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1. Introduction

Green hydrogen is produced by electro-
lyzers powered by solar,[1,2] wind,[3] geo-
thermal,[4] or tidal[5] renewable energy. 
Whenever needed, H2  is supplied to fuel 
cells to generate electricity with an effi-
ciency reaching 93.5%[6] and no direct 
carbon emissions. However, to compete 
with fossil fuel-based power generation, 
these electrochemical energy conversion 
devices need new materials that are afford-
able and durable. In alkaline fuel cells,[7] 
non-noble metal-based electro-catalysts 
for the cathodic oxygen reduction reac-
tion with activity and durability compa-
rable or superior to the scarce Pt have 
been reported.[8,9] However, the kinetics 
of the anodic HOR in alkaline conditions 
is too slow, which is true also for Pt-group 
metal catalysts.[10] Pd nanocatalysts with 

oxophilic cerium oxides exhibited the highest recorded HOR 
specific exchange current (51.5 mA mg−1

Pd)[11] in alkaline elec-
trolytes. The high loads of precious metals required hinder 
upscaling the commercial development of efficient anion-
exchange membrane fuel cells[12,13] and it motivates the search 
for new materials.

In our previous work, we have seen different unexpected 
impurities inside catalysts synthesized by wet chemistry, for 
example, Na in TiO2  nanowires,[14] W in MoS2  nanosheets,[15] 
cetrimonium ligand on multiple-twinned Pd nanoparticles,[16] C 
in Au–Fe nanoalloys.[17] Taking into account thermodynamics, 
these results are not completely surprising. The mixing entropy 
of system increases and the Gibbs free energy decreases when 
impurities are added to a pure substance. Therefore, trace 
amounts of elemental impurities from precursor chemicals are 
favorably integrated into the nanomaterial during fabrication. 
How this contamination from synthesis of electrochemical cat-
alysts affects the materials’ activity is however rarely examined 
and discussed.

We also recently reported that using sodium borohydride 
(NaBH4) as reducing agent in room temperature synthesis of 
free-standing Pd nanocatalysts led to an ingress of impurities 
from the aqueous solution, that is, Na and K.[18] The absence 
of surfactant, used to avoid agglomeration, leads to the for-
mation of a complex aggregated structure previously referred 
to as a metallic nano-aerogel (MNA).[19,20] Ever since its  

Fuel cells recombine water from H2 and O2 thereby can power, for example, 
cars or houses with no direct carbon emission. In anion-exchange mem-
brane fuel cells (AEMFCs), to reach high power densities, operating at high 
pH is an alternative to using large volumes of noble metals catalysts at the 
cathode, where the oxygen-reduction reaction occurs. However, the sluggish 
kinetics of the hydrogen-oxidation reaction (HOR) hinders upscaling despite 
promising catalysts. Here, the authors observe an unexpected ingress of B 
into Pd nanocatalysts synthesized by wet-chemistry, gaining control over 
this B-doping, and report on its influence on the HOR activity in alkaline 
conditions. They rationalize their findings using ab initio calculations of both 
H- and OH-adsorption on B-doped Pd. Using this “impurity engineering” 
approach, they thus design Pt-free catalysts as required in electrochemical 
energy conversion devices, for example, next generations of AEMFCs, that 
satisfy the economic and environmental constraints, that is, reasonable oper-
ating costs and long-term stability, to enable the “hydrogen economy.”

© 2022 The Authors. Advanced Materials published by Wiley-VCH 
GmbH. This is an open access article under the terms of the Creative 
Commons Attribution License, which permits use, distribution and  
reproduction in any medium, provided the original work is properly cited.
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discovery during World War II, NaBH4 has been widely used in 
synthetic chemistry.[21] Its excellent reducing properties result 
in lower operation input, for example, no heating or additional 
organics are required to reduce metallic precursors. NaBH4 has 
commonly been used to synthesize metal nanoparticles for 
catalytic,[22] antimicrobial,[23] electrochemical,[24] and optical[25] 
applications. However, the concentration of B impurities in the 
products is rarely considered,[26] and not systematically studied, 
yet the presence of B increases the lattice parameter[27] and 
could greatly modify the material’s properties.

Here, we predict the stable integration of B within growing 
Pd-crystals and use theoretical guidelines to design a set of Pd-
MNAs, with adjustable composition. We assess their perfor-
mance toward the HOR in alkaline conditions and demonstrate 
the effect of the ingress of B from the solution into the mate-
rial. Our impurity-doping approach could be generalized to 
help design in silico future catalysts with enhanced activity by 
estimating the adsorption properties of various elements and 
their influence on the H- and OH-binding energies.

2. Results and Discussion

First, we performed density-functional theory (DFT) calcula-
tions (see  Experimental Section for computational details) to 
calculate the B binding energies on a Pd(111) surface. Figure 1a  
reports the respective energies for different high symmetry 
adsorption sites at and below the surface for increasing B cov-
erage up to 1 monolayer (ML), where the number of adsorbates 

equals the number of substrate atoms in the first layer. Over 
this entire coverage range, the interstitial octahedral subsurface 
site (BOcta) is the most favorable, and B should be predomi-
nantly in the subsurface rather than the surface region of Pd.

To prove this hypothesis, we mixed 0.4  m of NaBH4  and 
0.01 m of K2PdCl4, that is, a ratio of reductant to precursor of 
(R:P) 40, to synthesize a Pd-MNA referred to as Pd-B40 based on 
the nomenclature introduced in ref. [18]. High-angle annular 
dark-field scanning- and high-resolution transmission electron 
microscopy (HAADF-STEM and HR-TEM) in Figure  1b show 
an average ligament thickness of ≈15 nm. The fast Fourier trans-
form (FFT) pattern given as inset proves the face-centered cubic 
(FCC) structure of Pd. No particular elemental signal except Pd 
is obtained for the Pd-B40 by X-ray photoelectron spectroscopy 
(XPS, see Figures S1–S3, Supporting Information). We then 
use atom probe tomography (APT) to evaluate the composition 
and elemental distribution in Pd-B40 (see Experimental Section 
and the Supporting Information). Figure  1c shows the recon-
structed 3D atom map. A set of iso-surfaces delineates regions 
containing at least 50 at% Pd (purple) and 75 at% Ni (yellow), 
highlighting the gel and the Ni-matrix that embed the nanocat-
alyst to facilitate specimen preparation.[28] The ligaments size 
is comparable to HAADF-STEM observations. A slice through 
the APT point cloud, Figure 1d, shows that B (in blue) is located 
inside Pd-B40, not segregated to its surface, and the 1D com-
position profile, Figure  1e, confirms the ingress of over 2 at% 
B within the Pd nanocatalyst. A nearest-neighbor analysis indi-
cates no B clustering tendency within the resolution limits of 
APT,[29,30] Figure S13, Supporting Information.

Adv. Mater. 2022, 34, 2203030

Figure 1.  DFT calculation and high-resolution microscopy and microanalysis of B-incorporating Pd nanomaterials. a) Binding energies Eb of B adsorb-
ates at the Pd(111) surface and subsurface for several adsorbate coverages in the range from 0.25 to 1 ML. Each colored solid line corresponds to a 
different B binding site. Different chemical potentials of Bx (x gives the reductant to precursor ratio) of the considered synthesis conditions are shown 
as horizontal colored dashed lines. The possible binding sites at the surface are shown (top) in top-view and at the subsurface (bottom) in a side-view. 
The white (gray) balls represent surface (subsurface) Pd atoms. The p(2 × 2) surface unit cells are indicated by black solid lines. b) HAADF-STEM 
(left) and HR-TEM (right) images of as-synthesized Pd-B40 nanoparticles. Scale bars are 50 and 5 nm, respectively. The inset shows the [110] zone axis 
in a FFT pattern. c) 3D atom maps of Pd-B40 fully embedded in a Ni matrix as indicated by the Ni iso-surfaces. Scale bar: 20 nm. d) Extracted region 
(2 × 5 × 10 nm3) of interest along the Pd/Ni interface. Yellow, purple, and blue dots mark the reconstructed positions of Ni, Pd, and B atoms, respec-
tively. e) 1D compositional profiles of elements across Pd-B40 nanoparticles. The inset image shows a 3D reconstruction of the Pd-B40. Scale bar: 20 nm.
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Incorporating chemical potentials ΔμB into the modeling 
(cf. Figure  1a) allows us to determine which adsorption sites 
are thermodynamically accessible. For ΔμB (Pd-B40), corre-
sponding to R:P 40 experimental growth conditions, the on-sur-
face adsorption sites become thermodynamically metastable. 
These sites are at least 1  eV/(B atom) less favorable than sub-
surface adsorption. If penetration into the subsurface region is 
kinetically hindered they become the relevant adsorption sites. 
Using the value at the intersect of the chemical potential and 
binding energy lines (Figure  1a) we calculate the achievable 
equilibrium subsurface B concentration as roughly 1.85 B per 
Pd atom, which is substantially higher than the experimentally 
determined value. This, together with the observation that the 
experimental and theoretical concentration of B on the surface 
roughly agree, suggests that B incorporation into the nano-
particle commences by B atoms binding to the surface being 
continuously overgrown by subsequent Pd layers, resulting 
in a homogeneous distribution (Figure S14, Supporting 
Information).

To further confirm this hypothesis, we immersed a pure Pd 
wire (99.99+%) into 1.0 m NaBH4 solution (≈100 mole ratio) for 
1 h. The following APT analysis of its surface detected only trace 
amounts of B (<0.001  at%) in the Pd (details in Figures S15   
and S16, Supporting Information) indicating that B is indeed 
integrated during the nanoparticle nucleation/growth pro-
cess.[31] The B distribution inside the Pd catalyst can hence be 
controlled by tuning the synthesis conditions, which enables us 
to control the B-doping level by exploiting the B ingress to our 
advantage.

The 0.4 m NaBH4 solution results in substantial B-doping of 
the Pd MNA. Hence, to confirm our expectations, we synthe-
size two new batches: Pd-B1 (1 mole ratio) and Pd-B0.1 (0.1 mole 
ratio). Figures 2a,b show 3D APT atom maps and composition 
profiles from the analysis of Pd-B1  and Pd-B0.1, respectively. 
The morphology and size are in both cases similar to Pd-B40  
(Figures S17–S19, Supporting Information). Using X-ray diffrac-
tion (XRD), we confirm that all samples are a single phase with 
a FCC structure (Figures S21  and S22, Supporting Informa-
tion). Neither boride nor oxide-related phases were found, but 
the insertion of interstitial B leads to lattice parameter expan-
sion,[27] resulting in an B-concentration related increase of the 
lattice parameters of B-doped Pd nanoparticles (Figure  2c) 
compared to the pure-Pd lattice parameter reported to be 
0.3890 nm[32] at room temperature.

A lower molar ratio of B during synthesis corresponds to a 
lower chemical potential of B in solution (cf. Figure 1a), which 
results in a weakening and destabilization of B binding in on-
surface Pd sites with the binding energy for the HCP on-surface 
site: Eb  =  −0.57, 0.00, and 0.36  eV/(B atom) for Pd-B40, Pd-B1, 
and Pd-B0.1  at 0.25  ML, respectively). In agreement with our 
expectations of an effectively decreasing B-doping level in the 
Pd MNA, we find a B content of 2.7, 1.3, and 0.47 at% in Pd-B40, 
Pd-B1, and Pd-B0.1, respectively. Note that mole ratio above 1 is 
commonly reported for synthesizing nanoparticles,[34,35] so 
regardless of the NaBH4  concentration used during synthesis, 
most nanoparticles must contain B.

Besides varying the chemical potential, we can also adjust the 
reaction conditions, since B is progressively integrated during 
synthesis. Several levers could be used, for example, using N,N 

dimethylformamide, an organic solvent, and carbon black as a 
support in an ice-cooled solution; Li et  al.[36] achieved 20  at% 
doping of B in Pd nanoparticles. Here, we simply injected the 
reducing agent manually drop-by-drop at a relatively slow speed 
into the solution (≈50  µL  s−1), allowing more time for B-inte-
gration, and achieved 6.7  at% B (Pd-B40s). Upon subsequent 
cooling of the solution to a temperature of 5  °C, we obtained 
11.5 at% B (Pd-B40sc). In each case, we used the same concentra-
tion of reducing agent as for the Pd-B40  sample, however, the 
slower growth rate resulted in 2.5–4.3 times more B being inte-
grated into the Pd-MNA (see details in the Supporting Informa-
tion). The morphology and size are similar to the other Pd-B 
samples, and neither B clustering nor surface-segregation is 
observed (Figures S23 and S24, Supporting Information). Nei-
ther batch reached a B saturation in Pd of 18.6 at% as in bulk-
Pd at room temperature[33] or 12.7 at% as suggested by the DFT 
calculations (Figure S20, Supporting Information). The above 
demonstrates that by precisely controlling the kinetics and 
chemical potential of B, we can control the B doping level, as 
schematically summarized in Figure 2d.

The Sabatier principle[37] states that neither too strong nor 
too weak adsorbate–surface interaction of the reaction inter-
mediate is a key characteristic for a good heterogeneous cata-
lyst.[38] Then, why doping Pd matters? Doping can be exploited 
to tailor the kinetics, selectivity, and stability of catalyst toward 
specific reactions.[39,40] As a platinum-group metal, Pd has sim-
ilar electronic properties to Pt, but its stronger H absorption 
and adsorption behavior result in slow reaction rates in acidic-
HOR.[10] Lattice distortions from the presence of B in bulk Pd[41] 
change its physical properties and B-doping modifies its cata-
lytic activity.[42,43] Specifically for the alkaline-HOR, the activity 
originates from a delicate balance of the adsorption strengths of 
H and OH at the catalyst’s surface.[44–46]

To estimate the strength of the chemical bond between the H 
adsorbate and the (B-doped) metal surface, we use the d-band 
model.[47] This model assumes that the strength of the bond is 
determined by the filling of the antibonding states: the higher 
the d-band center energy (i.e., the closer it is to the Fermi 
energy), the stronger the chemical bond between adsorbate and 
substrate. Our analysis of the density-of-states (DOS) and elec-
tron density of the considered surfaces (Figure S25, Supporting 
Information), reveals a downward shift of the d-band center. 
This is due to an accumulation of electron charge in the vicinity 
of the subsurface B atoms and results in weaker H-binding on 
the Pd(111) surface with increasing B coverage.

Hydrogen binding energies, Eb(H), calculated for the B-free 
Pd(111) surface agree with other theoretical[48–51] and experi-
mental[52] reports (see Supporting Information). The H binding 
energies calculated for varying coverages of H in FCC co-
adsorbed with subsurface B, are plotted in Figure 3a. For 0, 
0.25, and 1  ML BOcta and 1  ML H coverage, we obtain −0.52, 
−0.37, and 0.32 eV/(H atom), respectively. For reference, we also 
show in the Figure Eb(H) for 0.25 ML H in the FCC site on the 
pristine Pt(111), that is, −0.46  eV/(H atom).[53] Also shown are 
the calculated OH binding energies Eb(OH) for pristine and for 
B-doped Pd(111). It has been demonstrated that a weak-binding 
energy trend from the d-band center model is not always 
applicable.[54,55] A representative example is the adsorption of 
adsorbates with an almost full valence shell (such as OH, F, 

Adv. Mater. 2022, 34, 2203030
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and Cl) on transition metal surfaces with an almost full d-shell 
(such as Pd and Pt).[56] For these, we observe a downward 
shift of the d-band center position for increasing B subsurface 
doping (cf. Tables S10 and S11, Supporting Information), which 
strengthens the surface binding energy of OH in contrast to 
that of H (e.g., Eb [0.5 ML OH at HCP sites] = −2.17, −2.22, and 
−2.30 eV for 0, 0.25, and 1 ML BOcta co-adsorption, respectively). 
These results imply that there is an optimal level of doping for 
which the catalytic activity is boosted due to a weaker interac-
tion of H with the surface at a point where the OH is also not 
strong.

To verify our hypothesis, we measured linear sweep vol-
tammetry (LSV) of HOR for Pd-B0.1,40,40sc and Pdpowder in 
H2-saturated 0.1  m KOH solution (Figure  3b). The shifts 
of all catalysts from the reversible H potential (0  VRHE) are 
associated to continuous H absorption.[58] Measured current 
was normalized with the Pd mass of catalysts. We confirmed 
that a low level of B-doping improves the activity compared 
to Pdpowder, as expected from the decrease in the H sur-
face binding energy, yet at higher doping levels, the activity 
decreases, which can be attributed to the increased surface 
binding energy of OH.

Adv. Mater. 2022, 34, 2203030

Figure 2.  Controlling the magnitude of B content in Pd nanoparticles by synthesis. a) 3D atom maps of (left) Pd-B1 and (right) Pd-B0.1 nanoparticles 
embedded in a Ni matrix. b) 1D compositional profile along the Pd/Ni interface for (top) Pd-B1 and (bottom) Pd-B0.1. Each inset shows the corre-
sponding top-view tomogram. c) XRD patterns of Pd-Bx samples synthesized with different reductant concentrations. The dotted line represents the 
(111) peak position. d) Schematic plot of the chemical potential of the boron source versus Pd-Bx nanoparticle growth kinetics. Insets show tomograms 
(1 nm thin slice along the x-axis) of each reconstructed Pd nanoparticle sample. All scale bars are 20 nm. e) B atomic content in Pd-B0.1, Pd-B1, Pd-B40, 
Pd-B40s, and Pd-B40sc samples. The dotted line represents the maximum B content that FCC Pd metal can absorb without undergoing a phase transfor-
mation.[33] The insets show the extracted cuboidal region of interest (5 × 5 × 5 nm3) of each as-synthesized Pd-Bx nanoparticle.
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3. Conclusion

We have confirmed a predicted but undesired and uncontrolled 
incorporation of B arising from the solution during synthesis 
and proposed, and experimentally confirmed, an approach to 
design doped metallic nanocatalysts, with a clear influence on 
their catalytic activity toward the alkaline-HOR. We demon-
strated how to engineer concentration of these impurities and 
control the doping level in the nanoparticles by adjusting the 
chemical potential and kinetics during synthesis. The pres-
ence of subsurface B lowers the binding energy of H on the 
Pd(111) surface and leads to an increased reaction kinetics at 
low doping levels, despite the relatively strong increase in 
the surface binding energy of OH. B-doping hence enables a 
clear enhancement of the HOR kinetics yet the subtle balance 
between H and OH binding energies is necessary to design a 
superior HOR catalyst. Our approach provides a straightfor-
ward route to design catalysts that are efficient and stable for 
the green hydrogen-cycle. Its key idea, tuning impurity ingress 
from the synthesis solution that can be predicted from ab initio 
DFT calculations, can be expanded to select impurities based 
upon their influence on the H- and OH-surface binding ener-
gies, but also on their subsurface integration in order to ensure 
the doping of the catalyst.

4. Experimental Section
Synthesizing Pd Nanoparticles: 0.01  m of Pd ions solution was 

prepared by dissolving potassium tetrachloropalladate (99.99%, 
Sigma-Aldrich) in 5  mL of distilled water. A white sodium borohydride 
(99.99%, Sigma-Aldrich) powder was dissolved in 5  mL of distilled 
water according to different mole ratios ([NaBH4]/[K2PdCl4]  =  0.1–40). 

Then, two solutions were immediately mixed. After bubbles completely 
stopped, Pd nanoparticles were collected by centrifuging at 5000  rpm 
for 15  min. Pd nanoparticles were then redispersed in distilled water 
followed by centrifuging process. Washing process was done for thrice 
to remove any residuals. The collected Pd nanoparticles were then dried 
in a vacuum desiccator for 24 h.

XRD Analysis: Powder XRD was performed with RIKAKU SmartLab 
9kW.  The  diffraction pattern of as-synthesized Pd samples were 
measured from the dried nanoparticles powders in 2θ mode using Co 
Kα radiation (λ =  1.54059 Å) and sampling step of 0.01° at scan speed 
2° min−1.

XPS Analysis: XPS measurements were performed by applying a 
monochromatic Al Kα X-ray source (1486.6 eV) operating at 15 kV and 
25 W. C 1s signal at 285.0 eV was used for a reference binding energy 
scale. The acquired spectra data was then analyzed with the Casa XPS 
(http://www.casaxps.com/) software.

TEM Characterization: HR-TEM and HAADF-STEM were performed 
using two different Thermo Fisher Titan Themis 60-300  instruments 
operated at 300 kV, one with an image-corrector and one with a probe-
corrector. The chemical composition of each Pd-Bx sample was analyzed 
by electron energy loss spectroscopy (EELS) and energy-dispersive 
X-ray spectroscopy (EDS) in the STEM mode. For Pd-B40s and Pd-B40sc 
samples, TEM and HAADF-STEM analyses were performed inside a 
JEM-2200FS TEM (JEOL) operating at 200 kV.

APT Characterization: The Pd nanoparticle sample was embedded 
into a Ni matrix using electrodeposition process as shown in Figure S7,  
Supporting Information. Xe-plasma focused-ion-beam (Thermo Fischer 
Helios, Eindhoven) was performed to fabricate a needle-shape APT 
specimen from the codeposited sample following a standard APT 
specimen preparation.[59] The final APT specimen is shown in Figure S7c,  
Supporting Information. Needle-shaped specimens were then loaded 
inside a Cameca LEAP 5000  XS system. APT measurements were 
performed in pulsed UV laser mode at a detection rate of 1%, a laser 
pulse energy of 60 pJ, and a pulse frequency of 125 kHz. The specimen 
temperature was set to 50 K throughout the analysis. Data reconstruction 
and analyses were performed using the commercial software Imago 

Adv. Mater. 2022, 34, 2203030

Figure 3.  HOR binding energy calculations and experiments. a) Calculated H (top part) and OH (bottom part) binding energies plotted as a function 
of the calculated d-band centers referenced to the Fermi energy. The blue, green, and red lines indicate binding energies for 0.25 to 1 ML H (circle) and 
OH (triangle) in the presence of 0, 0.25, and 1 ML of Bocta in the subsurface of Pd(111), respectively. The horizontal purple and orange dashed lines show 
the H and OH binding energies for a coverage of 0.25 ML at the most favorable Pt(111) hollow site at the taken from refs. [53, 57]. The vertical dashed 
lines indicate the calculated d-band centers of only B-doped Pd(111) surfaces. The insets depict H (red) and OH (O: cyan) adsorption on Pd (gray) struc-
tures with and without B (blue). b) HOR LSV curve of the as-synthesized Pd-B0.1, Pd-B40, and Pd-B40sc samples and a reference Pdpowder. The HOR was 
performed in a H2-saturated 0.1 m KOH electrolyte with 1600 rpm rotating speed. The LSV curve was measured from 1 to −0.1 V (vs RHE) at a scanning 
rate of 10 mV s−1. The cyclic voltammetry curve and the electrochemical surface area of each Pd catalyst are presented in the Supporting Information.
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visualization and analysis system standard 3.8.4  developed by Cameca 
Instruments. All 3D atom maps presented here were reconstructed 
using the standard voltage reconstruction protocol.[60]

Electrochemical Measurements for HOR in Alkaline: Electrochemical 
measurements were performed with a CHI 760e potentiostat at room 
temperature. Nondoped Pd particles (99.9%, Sigma-Aldrich; <1 µm  in 
size) were used as a reference labeled as Pdpowder. The catalyst ink was 
prepared by dispersing 5 mg of the catalyst in 2 ml of isopropyl alcohol 
and 6.66 µL of Nafion (5 wt% sol. Sigma Aldrich) for 20 min sonication. 
Subsequently, 7.5 µL of the ink was drop-cast on the glassy carbon disk 
electrode (surface area =  0.247 cm2). The amount of drop-cast catalyst 
was appropriate to completely cover the disk electrode. A double 
junction Hg/HgO filled with 1 m KOH was used as a reference electrode 
and a carbon rod was used as a counter electrode. Before half-cell tests, 
a reversible hydrogen electrode (RHE) was calibrate by interconversion 
point of hydrogen oxidation and evolution current in a high-purity H2-
saturated 0.1  m KOH solution using a Pt rotating disk electrode.[61] 
The as-prepared electrode was inserted into a 100  mL solution of  
0.1 m KOH in which Ar gas was purged for 30 min. Cyclic voltammetry 
was performed at 50 mV s−1  scan rate (0.4–1 V (vs RHE)) three times, 
then 0.6 V (vs RHE) was applied to the working electrode and H2 gas was 
bubbled for 30 min. This process was performed to avoid H-adsorption 
at the open circuit potential. The HOR LSV curve was measured from 
1 to −0.1 V (vs RHE) at a scanning rate of 10 mV s−1. The experiment was 
repeated three times and the results were averaged.

DFT Calculation: All presented DFT calculations were performed 
using the Vienna Ab initio Simulations Package[62,63] with the projector 
augmented wave approach.[64] The kinetic-energy cutoff employed for the 
plane-wave basis set was 500 eV. A Γ-centered (8 × 8 × 8) k-point grid 
was used for Brillouin-zone integrations for FCC Pd bulk and a (8 × 8 × 1) 
grid was used for the Pd(111) p(1  ×  1) surface unit cell as the Pd(111) 
was the most favorable surface plane for FCC Pd.[65] Equivalently folded 
k-point meshes were used for larger surface cells. For the exchange-
correlation approximation, the generalized gradient approximation due 
to Perdew, Burke, and Ernzerhof[66] was used. A total of 16 (for Pd) and 
3 (for B) electrons were treated as valence, respectively. Electronic and 
ionic relaxations were carried out until the total energy convergence 
was less than 10−5 eV per system, respectively, 10−4 eV per system. With 
this setup, the authors obtained a lattice parameter a =  3.959 Å and a 
cohesive energy Ecoh = 3.63 eV for Pd FCC bulk, in good agreement with 
theoretical[65,67] and experimental[68] results.

For the surface models, a symmetric supercell slab approach was 
used with an 18  Å vacuum region. Pd(111) slabs were composed of 
13 atomic layers and the ensuing slab thickness was 27.44 Å. The three 
outermost atomic layers were relaxed, while the remaining atoms were 
fixed to their bulk positions. The calculated surface energy of Pd(111) 
was 0.091  eV  Å−2, in good agreement with reported theoretical values 
(0.082  eV  Å−2  by PBE,[69] 0.099  eV  Å−2  by PBEsol[70]) and experiment[71] 
(0.125 eV Å−2).

To account for the various coverages of B, H, and OH on the Pd(111) 
surface, different sizes of surface unit cells were employed. The coverage 
(Θ) of each adsorbate atom was defined as the ratio between the 
number of adsorbate atoms and the number of surface Pd atoms, with 
an equal number of respective atoms corresponding to 1 ML. For 0.25, 
0.5, and 0.75 ML, a p(2 × 2) surface cell was used and for 1 ML a p(1 × 1) 
surface cell was used.

The binding energy (ΔEb) was calculated as

1
2

2 ·
ads

tot
ads/subs

tot
subs

ads adsE
N

E E Nb µ( )∆ = − − � (1)

where tot
ads/subsE  and tot

subsE  were the calculated DFT total energies of the 
adsorbate–substrate and substrate, respectively. Nads was the number of 
adsorbates in the used surface supercell. μads was the chemical potential 
of adsorbates with respect to the relevant reference phases at the given 
experimental condition, defined as

( , ,pH) ( , ,pH)ads ads tot
ads

ads adsc T E c Tµ µ= + ∆ � (2)

where tot
adsE  was the DFT calculated total energy of the adsorbates 

reference phases (i.e., the H2  molecules for a H adsorbate and the 
rhombohedral a-phase of boron for a B adsorbate). Δμads was the 
chemical potential difference with respect to its standard reference 
phase where the source for the adsorbate atom should be an ion in 
solution. The authors note that ΔμH should be zero because the H2 gas 
phase was the relevant reservoir for the considered experiments here, 
even in the electrochemical measurements. The source of the adsorbed 
B was a BH4

− ion in solution, thus ΔμB was calculated using ref. [72] as 
follows

( , ,pH) 4·B BH BH H4 4
c T eµ µ µ µ∆ = − −− − � (3)

where BH4
µ −, μH, and μe were the chemical potentials of BH4

−, H, and 
the electron, respectively. These could be calculated using tabulated 
literature data and the experimental conditions (i.e., concentrations 
of the ions, pH, and temperature) as described in the Supporting 
Information.

The d-band center was calculated by averaging over the eigen-energy 
multiplied by the DOS of occupied Pd d-states as specified by the 
formula:

DOS( )

DOS( )
d-center

F

F
E

E E

E

E

E
∫
∫

=
∗

−∞

−∞

� (4)

where E and DOS(E) were the eigen-energy and the density of Pd 
d-states, respectively.
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