, we employed in-situ/operando EC ATR-SEIRAS for both
Pd1Ac/C and Pd4Ac/C catalysts. This technique allows us to ob-
tain more comprehensive insights into the impact of CO adsorp-
tion on the catalysts’ behavior. Both catalysts were selected as
they exhibit the highest proportion of single atoms (Pd1Ac/C) or
clusters (Pd4Ac/C), respectively. The obtained spectra, as shown
in Figure 3c, d, and Figure S4 (Supporting Information), reveal
distinctive CO absorption features. The observed high-frequency
peaks in the range of 2150–2000 cm−1 indicate linearly bonded
CO on atop Pd atoms. In contrast, the low-frequency peaks
observed in the range of 2000–1800 cm−1 correspond to CO
species bound in bridge position (2000–1895 cm−1) or in three-
fold coordination (1920–1830 cm−1) on extended Pd surfaces or
clusters.[44]

The left panel of Figure 3c, two prominent CO bands are ob-
served at frequencies of 2040 cm−1 and 1939 cm−1. These bands
are assigned to linearly bonded CO (COatop) on atop sites of Pd
single atoms and bridge-bonded CO (CObridge) on Pd clusters in
Pd1Ac/C. This observation was made during the introduction of
CO into the electrolyte and the subsequent CO adsorption pro-
cess at a potential of −0.2 VRHE. No threefold bound CO species
were detected. For Pd4Ac/C, as depicted in Figure 3d, both COatop

and CObridge are present, appearing at frequencies of 2041 and
1939 cm−1, respectively. While the intensity of COatop and CObridge
is relatively similar for Pd1Ac/C, the CObridge peak is notably more
intense than the COatop peak for Pd4Ac/C. This observation sug-
gests a higher proportion of clusters or nanoparticles in the cat-
alyst, consistent with our electron microscopy findings. The ob-
served 1 cm−1 blue shift in the COatop band of Pd4Ac/C compared
to Pd1Ac/C indicates a small variation in dipole–dipole coupling
or the electronic structure of Pd.[45] As expected, the peak posi-
tions of COatop and CObridge exhibit a blue shift with increasing
positive applied potential for both Pd1Ac/C and Pd4Ac/C, a phe-
nomenon known as the vibrational Stark effect.[46]

In the right panels of Figure 3c,d, the effect of introducing
O2 at the applied potential, on the CO bands is observed. For
Pd1Ac/C, the relative area of the COatop band decreases signifi-
cantly by 37% upon O2 introduction. On the other hand, Pd4Ac/C
exhibited only a slight decrease in relative area indicating a time
dependency of CO desorption at loosely bound single atom cen-
ters in the presence of O2. In contrast to the behavior of COatop,
the relative CObridge band intensity remains largely unchanged
during the ORR for both catalysts, indicating that CObridge is a
more irreversibly adsorbed species that blocks the active sites of
the cluster surface and hinders the initiation of the ORR.

The quantification of the COatop to CObridge peak ratio allows
for the estimation of the relative populations of Pd single atoms
and cluster/nanoparticles on the surfaces of PdxAc/C catalysts.
As depicted in Figure 4a, following a 15-min CO adsorption pe-
riod, integrated area ratio of COatop to CObridge is found to be 0.76

Adv. Mater. Interfaces 2023, 10, 2300647 2300647 (5 of 7) © 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH



www.advancedsciencenews.com www.advmatinterfaces.de

Figure 4. a) Correlation between the band area ratio of COatop to CObridge with the frequency of Pd single atoms and clusters in the catalysts and
b) H2O2 selectivity before (pristine) and after deactivation (isolated Pd atoms) of the clusters by CO.

for Pd1Ac/C and 0.17 for Pd4Ac/C. These ratios align well with
the particle size distribution analyzed by STEM. This correlation
indicates that a higher proportion of COatop is present when the
catalysts consist of a larger proportion of single atoms, as ob-
served in Pd1Ac/C, which exhibits higher mass activity following
CO adsorption.

By correlating the relative abundance of COatop and CObridge to
the product selectivity (Figure 4b), a greater population of COatop
promotes the preferential reduction of O2 to H2O2. The presence
of predominantly adsorbed CO on bridge sites shifts the ORR
toward the production of H2O at Pd single atoms and Pd clus-
ters. The introduction of CO as a blocking agent on the catalyst
surface enables the selective deactivation of specific sites on Pd
improving the H2O2 selectivity up to 95% and 96% for Pd1Ac/C
and Pd4Ac/C, respectively. By manipulating the adsorption be-
havior of CO, it becomes possible to isolate Pd single atoms and
effectively modulate the ORR pathway, favoring the production
of H2O2.

3. Conclusion

We have shown how sub-nanometer sized Pd particles can be
engineered to have high selectivity toward H2O2. To discrim-
inate between genuine homogeneous molecular catalysis and
cluster/nanoparticle catalysis, a new methodology based on CO
as probe molecule was introduced. This approach effectively pre-
vented the over-reduction to H2O allowing for the quantification
of single atom active sites, while at the same time modulate the
performance of the active species. In-situ/operando electrochem-
ical infrared spectroscopy revealed the substantially different ad-
sorption behavior of CO on single and cluster sites as well as
on extended surfaces on nanoparticles. Notably, a single atom-
based catalyst demonstrated selectivities up to 96% in rotating
ring disk electrode measurements over the potential range be-
tween 0.1 and 0.5 VRHE. This unique performance arises specifi-
cally from the high amount of COatop adsorption and the lack of
CObridge sites. By leveraging the ability to control the size, compo-
sition, and environment of metal clusters and single atoms, we
can devise promising design strategies for sustainable and effi-
cient catalytic processes.
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