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1. Introduction

In the ongoing global process of 
decarbonization toward a sustainable 
future,[1,2] hydrogen has been exten-
sively regarded as a sustainable, next-
generation energy carrier due to its 
high energy density. Additionally, it is 
a carbon-free fuel, which can in prin-
ciple be generated by water electrolysis 
all over the world.[3–5] To realize such 
a hydrogen-based economy,[6–8] it is 
imperative to gain a fundamental under-
standing of the interaction of hydrogen 
with (metal) catalysts. Evaluating these 
electrode materials’ stability, activity, 
and selectivity is a key step to improving 
the hydrogen reaction kinetics. In par-
ticular, the structure–activity relation of 
interfacial electrode/electrolyte interac-
tions are crucial for various technolog-
ical applications that include hydrogen 

storage,[9,10] hydrogen sensing,[11,12] hydrogenation/dehydro-
genation,[13,14] hydrogen purification/separation,[15,16] and 
electrocatalysis.[17–19]

Due to this expanding range of applications, especially 
hydrogen-metal systems have increasingly come to the forefront 
of the research community; more precisely, the interaction of 
hydrogen with metal catalysts such as platinum (Pt), palladium 
(Pd), or nickel has been extensively studied using a variety of 
experimental and computational techniques.[20–22] Among these 
metal catalysts, Pd has received a significant research interest 
for the study of metal-hydrogen interaction, as it can readily 
absorb large volumetric quantities of hydrogen at accessible 
temperatures and pressures, possesses a high hydrogen diffu-
sion coefficient, and promotes a facile dissociation of hydrogen 
molecules at the surface.[23–26] Pd-based systems have previ-
ously been studied through both experimental techniques 
such as low-energy electron diffraction (LEED),[27–29] electron 
energy loss spectroscopy (EELS),[30,31] thermal desorption spec-
troscopy (TDS),[32] X-ray diffraction (XRD),[33] X-ray photoelec-
tron spectroscopy (XPS);[34] and theoretical approaches such as 
semiempirical approaches like embedded-cluster methods[35] 
or effective-medium models[36] and ab initio methods based 
on density functional theory (DFT).[37,38] These reports, among 

The structure–activity relationship is a cornerstone topic in catalysis, which lays 
the foundation for the design and functionalization of catalytic materials. Of 
particular interest is the catalysis of the hydrogen evolution reaction (HER) by 
palladium (Pd), which is envisioned to play a major role in realizing a hydrogen-
based economy. Interestingly, experimentalists observed excess heat generation in 
such systems, which became known as the debated “cold fusion” phenomenon. 
Despite the considerable attention on this report, more fundamental knowledge, 
such as the impact of the formation of bulk Pd hydrides on the nature of active 
sites and the HER activity, remains largely unexplored. In this work, classical 
electrochemical experiments performed on model Pd(hkl) surfaces, “noise” elec-
trochemical scanning tunneling micro scopy (n-EC-STM), and density functional 
theory are combined to elucidate the nature of active sites for the HER. Results 
reveal an activity trend following Pd(111) > Pd(110) > Pd(100) and that the forma-
tion of subsurface hydride layers causes morphological changes and strain, which 
affect the HER activity and the nature of active sites. These findings provide signifi-
cant insights into the role of subsurface hydride formation on the structure–activity 
relations toward the design of efficient Pd-based nanocatalysts for the HER.
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others, have identified the preferred adsorption/absorption 
-sites, -geometries, and -energies, surface diffusion, and elec-
tronic structures of H chemisorption on Pd(111), Pd(100), and 
Pd(110) surfaces. More interestingly, experimentalists observed 
an anomalous generation of excess heat in the Pd-catalyzed 
electrochemical hydrogen evolution reaction (HER), which 
later became known as the highly debated “cold fusion”.[39–41] 
Despite the tremendous research interest that emerged from 
such reports, still, many questions concerning the structure–
activity relation for hydrogen reactions on Pd surfaces remain 
unresolved. In particular, there is a lack of a comprehensive 
understanding of the dynamic behavior and surface mobility 
of Pd, the effect of subsurface hydride formation and lattice/
surface strain on the HER activity, as well as the stability of the 
surface under HER conditions.

In this work, experimental and theoretical tools were used to 
assess the complexity and dynamics of such Pd-hydrogen sys-
tems, focusing on the low-indexed basal planes Pd(111), Pd(110), 
and Pd(100) as well as on the stepped Pd(211) surface. For this 
purpose, findings of XRD, electrochemical impedance spectros-
copy (EIS), “classical” electrochemical activity and electrochem-
ical scanning tunneling microscopy (EC-STM) measurements 
as well as DFT-based calculations were combined, leading to a 
bigger picture of hydrogen-induced changes in the lattice strain, 
diffusion behavior, electrochemical activity, and the morphology 
of the Pd surface. Correspondingly, we present the 3-state free 
energy diagrams for HER activities on the Pd basal planes with 
different numbers of Pd hydride sublayers as well as the effect 
of the surface coverage on the areal strain. The resulting trans-
formation of the surface morphology and the consequent influ-
ence on the active sites are experimentally shown in detail for 
Pd(111) and Pd(100) by using “noise” EC-STM (n-EC-STM).[42,43] 
For this purpose, the nature of active sites of both Pd single 
crystals is elucidated before and after hydrogen absorption. To 
the best of our knowledge, this work reports for the first time 
the HER activity trends for different Pd(hkl) model systems 
obtained from systematic measurements and calculations that 
take into account the effect of subsurface hydride formation 
in structure–activity relations. These findings contribute to a 
better understanding of the complex and dynamic processes at 
the Pd surface and sublayers in correlation with hydrogen ad- 
and absorption.

2. Results and Discussion

In the following, several theoretical and experimental tools are 
applied to investigate the nature of hydrogen ad- and absorp-
tion on the single crystalline Pd planes (111), (110), (100), and 
(211).

2.1. Hydrogen Absorption Behavior, Surface Mobility of Pd, 
Reaction Mechanism, and Kinetics

To compare the relative stabilities of the Pd(111), Pd(100), 
Pd(110), and Pd(211) surfaces, their surface energies were cal-
culated. The computational details are provided in Section S1 
(Supporting Information). The obtained surface energies are 

0.132, 0.150, 0.145, and 0.147 eV Å−2 for pristine Pd(111), Pd(110), 
Pd(100), and Pd(211) surfaces, respectively, and indicate that the 
Pd(111) surface is the most stable, followed by the Pd(100) sur-
face. Furthermore, the stepped Pd(211) surface is more stable 
than the Pd(110) surface. This is reasonable as the Pd(211) sur-
face is composed of Pd(111) terrace sites and a step that has a 
Pd(100) character, while the Pd(110) surface has a more open 
structure. Note that the order of these three low-index surface 
energies, [Pd(111) < Pd(100) < Pd(110)], is in good agreement 
with the results from previous theoretical studies on the sur-
face energies of the fcc-metals.[44,45] Our finding indicates that 
the Pd(111) surface is expected to be the most dominant surface 
in a Pd nanostructure.

Next, the electrochemical behavior of the annealed Pd(hkl) 
model surfaces was investigated using a cyclic voltammetry 
method. Cyclic voltammograms (CV) were recorded and com-
pared for the Pd(111), Pd(110), and Pd(100) surfaces in a poten-
tial range between 0.2 and 1.2 V versus a reversible hydrogen 
electrode (VRHE) in Ar-saturated 0.1 m HClO4. A continuous 
change of the CV shapes was observed over time until the 
system stabilized after more than 30 cycles (Figure S2, Sup-
porting Information). Previous literature[23–26,46] suggests that 
hydrogen adsorption and absorption play a pivotal role. The 
interplay of these processes is assumed to explain the dynamic 
behavior (morphological changes) of the Pd surfaces, which 
occurred under electrochemical reaction conditions. Therefore, 
only the first cycles of the typical CVs (Figure 1a–c) are consid-
ered to be representative for the freshly annealed surfaces of Pd 
single crystals. Since the recorded CVs are in good agreement 
with the literature data,[47,48] the successful preparation of well-
defined single crystalline surfaces was confirmed. It should be 
noted that further measurements were performed with the as-
prepared (freshly annealed) surface, while the number of cycles 
was reduced to the minimum to avoid surface reconstruction.

For further evaluation of the adsorption and subsequent 
absorption process, the hydrogen under-potential deposition 
(HUPD) region was closely examined. For this, the anodic and 
cathodic peaks were integrated and compared as shown in 
Figure 1a–c. On the freshly annealed Pd(111), the cathodic scan 
yielded an integrated charge (Qc) of ≈290 µC cm−2 (Figure 1a). 
For comparison, one monolayer (ML) of adsorbed hydrogen 
on Pt(111) corresponds to a charge of ≈240 µC cm−2.[49,50] Due 
to the observed charge, higher than the theoretically expected 
value for 1 ML of hydrogen, indicates that a possible absorp-
tion of adsorbed protons might have occurred. In contrast, the 
integrated anodic scan (Qa) on Pd(111) returned only a charge 
of ≈225 µC cm−2. This implies that only ≈78% (Qa/Qc  = 0.78) 
of the protons got oxidized during the anodic scan, and there-
fore ≈22% was absorbed into the bulk. The highest hydrogen 
absorption was detected for Pd(110), as visible in Figure  1b. 
Here, only ≈69% of the produced hydrogen got oxidized during 
the anodic scan, meaning that ≈31% was absorbed into the 
bulk. The total value of the integrated cathodic scan of this 
crystal was ≈145 µC cm−2, so half of the one for Pd(111). A pos-
sible explanation for this could be a lower number of available 
active sites. For the freshly annealed Pd(100) only ≈12% of the 
produced hydrogen was absorbed into the bulk in the first cycle 
(Figure  1c). This results in an adsorption/desorption ratio of 
Qa/Qc = 0.88. In summary, this electrochemical behavior of the 
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Pd surface can indicate that even after a single electrochemical 
cycle, a certain amount of hydrogen absorbs into the Pd bulk.

The Tafel plots in Figure  1d present the activity trend of 
the Pd(111), (110), and (100) surfaces for the HER, using an 
experimentally estimated exchange current density (j0), as 
discussed below. Tafel plots as well as Tafel slopes are typi-
cally used to identify the rate-determining step of the HER. In 
particular, Tafel slope values of 30, 40, and 120 mV dec−1 are 
typically associated with Tafel, Heyrovsky, and Volmer as pos-
sible rate-determining steps (RDS), respectively.[51] However, 
in reality, the Tafel slopes frequently change over the potential 
and do not always adopt one of the theoretical values, which 

makes it difficult to determine the RDS. Remarkably, for both 
Pd(111) and Pd(110) the estimated Tafel slope values were 
equal to 150 mV dec−1, while for Pd(100), it was found to be 
≈80 mV dec−1. This finding indicates that the energetic and 
geometrical properties of the most active sites on Pd(111) and 
Pd(110) could be similar, while they are different from these of 
Pd(100). The exchange current densities of the Pd electrodes 
were calculated by extrapolating the Tafel plots. The values of 
≈2.108, ≈1.145, and ≈0.094 mA cm−2 for Pd(111), Pd(110), and 
Pd(100), respectively, were estimated. Additionally, we calcu-
lated the exchange current densities by DFT and rendered a vol-
cano plot, as shown in Figure S3 (Supporting Information). The 
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Figure 1. The first scans of the CVs of the annealed a) Pd(111), b) Pd(110), and c) Pd(100) single crystals in Ar-saturated 0.1 m HClO4 recorded at a 
scan rate of 50 mV s−1. d) Tafel plots of the HER activity on the Pd(111), (110), and (100) single crystals, recorded in H2-saturated 0.1 m HClO4 with a 
scan rate of 50 mV s−1. e) Grazing-incidence XRD patterns of single-crystalline Pd(111) before and after HER (6 cycles) indicate peak shifts from the 
pristine Pd electrode to PdH0.72.
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experimentally observed trend was confirmed by these theoreti-
cally obtained results, which will be presented in the following.

The influence of the absorbed hydrogen on the lattice para-
meter was investigated by XRD measurements for the most 
active Pd single crystal, i.e., Pd(111). For this purpose, XRD pat-
terns were recorded for the pristine sample and for the sample 
after six cycles of HER (Figure 1e). The results indicated a lat-
tice parameter of 3.89 Å before the HER and about 4.07 Å after 
the HER, corresponding to an H:Pd ratio of about 0.72 (extrapo-
lated on the basis of data from ref. [52]). This corresponds to a 
relative lattice expansion of ≈4.6%, suggesting an increased sur-
face strain. Investigations of the surface strain and its effects on 
the morphology and local electrochemical activity are discussed 
in Section 2.3.

Further, EIS was applied to investigate the reaction mecha-
nism and kinetics at the Pd single crystal surfaces. For this pur-
pose, spectra were recorded at −30 mVRHE allowing to probe the 
electrified interface during the HER, without significant noise 
that could be caused by stochastic surface blockage by H2(g) 
at higher overpotentials. Figure 2a–c shows the EIS spectra of 
Pd(111), Pd(110), and Pd(100), respectively. The Nyquist plots 
of the three investigated surfaces have a similar shape, con-
sisting of an almost perfect semicircle in the high-frequency 
regime and a transition to an ≈ 45° regime at lower frequencies. 
The latter indicates some diffusion limitations of the reaction 
kinetics.

In a previous work,[53] we showed a model to analyze the 
dominating reaction mechanism on Pt surfaces. With this, a 
distinction can be made between the Volmer–Heyrovsky mech-
anism and the Volmer–Tafel mechanism. Briefly, the Faradaic 
part of the equivalent electrical circuit (EEC) consists of one 

branch reflecting the reaction kinetics of the Volmer–Heyrovsky 
and another reflecting the kinetics of the Volmer–Tafel mecha-
nism. The former consists of a charge transfer resistance, in 
series with an adsorption capacitance and adsorption resistance 
in parallel, while the Volmer–Tafel branch consists of only a 
charge transfer resistance and a Warburg diffusion element.[53] 
Applying the same EEC to the impedance spectra of the Pd sur-
faces shown in Figure 2a–c, it was possible to fit them appro-
priately. However, the charge transfer resistance of the Volmer–
Heyrovsky branch is extremely high, and the adsorption 
capacity is rather undefined values. The relatively high charge 
transfer resistance indicates that the reaction kinetics of this 
branch is comparatively slow. Further, the large uncertainties of 
the adsorption capacitance imply that this parameter contrib-
utes only little to the overall fitting. This, and the fact that an 
excellent fit of the impedance is achieved with only the Volmer–
Tafel branch, show that the Volmer–Heyrovsky mechanism 
plays a subordinate role at most. Therefore, the equivalent cir-
cuit shown in Figure 2d was used for further analysis. Applying 
this EEC, the root-mean-square deviation of the fitting is less 
than 1%. Further, individual parameters show low uncertain-
ties, which asserts the accuracy of the model for describing the 
impedance response of the electrochemical system. The appli-
cability of this EEC indicates the Volmer–Tafel and or the direct 
absorption of protons as the dominating mechanism for the Pd 
surfaces at low overpotentials. Note that the EEC for both pro-
cesses is indistinguishable. In any case, most of the generated 
hydrogen was directly absorbed as no formation of hydrogen 
bubbles was detected.

To further analyze the electrified interface, we focus on 
the parameters of the Faradaic branch: the charge transfer 
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Figure 2. Impedance data of different Pd single crystal surfaces recorded in Ar-saturated 0.1 m HClO4 electrolyte, represented as Nyquist plots. 
a–c) shows spectra of the Pd(111), Pd(110), and Pd(100), respectively. Open symbols represent measured data points, and the line corresponds to fit-
ting using the EEC shown in (d). The EEC consists of a constant phase element to fit the response of the electrochemical double layer and a charge 
transfer resistance in series with a Warburg element, accounting for reaction kinetics and mass transfer.
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resistance Rct and the Warburg coefficient AW.[54] The ratio 

of both parameters was determined as A

R tt

W

c

  ≈0.02412 s−0.5, 

≈0.02695 s−0.5, ≈0.02392 s−0.5 for Pd(111), Pd(110), and Pd(100), 
respectively. As shown in Section S4 in the Supporting Informa-
tion, this allowed to roughly estimate the H coverage of Pd(111), 
Pd(110), and Pd(100) as ≈ 0, 0.3–0.4, and ≈ 0.95, respectively. 
This indicated that Pd(111) and Pd(110) have a rather low sur-
face coverage while the surface of Pd(100) was almost entirely 
covered.

2.2. In Situ Active Site Investigation of as-Prepared Pd Surfaces

After verifying a well-defined surface structure, n-EC-STM was 
employed to elucidate the nature of active sites of the freshly 
annealed Pd. Note that “freshly annealed” means annealed 
according to Section 4, without any previous CV measurements 
before the experiment. Standard STM measurements of these 
freshly annealed single crystals are illustrated in Figure S4 of the 
Supporting Information. On both crystals, completely flat areas 
and sections with a roughness of approximately the height of 
one Pd atom were found (cf. Figure S4, Supporting Informa-
tion). These measurements further confirm the surface quality. 
More details on the working principle and applications of the 
n-EC-STM technique can be found in Section  4 as well as in 
previous literature.[42,43,55–59] In short, the level of noise in the 
STM signal under reaction conditions serves to identify the 
active sites experimentally. As the reaction causes perturbations 
of the tunneling barrier, noise spikes will superimpose active 
areas in the images. In contrast, nonactive areas will be rather 
noise-free. Since the catalytically best and the worst performing 
crystals were Pd(111) and Pd(100) (Figure  1d), respectively, 
we employed the method to these surfaces, starting with the 
freshly prepared samples.

To choose adequate potentials for HER “On” and “Off,” 
potential sweeps were carried out in the STM set-up against a 
Pt quasi−reference electrode (RE) (Figure S5, Supporting Infor-
mation). For HER “On,” the potential was chosen between −0.7 
and −0.8 V versus Pt (VPt) in order to maintain a low reaction 
rate and thus minimize possible morphological changes. For 
HER “Off” the potential was set to 0.0 VPt, as here the cur-
rent is practically zero. Figure 3a shows a typical noise meas-
urement on Pd(111) in 0.1 m HClO4. Four steps of different 
heights are visible, separating two atomically flat terraces (com-
pare Figure S6, Supporting Information). Multiple line scans 
(height profile in fast scan direction) were extracted near the 
border of the potential change from “On” (black) to “Off” (red) 
and were stacked on top of each other for comparison. The dif-
ferent noise levels imply that the highest activity on the Pd(111) 
surface can be found on step edges, while the terraces are less 
active. As expected, for reaction “Off,” the STM signal is noise-
free, ensuring that the evaluated noise indeed stems from reac-
tion processes instead of, e.g., shot noise or thermal noise. In 
addition, it is important to note that the captured step edges 
exhibited different noise levels, as demonstrated by the histo-
grams in Figure  3b. More information on the noise analysis 
can be found in Section 4; and in Section S7 of the Supporting 
Information.

A similarly high step separating two terraces is visible in 
Figure  3c on freshly annealed Pd(100). An additional image 
showing a larger scale of this image can be found in Figure S7 
(Supporting Information). Near the upper part of the step edge, 
some distinct noise spikes appeared for HER “On,” and all the 
noise disappears for HER “Off.” The right lower graph shows 
the difference between an active site at the step (black) and an 
adjacent nonactive site (red), both for reaction “On.” The noise 
features were only observed at a few positions along the edge, 
which indicates a low density of active sites and, therefore, a 
low impact of the steps on the overall surface activity. Addition-
ally, the noise was detected homogeneously across the terraces, 
which indicates activity all over the sample. The behavior of the 
terraces was further analyzed in the histograms in Figure  3d, 
showing a broader curve for the HER “On” data compared to 
HER “Off.” It is important to note that a direct comparison 
of the terraces on Pd(111) and Pd(100) in Figure 3d is not pos-
sible due to specific individual experimental conditions, e.g., 
the shape and noise sensitivity of the STM-tip vary between 
individual measurements. However, a clear trend in the noise 
behavior of each measurement is observable. Unfortunately, 
STM is not able to detect the orientation of the step sites under 
these conditions. Note that only the low-index planes of Pd were 
investigated experimentally. The inclusion of Pd(211) in the 
theoretical considerations merely served as a model system for 
the step sites on the Pd surfaces that were observed especially 
in the n-EC-STM measurements. Nevertheless, we can assume 
that the differences in local activity for different step sites may 
originate from differences in local coordination or orientation.

2.3. The Strain Effect on the HER Activity

Since we observed hydrogen absorption during the experi-
ments, together with an alteration of the surface lattice para-
meter from XRD measurements, the Pd hydride formation 
was further investigated using DFT calculations. It has been 
found from neutron diffraction studies that the hydrogen 
atoms in Pd hydride randomly occupy the octahedral inter-
stices in the Pd-metal lattice.[60,61] This result is also sup-
ported by DFT studies.[62] For this reason, the formation of a 
Pd hydride (PdHx) was investigated by initially populating the 
octahedral sites of an fcc bulk Pd crystal, followed by the tet-
rahedral sites. That is, the hydrogen atoms occupy the octahe-
dral interstices only for x ≤ 1. The calculated formation energies 
shown in Figure S8 (Supporting Information) indicate that the 
most stable Pd:H ratio is 1:1, in agreement with other DFT 
studies.[62,63] Interestingly, all PdHx crystals with x  < 1.50 are 
energetically feasible (i.e., formation energy is negative). This 
suggests that the hydrogen atoms in a PdHx can stably occupy 
both the octahedral and tetrahedral interstices. After all the octa-
hedral interstices are occupied (x = 1), the additional hydrogen 
atoms can stably reside in the tetrahedral interstices for up to 
a Pd:H ratio lower than 1.50. Moreover, the calculated lattice 
constant of 3.891 Å for pure Pd is in good agreement with the 
experimental result, where the lattice constant of the pristine 
Pd(111) surface determined by XRD (Figure  1e) was 3.890 Å. 
Under electrochemical conditions, the DFT-calculated Pourbaix 
diagram for bulk PdHx (Figure S9, Supporting Information) 
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shows that in the region around the equilibrium potential and 
pH for the HER, the most stable Pd:H ratio is 1:1. This agrees 
with the earlier noted result that such a Pd:H ratio is the most 
thermodynamically stable (Figure S8, Supporting Information). 
For a particular pH, shifting the electrode potential into more 
negative values increases the amount of hydrogen in bulk. The 
details for the calculation of the Pourbaix diagram are provided 
in Section S9 (Supporting Information).

Additionally, it is interesting to evaluate the effect of the 
formation of PdH sublayers on the stability of the Pd model 
surfaces. To this end, the surface energies of Pd(111), Pd(110), 
Pd(100), and Pd(211) surfaces containing different numbers of 
PdH sublayers were examined. First, we investigated the most 
stable absorption configuration of the H in the subsurface, 
where the Pd(111) surface was taken as a representative system 
as it is the close-packed structure, which is the most stable 
among the other more open surfaces. In this regard, the absorp-
tion energies of three possible H absorption sites, namely, 

octahedral site, upper tetrahedral site, and lower tetrahedral site 
were calculated for the Pd(111) surface, as shown in Figure S10 
(Supporting Information). Here, it can be seen that H is most 
strongly absorbed in the octahedral site, followed by lower and 
upper tetrahedral sites. Therefore, all surfaces containing zero 
to four PdH sublayers with H atoms at the octahedral sites 
were considered to calculate the surface energies. As demon-
strated in Figure S1 (Supporting Information), the surface ener-
gies for Pd(111), Pd(110), Pd(100), and Pd(211) surfaces decrease 
as the number of PdH subsurface layer increases. This result 
indicates that the surfaces containing hydrogen subsurfaces are 
more stable than the corresponding clean surfaces. Therefore, 
it is crucial to examine the HER activity of the surfaces with dif-
ferent numbers of PdH sublayers in the model systems. To this 
end, we investigated the hydrogen atom adsorption (H*; where 
“*” denotes a surface-bound species) on the Pd(111), Pd(110), 
Pd(100), and Pd(211) surfaces containing different numbers 
of PdH subsurface layers in the near-surface region, with a 
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Figure 3. n-EC-STM measurements of freshly annealed Pd(111) and Pd(100) in 0.1 m HClO4 for the HER turned “On” at −0.7 VPt and “Off” at 0.0 VPt. 
a) 3D n-EC-STM image of Pd(111) and corresponding line scans, which were extracted close to the potential change from HER “On” (black) to HER 
“Off” (red). According to noise spikes, we observed active step sites and inactive terraces. b) Histograms of the signal derivatives at the vicinity of 
the three step edges, color code according to the background of the line scans in (a). A high noise level yields a broad and low-intensity histogram 
(see details in text). c) Multiatomic step on an otherwise atomically smooth Pd(100) surface. Here, under HER “On” conditions, the terraces exhibited 
electrocatalytic activity. The highest activity was found scattered along the upper step edge. In the inset, the adjacent line scans for HER “On” illustrate 
the difference in the noise level if high noise (black) or no noise (red) appears at the step. d) Histograms of the lower terrace of Pd(111) in (a) and the 
upper terrace of Pd(100) in (c), showing increased activity for HER “On.”
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1:1 Pd:H ratio and with H atoms at the octahedral sites. The 
most stable H adsorption configuration for all four Pd surfaces 
was explored by comparing the adsorption energies of H* at 
the high symmetry sites of these surfaces (see Figure S11, Sup-
porting Information). As reported in Tables S1–S4 (Supporting 
Information), H* is most stable at the fcc hollow site, pseudo-
threefold site, fourfold hollow site, and fcc hollow site for the 
Pd(111), Pd(110), Pd(100), and Pd(211) surfaces, respectively. All 
of these identified stable adsorption sites for H* agree with pre-
vious theoretical studies.[64,65] Accordingly, the adsorption ener-
gies of H* on different Pd surfaces with different numbers of 
PdH sublayers were calculated in the most favorable adsorption 
sites. Before investigating the HER activity on all surfaces with 
hydrogen subsurfaces, we remark on the diffusion mechanism 
of the adsorbed H atom on the surface and in the subsurfaces 
(up to the fourth subsurface layer) to understand the behavior 
of the H atom after adsorbing on the surface. Here, the Pd(111) 
surface was taken as a representative system for H diffusion, 
where the diffusion path of the H atom passes through the 
fcc hollow site on the surface, then through the first, second, 
third, and fourth octahedral (O) sites in the subsurfaces (see 
Figure S12a, Supporting Information). We carried out climbing 
image nudged elastic band (CI-NEB) calculations to determine 
the minimum energy path and the corresponding diffusion bar-
rier. The energy profile of the considered diffusion path of the 
H atom is illustrated in Figure S12b (Supporting Information). 
According to this diagram, the H atom has to overcome a bar-
rier of 0.53 eV to move from the fcc hollow site on the surface 
to the first subsurface O site. This result is consistent with the 
previous theoretical study where the diffusion barrier obtained 
by the DFT potential energy surface was found to be 0.57 eV.[66] 
For the subsequent steps, the H atom diffuses from the first 
subsurface O site (1st sub O) to 2nd sub O, from 2nd sub O to 
3rd sub O, and from 3rd sub O to 4th sub O, with barriers of 
0.38, 0.31, and 0.21 eV, respectively. The H diffusion barrier of 
0.21 eV from 3rd sub O to 4th sub O, i.e., passing through the 
bulk region is in good agreement with the experimental value 
of 0.23 eV for the H diffusion barrier in the Pd bulk.[67]

We now turn to evaluate the HER activity on the Pd(111), 
Pd(110), Pd(100), and Pd(211) surfaces with zero to four PdH 
sublayers. In terms of hydrogen electrocatalysis, the Gibbs 
free energy change of hydrogen atom adsorption, ΔGH* is a 
widely accepted descriptor for the HER activities of various 
catalysts,[68] where a value of ΔGH* that is close to zero (ther-
moneutral) indicates a good catalyst for the HER. To obtain 
ΔGH*, we considered the hydrogen adsorption step (Volmer 
reduction) on surfaces with and without PdH subsurface layers, 
evaluated at USHE  = 0, T = 300 K and P = 1 atm. The details 
for the calculation of ΔGH* are provided in Section S9 (Sup-
porting Information). Here, a low H* coverage was used to 
reflect the HER activity that corresponds to our experimental 
observation discussed earlier (Section  2.1). The H* coverage 
is defined as the number of the adsorbed H atoms divided by 
the number of exposed atoms of the corresponding clean sur-
face in units of ML (monolayer). Therefore, the ΔGH* at a low 
H* coverage of 1/4, 1/8, 1/4, and 1/6 ML for Pd(111), Pd(110), 
Pd(100), and Pd(211), respectively, was calculated and the 3-state 
free energy diagrams for the HER on the four surfaces with dif-
ferent numbers of PdH sublayers are illustrated in Figure 4. 

For reference, the free energy diagrams for the high H* cov-
erage cases (1 ML for all surfaces studied) are presented in 
Figure S13 (Supporting Information). We first discuss the HER 
activity on clean surfaces without PdH sublayer (0 PdHsub). The 
ΔGH* on pristine Pd(111), Pd(110), Pd(100), and Pd(211) surfaces 
are −0.427, −0.367, −0.474, and −0.386  eV. When H atoms are 
absorbed in the subsurface layers, the absolute values of ΔGH* 
on the corresponding Pd(111), Pd(110), Pd(100), and Pd(211) sur-
faces tend to decrease, indicating an improvement for the HER 
performance. The values of ΔGH* on the Pd(211) and Pd(111) 
surfaces that contain three to four PdH subsurface layers are 
much closer to zero; thus, these surfaces would display better 
HER activities, compared with those of all clean surfaces. The 
lower HER activities on all pristine surfaces arise from the 
strong adsorption energy of H* on the surface of Pd, which 
leads to weaker hydrogen desorption and active site poisoning. 
Note that all considered Pd(100) surfaces show large magni-
tudes of ΔGH*, which would explain the inferior HER perfor-
mance observed in the electrochemical measurements. For all 
surfaces with the highest number of PdH sublayers (4PdHsub), 
the trend of increasing HER activity, i.e., the decreasing mag-
nitude of ΔGH* [Pd(100); −0.419  eV → Pd(110); −0.244  eV → 
Pd(111); −0.154 eV → Pd(211); −0.134 eV], is in excellent agree-
ment with our experimental results that found the Pd(111) 
surface to exhibit the best HER performance, followed by the 
Pd(110) and Pd(100) surfaces (see Figure 1d).

It is interesting to note that the existence of different num-
bers of PdH subsurface layers significantly changes the HER 
activity for all surfaces. To obtain insights into the effect of an 
increasing number of PdH sublayers on the enhanced elec-
trochemical HER activity, the geometric properties, i.e., lat-
tice parameters of all considered surfaces, were investigated 
upon the formation of PdH subsurfaces. Since the volume of 
the bulk PdH increases as the Pd:H ratio increases (Figure S8, 
Supporting Information), the PdH subsurface layers that are 
formed on top of pure Pd are compressed, resulting in com-
pressive strain. In Figure 5, the ΔGH* and compressive areal 
strain for all studied surfaces at low H* coverage were plotted 
as a function of the number of PdH subsurface layers. The 
results for the high H* coverage cases are also provided in 
Figure S14 (Supporting Information). As noted earlier, a sur-
face that has the value of ΔGH* that is close to zero can be 
regarded to exhibit excellent HER activity. From Figure  5a, it 
can be assumed that when the first PdH subsurface is formed 
in the Pd(111) surface, ΔGH* changes from −0.427  eV (bare 
surface) to −0.287  eV. This means that the presence of sub-
surface hydrogen significantly decreases the magnitude of the 
H* binding energy, which results in a higher HER activity 
compared to without PdH subsurface. This finding is con-
sistent with a previous theoretical study that found the Pd 
subsurface H to destabilize the adsorbed H, which led to an 
increased reaction rate for ethyl hydrogenation.[69] A compres-
sive areal strain of 1.44% occurs when the first and second 
subsurface layers are completely occupied by absorbed H 
atoms. As a result, the corresponding surface is more active for 
HER with a ΔGH* of −0.209  eV. Upon the formation of three 
PdH sublayers, ΔGH* is found to be −0.171 eV, where the sur-
face is subjected to 3.16% areal compression. Finally, when 
the fourth PdH subsurface is reached, the Pd(111) surface is 
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compressed with 4.18% areal strain, and the ΔGH* gets closer 
to zero (−0.154 eV). These results indicate that the increase in 
compressive strain by the formation of PdH subsurfaces leads 
to weaker adsorption energy of H* on the surface and thus a 
higher HER activity. For the Pd(110) surface, the compressive 
areal strain is 0.77% upon hydrogen absorption in the first sub-
layer (Figure  5b). Such strain causes the change in the value 
of ΔGH* from −0.367 eV on the bare surface to −0.274 eV. The 
Pd(110) surfaces with two and three PdH sublayers have com-
pressive areal strains of 1.08% and 2.00%, and ΔGH* values of 
−0.258 and −0.229  eV, respectively. Remarkably, in the pres-
ence of four PdH sublayers on the Pd(110) surface, the absolute 

value of ΔGH* slightly increases (−0.244  eV) although a large 
compressive areal strain (2.87%) is observed. For the Pd(100) 
surface (Figure 5c), the ΔGH* values are −0.448 and −0.441 eV 
for the surface with one and two PdH sublayers, respectively 
(c.f., ΔGH*  =  −0.474  eV for the pristine surface). Note that 
there is no strain observed until three subsurface H layers are 
reached. The surface with three PdH sublayers has a compres-
sive areal strain of 0.70% and shows a ΔGH* of −0.437 eV. When 
four PdH sublayers are formed, a compressive areal strain of 
1.85%, and a ΔGH* of −0.419 eV are found. These results indi-
cate that the ΔGH* on Pd(100) surfaces are relatively insensi-
tive to the number of PdH sublayers and strain. For the Pd(211) 
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Figure 4. Free energy diagram for HER at low H* coverage on the Pd(111), Pd(110), Pd(100), and Pd(211) surfaces with zero to four PdH sublayers.
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surface, as the PdH sublayers and strain increase, the trend of 
the decrease in the magnitude of ΔGH* is very similar to that of 
the Pd(111) surface. As displayed in Figure 5d, while there is no 
strain occurring when the first PdH sublayer is formed, ΔGH* 

changes from −0.386  eV (bare surface) to −0.300  eV. For the 
surface with two, three, and four PdH sublayers which possess 
a compressive areal strain of 0.91%, 2.33%, and 3.89%, respec-
tively, their ΔGH* values approach zero (−0.208, −0.139, and 

Small 2022, 18, 2202410

Figure 5. Hydrogen adsorption free-energy change (ΔGH*) at low H* coverage and compressive areal strain as a function of the number of PdH 

sublayers for a) Pd(111), b) Pd(110), c) Pd(100), and d) Pd(211) surfaces. The compressive areal strain, εA, is defined as (%) 100A
uc c

c
ε = − ×A A

A
, where 

Auc and Ac are the areas of the unconstrained and constrained PdH/Pd interface systems, respectively. e) The structural configurations of H* on the 
surface with four PdH sublayers (i.e., largest strain considered) for all studied surfaces.
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−0.134 eV, respectively). Comparing all surfaces with four PdH 
sublayers (i.e., largest strain considered), a trend of increasing 
compressive areal strain was observed [Pd(100); 1.85% → 
Pd(110); 2.87% → Pd(211); 3.89% → Pd(111); 4.18%], whereas a 
decreasing trend of the magnitude of ΔGH* was found [Pd(100); 
−0.419 eV → Pd(110); −0.244 eV → Pd(111); 0.154 eV → Pd(211); 
−0.134 eV]. Essentially, a larger compressive strain on the sur-
face results in a lower magnitude of ΔGH*, implying a more 
efficient HER performance. However, the Pd(211) surface yields 
a lower magnitude of ΔGH* although it has a smaller com-
pressive strain compared with the Pd(111) surface. Therefore, 
besides the strain, the surface orientation still influences the 
hydrogen adsorption ability.

Besides the effect of strain induced by an increasing number 
of PdH sublayers on the improved HER activity, we further 
investigated the sole strain effect (without PdH sublayers) on 
the H adsorption for all Pd surfaces. To this end, the ΔGH* for 
Pd(111), Pd(110), Pd(100), and Pd(211) surfaces at low H* cov-
erage, were calculated as a function of the compressive areal 
strain. In order to be consistent with the strain occurring by 
the formation of PdH sublayers, we applied the compressive 
areal strain of up to 4% to all pure Pd systems. As depicted in 
Figure S15 (Supporting Information), the magnitudes of the 
ΔGH* for all pure surfaces decrease as the compressive areal 
strain increases indicating the enhanced HER activity, as simi-
larly found in the case of the surfaces containing PdH sub-
layers. However, for this system, there is a smaller change in 
the ΔGH* compared to the case with PdH sublayers (Figure 5). 
Comparing ΔGH* of the pristine surfaces to the ones with 
the largest applied compressive areal strain (4%), the ΔGH* 
changes from −0.427 to −0.375 eV, −0.367 to −0.350 eV, −0.474 to 
−0.469 eV, and −0.386 to −0.332 eV for Pd(111), Pd(110), Pd(100), 
and Pd(211), respectively. Remarkably, the Pd(100) surface is 
still relatively insensitive to the compressive strain.

From an electronic point of view, the decrease in the mag-
nitude of adsorption energy of H* with increasing compres-
sive strain can be understood by the increased overlap of the 
Pd d-orbitals, which results in increased bandwidth. To pre-
serve the degree of electron filling, the position of the d-band 
of Pd shifts to a lower energy relative to the Fermi level. Upon 
H absorption, this downshifting of the position of the d-band 
results in the increased population of the H-s–Pd-d antibo-
nding orbital, which weakens the adsorption of H* on the sur-
face. That is, the position of the d-band of the surface that con-
tains a higher number of PdH sublayers and a larger compres-
sive strain, is far from the Fermi level (more negative value), 
indicating a weaker binding of H* on the surface (ΔGH* gets 
closer to zero).

Already from the CV and XRD measurement (Section  2.1), 
the observation arose that the Pd surfaces are prone to change 
upon electrochemical cycling, which is likely connected to the 
absorption of hydrogen and subsequent strain effects, as dis-
cussed earlier. Therefore, we investigated the nature of active 
sites due to these changes by using n-EC-STM measurements 
after electrochemical cycling on Pd(111) and Pd(100). For both 
orientations, we observed a change in the morphology and, 
therefore, a change in the noise-behavior, as illustrated in 
Figure 6. Compared to the freshly annealed, atomically flat sur-
face (Figure S4, Supporting Information), a “hilly” surface with 

islands of ≈10–20  nm with a height of ≈0.3–1.5  nm appeared 
(Figure S16, Supporting Information). This is very likely caused 
by the release of strain, as it is also assured by the DFT data 
that the absorption of hydrogen leads to strain effects. As a pos-
sible result, the newly shaped surface is concave and convex 
curved. Another interesting observation is that apart from the 
morphology, also the nature of the active sites changed.

Figure  6a shows a 125 × 125  nm2 area of cycled Pd(111), 
labeled as Pd(111)c, with the potential set to −0.8 VPt for the 
upper half of the image (HER “On”) and in the lower half to 0.0 
VPt (HER “Off”) in 0.1 m HClO4. The color scheme highlights 
the difference between concavely (blue) and convexly curved 
(orange) areas. The exact separation of these different curved 
areas is illustrated in Figure S17a of the Supporting Informa-
tion. Here, the noise, visible as white dots, was found pre-
dominantly in convex, but also in several concave curved areas 
for HER “On.” While the concave curved areas have a similar 
activity all over, some concave curved areas show a relatively 
low and others a very high activity. A 3D view and a similar 
measurement can be seen in Figure S18b,d of the Supporting 
Information, showing the same trend. As visible in the histo-
grams in Figure  6b, on average, concave curved areas show a 
similar behavior to convex curved areas. Compared to the flat 
relatively inactive terrace regions for the annealed crystal found 
in Figure  3a the electrocatalytic behavior at the cycled surface 
seems to be fundamentally different.

A significant change in the noise behavior was also observed 
for the cycled Pd(100), labeled Pd(100)c, in Figure 6c. The concave 
curved areas show a very low activity compared to the convex 
curved areas. Similar 2D and 3D images of Pd(100) and the sepa-
ration of the curved areas can be found in Figures S19 and S17b 
(Supporting Information), respectively. Here, for HER “On” the 
potential was set to −0.7 VPt and for HER “Off” to 0.0 VPt. This 
trend is verified in the plot in Figure 6d, which was calculated 
analogously to b), illustrating the difference between concave 
and convex curved areas. A much larger increase in the noise 
level was observed in the convex curved areas compared to the 
concave curved areas when the reaction was turned “On.” In 
comparison to the noise behavior of the freshly annealed Pd(100) 
in Figure 3c, showing some activity all over the surface, here, the 
noise was predominantly found in convex curved regions. This 
is also visible in the line scan showing a 28 nm broad area which 
equals ≈100 Pd-atoms, with distinct noise spikes in the convex 
curved areas. An interesting conclusion is that steps seem to 
transform from being the most active on the freshly annealed 
surface (Figure 3a,c) to convex sites after electrochemical cycling 
(compare the step in Figure S19d (Supporting Information) in 
case of Pd(100)c). The reason for this is most likely the changed 
hydrogen adsorption properties due to strain effects, as indicated 
by the DFT calculations. We can summarize that the absorption 
of hydrogen and the subsequent creation of strain changes the 
surface morphology and the nature of the active sites.

2.4. Design Principle of Pd Nanoparticles for Optimized  
HER Performance

From the previous discussions, it is clear that the strain 
induced by hydrogen absorption, as well as the average surface 
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coverage, plays a crucial role in the activity of Pd surfaces. Nev-
ertheless, the Pd(111) and especially the Pd(211) surfaces can 
be classified as particularly active with respect to the HER. To 
boost its activity, for nanostructured catalysts, this means that 
these surfaces are to be maximized when normalized to the 
catalyst mass. This, in turn, implies for nanoparticles that due 

to their higher volume to surface ratios, only the smallest par-
ticles should be considered. On the other hand, one should not 
forget the critical role of the PdH subsurface layers. As shown 
in this study, one can optimize the binding energies by more 
than 200 meV due to induced strain. Therefore, a size of sev-
eral nanometers is desirable, allowing to integrate sufficient 
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Figure 6. n-EC-STM measurement of Pd(111)c and Pd(100)c after cyclic voltammetry in 0.1 m HClO4 for HER turned “On” (−0.8 and −0.7 VPt, respec-
tively) and “Off” (0.0 VPt). The blue-colored areas show the concave curved areas, while the convex ones are illustrated in orange color (separation of 
the areas is shown in Figure S17 of the Supporting Information). a) The convex areas of Pd(111) show high activity for reaction “On.” Very active and 
mostly inactive sites were found in the concave curved areas. b) Normalized counts versus the derivative of the slopes of the concave and convex 
sites of a) showing the highest activities for convex areas followed closely by concave regions. The waterfall plot provides an additional perspective of 
a border between HER “On” (black) and HER “Off” (red) and the noise behavior at this interface (compare Figure S18a in the Supporting Information 
for the exact position). c) Analogous measurements for Pd(100) while in contrast to Pd(111) the concave curved areas are less active. d) The noise level 
of concave sites increases only slightly for reaction “On.” In contrast, the convex area shows a high activity when the reaction is turned “On.” The line 
scan shows the orange highlighted line in c) for HER “On,” which has a length of 28 nm and therefore illustrates ≈100 Pd atoms. c) and d) are fitted 
by the Gaussian function.
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absorbed hydrogens in the subsurface layers. Considering these 
requirements and surface stability, we applied the Wulff con-
struction to generate arbitrarily nanoparticles with predomi-
nantly Pd(211) and Pd(111) as exposed surfaces. One of the most 
promising candidates is displayed in Figure 7. This particle 
consisting of 8127 atoms has a diameter along the longest and 
shortest axis of 7.0 and 6.7 nm, respectively. It consists mainly 
of Pd(211) surfaces which are particularly active and Pd(111) sur-
faces. For better representation, the atoms are colored according 
to their coordination. Results for single crystal surfaces indicate 
that the active sites should be highly coordinated threefold (fcc 
hollow) at the step edges and on the Pd(111) planes.

3. Conclusion

The aim of this study was the characterization of the HER 
activity on model Pd surfaces, directing a particular focus on 
the effects of hydrogen absorption on the nature of the active 
sites. Pd(111) was identified to be the most stable basal plane 
by DFT calculations, followed by Pd(100) and Pd(110) surfaces. 
The experimental measurements showed the following HER 
activity trend: Pd(111) > Pd(110) > Pd(100). Using cyclic voltam-
metry and the XRD technique, we demonstrated that hydrogen 
absorption into the bulk changes the electrochemical behavior 
and increases the lattice parameter. EC-STM images provided 
further confirmation of the morphological transformation. The 
nature of HER active sites is likely affected by the generation 
of strain due to hydrogen absorption. This was supported by 
DFT calculations, which indicated that the population of Pd 
subsurface layers with H results in a compressive strain that 
lowers the magnitude of the H adsorption free energy on the 
low-index (111), (100), and (110) surfaces, thereby increasing the 

HER activities on these surfaces. In the presence of strain, the 
DFT-calculated HER activities in the model surfaces were in 
the decreasing order of (211) > (111) > (110) > (100), in agree-
ment with the experimental results. Further, using the imped-
ance analysis, we estimated the surface coverage of Pd(111), 
Pd(110), and Pd(100) as ≈ 0, ≈ 0.3–0.4, and ≈ 0.95, respectively, 
and elucidated that the Heyrovsky mechanism is suppressed on 
all investigated Pd surfaces in acidic media. From the EC-STM 
measurements, we determined the most active sites on freshly 
annealed Pd(111) near step edges. More specifically, the upper 
edge seemed to be more active than the bottom of the step. 
In contrast, terraces remained less active. Interestingly, not all 
steps were equally active, which is explained by their different 
coordination. Similarly, freshly annealed Pd(100) showed the 
highest activity on step edges, although in this case, significant 
activity was found on the terrace as well. The absorption of 
hydrogen into the bulk during cyclic voltammetry results in a 
change of the surface morphology and distribution of the active 
sites at both crystalline planes. A hilly structure was observed, 
exhibiting significantly increased activity on convexly curved 
areas. For Pd(100)c the concave areas were less active than the 
convex areas. In contrast, for the Pd(111)c, concave and convex 
curved areas possess a very similar activity. The alteration 
of crystal surface morphology is presumably induced by the 
absorption of hydrogen into the bulk during potential cycling. 
This induces strain which, in turn, changes the nature of active 
sites. Finally, a possible nanoparticle design was introduced, 
consisting of mostly Pd(211) and Pd(111) surfaces, as they show 
the best HER activity of all investigated planes in this study. In 
summary, this work combined theoretical and experimental 
approaches to elucidate the surface-activity relation for the 
HER on Pd model surfaces. The obtained results are indispen-
sable for the general understanding of metal hydride systems 
and formulation of design principles for the optimal Pd-based 
nanostructured catalysts.

4. Experimental Section
In the following, the most relevant methods and techniques which were 
used for the calculations and measurements presented in this work 
will be discussed in detail. Tables including the most relevant settings 
used for the experiments are attached in Section S17 of the Supporting 
Information.

Sample and Electrolyte Preparation: For the experiments, Pd(111) 
(Ø 6  mm, 99.999%, MaTecK, Germany) and Pd(111), Pd(110), Pd(100) 
single crystals (Ø 5  mm, 99.999%, MaTecK, Jülich, Germany) disc 
electrodes were used. Each surface was prepared by the manufacturer 
with a roughness of less than 0.01 µm and an orientation accuracy better 
than 0.1°. Before each experiment, a well-orientated surface was assured 
by annealing in either a tubular furnace or an inductive heater setup. 
The Heraeus Instruments RO 7/50 furnace enables high-temperature 
annealing in an inert atmosphere to prevent oxidation of the Pd surface. 
The Pd crystal was placed in a small ceramic boat into the middle of 
a quartz tube fed by a continuous flow of Ar (Argon 5.0, Westfalen, 
Germany). After ≈1 h of heating, a temperature of 950 °C was reached 
and held for around three more hours. The cooling period to room 
temperature took ≈18 h. For further transportation and preparation, the 
single crystal’s surface was covered with a drop of electrolyte inside the 
furnace to protect the freshly annealed surface from air. Alternatively, 
the usage of a high-frequency induction heater (20–80  kHz, 15 KW–
EQ-SP-15A, MTI, USA) with a maximum output power of 15  kW was 

Figure 7. Schematic of a Pd nanoparticle with optimized surface mor-
phology. The particle consisting of 8127 Pd atoms has an average diam-
eter of 6.85  nm. It shows a high ratio of Pd(211) and Pd(111) surfaces 
which have shown to be highly active.
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introduced. The Pd crystals were placed into a special compartment 
which enabled a pure Ar atmosphere. The crystal was annealed three 
times with a first heating period of 90 s and each following 60 s and a 
relaxation time of 5 min in between. Again, to avoid exposure to air, the 
surface was protected with a drop of the electrolyte after the annealing 
process. The 0.1 m HClO4 electrolytes were prepared by diluting 70% 
perchloric acid (Suprapur, Merck, Germany) using ultrapure water 
(Evoqua Milli-Q (18.2 MΩ cm)).

Cyclic Voltammetry and Activity Measurements: Before the 
electrochemical measurements, all glassware and experimental cells 
were cleaned with a 3:1 mixture of sulfuric acid (96% H2SO4 Suprapur, 
Merck, Germany) and hydrogen peroxide (30% H2O2, Suprapur, 
Merck, Germany), and subsequently washed by boiled ultrapure 
water for several times. All experiments were controlled by a VSP-300 
potentiostat (Bio-Logic, France). The working electrode (WE) was 
immersed into the electrolyte at a starting potential of 0.57 VRHE in order 
to minimize possible electrochemical surface processes beforehand. A 
mercury–mercury sulfate (MMS) and a curled polycrystalline Pd-wire 
(Ø = 0.25  mm, 99.95%, MaTecK, Jülich, Germany) were used as a 
reference and counter electrode (CE), respectively. The quality of the 
annealed single crystalline surface was confirmed by CVs in Ar-saturated 
0.1 m HClO4 in the potential range between 0.2 and 1.2 VRHE at a scan 
rate of 50 mV s−1. Polarization curves for evaluating the HER activity 
were recorded in a hanging meniscus configuration in H2-saturated 
electrolyte. The potential range was set between −0.18 and 0.52 VRHE 
at a scan rate of 50 mV s−1. However, the HER activity evaluation was 
performed in the potential interval from −0.18 to 0.22 VRHE. In this 
configuration, the risk of mass transfer limitations is limited since the 
HER over Pd in comparison to other catalysts is considerably slower. 
Further, hydrogen is essentially absorbed into the bulk. Thus, no gas 
bubbles were present at the electrode, which allows taking benefit of 
the full mass transfer rate from the electrolyte to the surface. More 
information about the experimental settings for each measurement is 
shown in Table S5 in the Supporting Information.

Electrochemical Impedance Measurements: Impedance spectra 
were acquired in 10  mV steps between 0.00 and −0.05 VRHE. For this, 
a perturbation amplitude of 10  mV was applied, and spectra were 
recorded in a frequency range between 30  kHz and 0.1  Hz. The 0.1 m 
HClO4 electrolyte was saturated with argon before and during the 
measurements. To compensate for measurement artifacts caused by 
the impedance of the RE in the high-frequency regime, a shunt capacitor 
was connected between the RE and an additional Pt wire. This wire was 
immersed in the electrolyte in the proximity of the tip of the Luggin-
capillary. The quality of the recorded spectra was verified by a Krammer–
Kroenig check. The impedance data were analyzed using the homemade 
software EIS Data Analysis 1.3.[70,71]

Grazing-Incidence X-Ray Diffraction Measurements: Grazing-incidence 
X-ray Diffraction (GIXRD) patterns of the Pd(111) single crystal in the 
pristine state and after six cycles of HER (potential range between 
−0.18 and 0.22 VRHE) were collected on an X’Pert PRO PANanalytical 
instrument with a Ni-filtered Cu Kα radiation (λ  = 1.5406 Å). The 
procedure used for GIXRD measurements consisted of a 2Theta range 
of 35°–90° and a slow-scanning step of 2° min−1. The settings used for 
each GIXRD measurement can be found in Table S6 in the Supporting 
Information.

EC-STM Measurements: The EC-STM measurements were performed 
by a Nanoscope III SPM Multimode from Veeco Instruments with a 
Veeco Nanoscope Universal bipotentiostat connected to a Nanoscope 
IIID controller. The STM-tips were mechanically ripped from a platinum/
iridium (Pt80/Ir20, Ø = 0.25, 99.9+%, Goodfellow GmbH) wire with a 
side cutter. To minimize the impact of reactions at the tip-electrolyte 
interface on the tunneling signal, the tip was insulated by Apiezon 
wax.[72] The sample was clamped between a Teflon ring and a steel 
plate fixed with screws acting as a miniature electrochemical cell. For 
all measurements a Pt wire (Ø 0.5  mm, 99.99%, MaTecK, Germany) 
as a quasi−RE and a curled Pd wire (Ø 0.25  mm, 99.95%, MaTecK, 
Germany) as a CE were used. Detailed information about the values set 
for each STM measurement can be found in Table S7 in the Supporting 
Information.

Noise-EC-STM Technique: The innovative idea of the noise-
electrochemical scanning tunneling microscopy (n-EC-STM) technique 
is to identify active sites by analyzing the noise in the STM signal 
under reaction conditions as first published by Pfisterer et  al.[42] An 
ongoing electrochemical reaction will persistently change the electrolyte 
composition and structure in the tunneling barrier between the scanning 
tip and the WE. The movement of ions in the tunneling barrier, as 
well as the structure of the electrolyte has been shown to influence 
the tunneling barrier and thus the STM signal.[73–80] Therefore, if the 
tip is placed over an active area, the detected tunneling current varies 
with time and a noisy signal is detected. Most likely, this is a direct 
consequence of the ad- or absorption of molecules on the surface. In 
contrast, in areas with low electrochemical activity, the detected noise 
level is significantly lower. Thus, the noise level of the STM signal 
serves as a tool to detect the active sites. All STM measurements were 
performed in air atmosphere at room temperature and evaluated using 
WSxM 5.0 Develop 9.4.[81]

Noise Analysis: For this evaluation, the STM signal (here, height z) is 
derived in the fast scan direction x according to the “numpy.gradient()” 
function of the python’s library NumPy. Here the different derivatives 
of the slopes between neighboring data points of each line scan were 
plotted versus its normalized quantity and were fitted afterward. Detailed 
information of the working principle can be found at the NumPy 
website[82] and in refs. [83,84, and 85]. Subsequently, histograms are 
compiled from the signal derivatives. In this work, bin sizes of 0.08 were 
used, except for Figure  3d, which was rendered using a bin size of 
0.03 for Pd(100). At high noise levels, the derivative values (slopes in line 
scans) possess a broad FWHM and low-intensity distribution. Therefore, 
the width and height of an adequate fit of the histograms serve as a 
quantification of the noise level.[57]

DFT Calculations: First-principles calculations based on spin-
polarized DFT approach were performed using the Vienna Ab Initio 
Simulation Package (VASP 5.4).[86,87] The projector augmented-wave 
(PAW) method[88,89] was employed to describe the electron-ionic core 
interactions where Pd 4d10 and H 1s1 were treated as valence electrons. 
Their wavefunctions were expanded with the plane-wave basis using 
a cutoff energy of 500  eV. The exchange-correlation functional was 
approximated using the generalized gradient approximation (GGA) 
in the form of Perdew, Burke, and Ernzerhof (PBE).[90] To account for 
the van der Waals interactions, the lattice constants of a bulk face-
centered cubic (fcc) Pd were calculated by various dispersion correction 
methods, as summarized in Table S8 (Supporting Information). It 
can be found that the obtained lattice constant (3.891 Å) using the 
DFT-D3(BJ) approach proposed by Grimme et  al.[91] is closest to the 
experimental value (3.890 Å), which was determined using XRD in 
this work (Figure  1e) and other experimental studies.[92,93] Therefore, 
the DFT-D3(BJ) approach was used for all subsequent calculations. All 
structures were optimized using the conjugate gradient method.[94] The 
Methfessel–Paxton smearing technique[95] (σ = 0.05 eV) was used during 
the geometry optimization.

Different Pd surfaces were modeled by cleaving the optimized 
structure of a bulk fcc Pd unit cell (containing 4 atoms) in the low-index 
Pd(111), Pd(110), and Pd(100) facets for the flat surfaces, as well as the 
Pd(211) facet for the stepped surface. The Pd(111) and Pd(211) surfaces 
were obtained using a 1 × 1 unit cell, while Pd(100) and Pd(110) surfaces 
were constructed using a 2 × 1 supercell, containing four Pd atoms per 
layer for Pd(111), Pd(110), and Pd(100) surfaces and six Pd atoms per 
layer for Pd(211) surface. In order to investigate the H adsorption on Pd 
surfaces with different numbers of PdH sublayers (up to 4 sublayers), 
the appropriate slab thickness was determined. Here, the thickness of 
the Pd(111) surface was used as a criterion for the other three surfaces. 
Therefore, these slabs were built with the thickness of seven (13.48 Å), 
eleven (13.76 Å), eight (13.62 Å), and seven (14.30 Å) atomic layers for 
(111), (110), (100), and (211) surfaces, respectively. A vacuum space of 
20 Å along the z direction was added to avoid interaction between the 
periodic images. Figure S20 (Supporting Information) illustrates the 
top and side views of these surfaces. During the structural relaxation 
of the slabs, the two bottom layers (2.25, 1.95, and 2.38 Å) for Pd(111), 
Pd(100), and Pd(211) surfaces, respectively, and the three bottom layers 
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(2.75 Å) for Pd(110) surface, were completely fixed to mimic its bulk 
structure. The sampling of the Brillouin zone using the Monkhorst-Pack 
scheme[96] was employed with 7 × 7 × 7 and 7 × 7 × 1 k-points for bulk 
and slabs calculations, respectively. The structures were fully optimized 
until the force acting on each atom was less than 0.01 eV Å−1. The energy 
of convergence tolerance was set to 1 × 10−6  eV. The electric dipole 
correction in the z direction was used to cut the furious interaction 
between the repeated images of the slab model. The H2 molecule was 
modeled using one free molecule inside a 20 × 20 × 20 Å3 supercell 
with electric dipole correction implemented in all directions. To study 
the H diffusion mechanism, the CI-NEB approach was carried out to 
determine the minimum energy path of H diffusion. The CI-NEB method 
allows for ionic relaxation of each configuration along the diffusion path. 
The transition state (TS) is located at the saddle point of the reaction 
coordinate, where the energy difference between TS and the initial state 
yields the diffusion barrier.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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