
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 2
1 

A
ug

us
t 2

02
5.

 D
ow

nl
oa

de
d 

by
 U

ni
ve

rs
ity

 o
f 

U
ta

h 
on

 8
/2

9/
20

25
 1

2:
11

:5
4 

A
M

. 

View Article Online
View Journal
Subsurface hydro
aDepartment of Chemical Engineering and M

Twin Cities, Minnesota 55455, USA. E-mail:
bDepartment of Chemistry, Wayne State Uni
cDepartment of Chemistry, University of Uta
dPhysical and Computational Sciences D

Laboratory, Richland, Washington 99354, U
eAdvanced Photon Source, Argonne National
fLam Research Corporation, Building B, 1115

USA

Cite this: DOI: 10.1039/d5ta05129k

Received 24th June 2025
Accepted 19th August 2025

DOI: 10.1039/d5ta05129k

rsc.li/materials-a

This journal is © The Royal Society
gen, curvature, and strain: lessons
from electro-reduction of benzaldehyde on nano-
structured Pd catalysts
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Long Luo, bc Dongsheng Li, d Hyoju Park, d Hua Zhou, e Nanjun Chen, d

Qin Pang, d Peter V. Sushko *d and Kelsey A. Stoerzinger *a

The unique ability of palladium (Pd) to absorb hydrogen and form a bulk hydride is vital for chemical

transformations that involve hydrogenation reactions. Nano-structured Pd catalysts offer a promise of

tuning these reaction rates by exploiting variations of reactant binding energies depending on the

surface structure and morphological constraints that result in inhomogeneous strain. However, the

interplay between the nano-structure of Pd and the ability of Pd to adsorb (and absorb) hydrogen as well

as other reactive species needs to be better understood for a rational understanding of competitive

chemical transformations at Pd surfaces. We consider the effects of the surface corrugation, strain, and

subsurface Pd hydride on the reduction of benzaldehyde to benzyl alcohol in two qualitatively different

samples – Pd nanoparticles and Pd gels formed by quasi-one-dimensional chains of these nanoparticles.

Our electrochemical measurements and computational modelling suggest that surface concave sites,

inherent to Pd gels, facilitate hydrogen transfer to the Pd subsurface region, thus weakening

benzaldehyde binding to the surface. This effect is further modulated by the strain, depending on the

local coordination environment on the corrugated surface. These findings demonstrate how structurally

complex samples in the form of gels provide degrees of freedom for controlling the behavior of metal

catalysts that are not available in isolated nanoparticles, which paves the way for new approaches in the

design of catalytic materials and synthesis of metal hydrides.
1 Introduction

Hydrogenation reactions underpin numerous chemical
conversions and energy storage reactions, oen driven by plat-
inum group elements like palladium.1 Palladium is unique,
however, in its ability to transform into a metal hydride at low
equivalent hydrogen pressures—making its active state intri-
cately linked to the processing conditions.2 The formation of
the hydride phase depends on a balance of kinetic rates at the
surface and within the bulk;3–5 deterministic control requires
precise synthesis science to obtain surface microenvironments
favoring hydride formation on and into the lattice6,7 at rates
greater than hydride consumption via surface-mediated
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processes. The presence of hydrogen in the subsurface
decreases the Pd work function8 and leads to a local charge
density redistribution, as well as an increase in the lattice
constant.9,10 As such, the hydride phase may favor some reac-
tions and disfavor others.11,12 Accordingly, our ability to tailor
catalytic functions will be enhanced with the ability to predic-
tively promote or suppress the formation of the hydride phase.

The in situ formation of the hydride phase can be limited by
the co-adsorption of strongly bound organic reactants, where
amongst a range of carbonyl functionalities, benzaldehyde (BZ)
binds the strongest.13 BZ is a model bio-oil compound con-
taining one aromatic ring and a formyl substituent whose
hydrogenation is oen used as a proxy for the conversion of
biomass to biofuels.14 This process can be driven either by the
temperature and pressure of hydrogen—termed thermocata-
lytic hydrogenation (TCH)—or by applying electrical bias—
termed electrocatalytic hydrogenation (ECH).13,15–20 At the
applied electrochemical potentials such that protons and elec-
trons can together reduce BZ (with two H+ and two e− required
to produce benzyl alcohol, BnOH), the surface-mediated
recombination of H+/e− pairs resulting in H2 gas, i.e., the
hydrogen evolution reaction (HER) is also a possible outcome.
Since these electrochemical potentials are also ones where
J. Mater. Chem. A
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palladium hydride (PdHx) formation is thermodynamically
favorable,18,19,21–23 a strong coupling between these processes
can be expected. More broadly, because PdHx formation
requires a high surface coverage of adsorbed hydrogen and its
facile diffusion into the lattice, hydride formation can be
inuenced by the extent of adsorption of bulky organic mole-
cules on the surface. The adsorption energies of these organic
species would be anticipated to vary strongly with local coor-
dination and connement. In contrast, the binding energy of
the adsorbed H is likely less dependent on this local coordi-
nation, while its diffusion through the lattice is highly related to
surface strain and void volume.

Here, we investigate how the mutual interplay between Pd
morphology and surface structure, BZ and H competitive
adsorption, and strain inuence the concomitant hydride
formation and BZ hydrogenation. We approach these questions
by controlling the starting catalyst state and tailoring catalyst
morphology to manipulate the drivers of hydride formation.
Specically, in contrast to previous studies of ECH, which
started from a PdHx state,13,15–20,24,25 we rigorously strip interca-
lated H to separate the effects of Pd and PdHx on the kinetics of
ECH. This approach is used to reveal the effects of sample
morphology by comparing the kinetics of hydrogenation
processes in Pd NPs and in networks of interconnected Pd NPs
(denoted as Pd gels). We show, through experiments and
simulations, that Pd gels weaken BZ binding relative to H,
enabling PdHx formation at much higher BZ concentrations
(CBZ) than in Pd NPs. This effect is attributed primarily to two
factors: (i) the grain boundaries (GBs) present in Pd gels give
rise to concave surface regions where weaker BZ binding and
negative curvature allow for H adsorption, and (ii) subsequent
H absorption into the subsurface layer induces charge density
redistribution that further lowers BZ binding. GBs may also
promote PdHx formation through facile H-diffusion. These
studies shed light on the complex interplay between surface
chemical processes, as represented by ECH and HER, and the
Pd to PdHx transformation accompanying these processes,
providing guiding principles for materials synthesis to target
desired catalyst reactivity.

2. Methods
2.1. Synthesis of Pd nanoparticles and GB-rich nanoparticle
assemblies

Pd NPs were synthesized as follows. First, 10.0 mL of 70.0 mM
sodium citrate aqueous solution and 20.0 mL of 7.0 mM
K2PdCl4 aqueous solution were added to 400.0 mL deionized
water under constant stirring at room temperature. Then,
5.0 mL of 60.0 mM NaBH4 aqueous solution was added to the
mixture aer one minute. Upon adding NaBH4, the solution
immediately turned brown, indicating the formation of Pd NPs.
The solution was stirred for another 30 min to achieve homo-
geneous NP distribution. The GB-rich Pd NP assembly was
prepared using a method reported in detail elsewhere.26 First,
the concentration of the Pd NPs in the solution was increased by
a factor of 10 using rotary evaporation. Then, the preconcen-
trated Pd NP solution was subjected to electrochemical
J. Mater. Chem. A
processing to form the assemblies using a three-electrode setup
with two ∼1 cm × 2 cm Pt foils as the working and counter
electrodes and an Ag/AgCl/saturated KCl reference electrode.
Before use, the Pt foils were electrochemically cleaned in 0.5 M
H2SO4 by cycling the electrode potential between−0.1 and 1.1 V
vs. RHE at a scan rate of 100 mV s−1 until their voltammogram
stabilized. An electrode potential of −2.0 V vs. Ag/AgCl was
applied to the concentrated Pd NP solution to promote the
assembly of Pd NPs. During this process, the NP solution turned
colorless over several hours. The NP assembly (gel sample)
appeared either precipitated at the vial bottom or attached to
the surface of the working electrode. The synthesized NP gel was
washed by adding and removing deionized water 10 times over
the course of a week. Aer cleaning, X-ray photoelectron spectra
were taken to characterize the surface content. The C 1s peak
(288 eV) of the C]O surface functional group of sodium citrate
ligands had disappeared, indicating that sodium citrate ligands
were effectively removed from the Pd NPs during the assembly
and washing steps.

2.2. Electron microscopy

High-angle annular dark-eld scanning transmission electron
microscopy (HAADF-STEM) images were obtained using
a Thermo Fisher Scientic Themis Z (probe Cs-corrected TEM,
300 kV).

2.3. X-ray Diffraction (XRD)

High-resolution XRDmeasurements were carried out at 12-ID-D
beamline at the Advanced Photon Source of Argonne National
Laboratory. The X-ray energy was 20 keV (wavelength: 0.61992
Å). X-ray measurement geometry was calibrated using a stan-
dard CeO2 reference powder to make the proper conversion
between X-ray detector images to XRD pattern as a function of
scattering angle 2q.

2.4. Computational modeling

The interactions between Pd, H, and BZ and the effect of strain
on these interactions were investigated using ab initio simula-
tions within the periodic slab models representing the Pd(111)
surface (Fig. 1) and the GB-rich Pd gel sample (Fig. 3 and S6).
The latter was modeled using a supercell containing two S3
(111) twin boundaries and a corrugated surface terminated with
(111) planes. This model was used to examine the energetics of
the H adsorption and absorption as well as BZ binding to Pd
and PdHx in the presence of uniaxial (tensile or compressive)
strain. Supercell lattice parameters, the corresponding k-
meshes for Brillouin zone integration, and strain conditions
are discussed in the main text for each slab model. The calcu-
lations were performed within the density functional theory
(DFT) formalism as implemented in the VASP code.27,28 The
Perdew–Burke–Ernzerhof (PBE) exchange-correlation func-
tional29 and projected augmented wave potentials were used
throughout.30 The plane wave basis set cutoff was 500 eV; the
total energy convergence criterion was set to 10−5 eV. The DFT-
D3 method of Grimme with zero-damping function was used to
apply the van der Waals correction for the BZ binding energies
This journal is © The Royal Society of Chemistry 2025
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in specic cases.31 The H atom interaction energies were
calculated relative to the energy of the gas-phase H2 molecule.
The charge density distribution was analyzed using the Bader
approach.32,33
2.5. Pd Gel and NP ink preparation for electrochemical
measurements

To make the Pd gel ink for electrode fabrication, 500 mL of
∼2 mgmL−1 sonicated aqueous suspension was mixed with 250
mL Millipure water and 250 mL isopropyl alcohol (IPA) and
subsequently sonicated for 15 min. 100 mL of 0.05 wt% Naon
117 solution (diluted from 5 wt% Naon 117 solution, Sigma-
Aldrich, using 70 : 30 IPA: Millipure water) was then added,
followed by sonication for 5 min. Two Pd NP inks were
considered: one with ligated NPs used as gel precursors (where
the ligand is stripped electrochemically) and one of commercial
20 wt% Pd/C (Premetek). The Pd NP ink was prepared using
a procedure from the literature.18 Briey, 2 mL of IPA was added
to 4 mg of 20 wt% Pd/C NPs and sonicated for 15 min. Then, 10
mL of 5 wt% Naon 117 solution was added and sonicated for
15 min.
2.6. Adsorption isotherms

The BZ adsorption isotherm experiment was carried out using
the rotating disk electrode setup with the working electrode
(WE) rotated at 400 rpm during the isotherm. A GC disk with Pd
catalyst ink was the WE, Ag/AgCl (4 M KCl lling solution, Pine
Research Instrumentation, Inc.) was used as a reference elec-
trode, and a Pt wire was used as the counter electrode. 100mL of
3 M acetate buffer (Sigma-Aldrich, pH 5.2) was used as the
electrolyte. The electrolyte was initially bubbled with N2 for an
hour and then continuously throughout the experiment to
deaerate it. The reported voltages are iR corrected with R
measured using electrochemical impedance spectroscopy at the
open-circuit potential.
Fig. 1 The stability of BZ adsorbed on the Pd(111) surface is modulated
terrace was represented by a periodic slab of 6 × 6 lateral supercell, fo
arrangements of Hsub (blue) at the octahedral interstitial sites located imm
andH adsorption energies decrease linearly with increasingHsub concent
(circles) in the case of high Hsub concentrations (shown in (c) in ML) and

This journal is © The Royal Society of Chemistry 2025
2.7. Conversion experiments

The conversion experiments were carried out in a glass H-cell.
25 mL of 3 M pH 5.2 acetate buffer (Sigma-Aldrich) was used
in both compartments with a Naon 117 membrane (FuelCell-
Store) separating them. Prior to use, the Naon 117 membrane
was soaked in Millipure water. The WE was a carbon felt
(3.18 mm thick, 99%, Alfa Aesar) attached to a graphite rod
(Becker Brothers), onto which 102 mL of the Pd inks were
dropcasted and dried on a hot plate maintained at 50 °C for 2 h.
An Ag/AgCl reference electrode (CH Instruments, Inc.) was
placed in the catholyte alongside the WE and a graphite rod
(counter electrode) was placed in the anolyte. A Biologic VSP-
300 potentiostat was used to control the potential applied to
the WE. The catholyte was bubbled with nitrogen (N2) for 20
minutes to deaerate the electrolyte. Next, a CV at 50 mV s−1 was
performed from 0.05 V vs. RHE to 1.2 V vs. RHE to quantify the
oxide stripping area to obtain the exposed surface area, as
shown in Fig. S1.34 The electrode was conditioned by perform-
ing a CV scan from 0 V vs. RHE to −0.3 V vs. RHE at 50 mV s−1

for 3 cycles. For select cases, any residual hydride was then
stripped by holding at 0.45 V vs. RHE until the current decayed
to less than 0.2 mA cmECSA

−2 to obtain Pd in the metallic phase.
Then, BZ was added to get the required BZ concentration in the
electrolyte. 85% ohmic compensation was done during the
conversion experiment based on the expected current from
initial CVs, with R obtained by impedance at open circuit
voltage, and the remaining 15% correction was done aer the
experiment. 0.2 mL samples were taken at specied intervals
from the catholyte compartment, with the samples being
collected in 30–40 s, as letting the WE go to open circuit
potential can give some H-stripping. The catholyte samples
were analyzed using an Agilent Technologies reverse phase-high
performance liquid chromatograph (RP-HPLC) equipped with
a C18 column and a UV-Vis detector. The RP-HPLC solvents
were water and acetonitrile (ACN), both buffered with 1% for-
mic acid. A sample injection of 2 mL with a 10–60% ACN
gradient over a 10 minutes period (total run time of 20 minutes)
by the amount of subsurface H (Hsub) and lattice strain. (a) The Pd(111)
ur atomic planes thick, with ordered (2 × 2 and 3 × 3) and random
ediately under the outermost Pd plane. (b) The magnitudes of the BZ

ration. (c) Lateral tensile strain strengthens the BZ binding to the surface
has a negligible effect on the Hads binding.

J. Mater. Chem. A
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Fig. 2 Reaction rates for stripped and unstripped Pd NPs for 20 mM BZ at −0.1 V vs. RHE for (a) electrocatalytic hydrogenation (ECH) and (b)
hydrogen evolution reaction (HER) as a function of the cumulative charge passed per Pd surface area. Error bars denote the maximum deviation
from the average across three measurements. In both cases, the reaction rates are higher for the stripped (metallic) Pd NPs.
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was used. Detection was made at 210 nm and 254 nm wave-
length light for BnOH and BZ,35 respectively, in the samples.

3. Results and discussion
3.1 The effect of subsurface hydrogen and strain on BZ
adsorption

To illustrate the coupling between co-adsorbed BZ and H and
the role of the Pd surface in modulating their interactions, we
Fig. 3 (a) Configurations of the BZ molecule adsorbed on the corrugated
of one of the S3(111) GBs; it is shown to guide the eye. (b) BZ adsorpt
hydrogen occupies octahedral interstitial sites under the top Pd plane on
shown with circles, squares, and triangles, respectively. (c) Trends of the B
and without (purple) van der Waals (vdW) correction, indicate weaker BZ

J. Mater. Chem. A
evaluate the effects of the lattice strain and H content on the BZ
adsorption energies for the case of Pd(111), represented using
a periodic slab with the 6 × 6 (16.5 × 16.5 Å2) lateral supercell
and the thickness of four atomic planes (Fig. 1a). The out-of-
plane supercell parameter was xed at 30 Å, leaving the
vacuum gap of over 23 Å. The Pd hydride phase was simulated
by incorporating H at the interstitial sites near the surface only
to capture the qualitative effect of the adsorbed and absorbed
species on the binding energies in this system. Therefore, we
Pd surface (see Fig. S6). The vertical orange line indicates the location
ion energies on the surfaces of pure Pd (blue) and PdHx (red), where
ly. Binding energies corresponding to the 0, 2, and 4% tensile strain are
Z Eads vs. deformation energy of the molecule, calculated with (green)
binding at the corrugated Pd surfaces (see also Fig. S7 and S8).

This journal is © The Royal Society of Chemistry 2025
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Fig. 4 The assemblies of Pd NPs (Pd gels) show concave and convex regions (a and b). The interactions between the merged NPs result in the
distribution of local tensile (c and d) and compressive (e and f) strain fields near the sample surface.
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discuss the results of the calculations performed using the G

point. For completeness, the dependence of the calculated H
incorporation energy and BZ and H adsorption energies on the
k-mesh (N × N×1, N = 1, 2, 3) and Hsub concentration is
provided in Fig. S5.

First, we note that the calculated adsorption energy (Eads) of
an isolated H atom (Hads) to the Pd(111) terrace is −0.7 eV,
while the energy of H absorption (Eabs) into the subsurface Pd
is −0.4 eV. Both Eads and Eabs are calculated relative to 1/2 of
a gas-phase H2 molecule. While the energy gain due to H
incorporation decreases with increasing Hsub concentration,
H incorporation is thermodynamically favorable relative to the
gas-phase H2 up to an ML (see Fig. S5a); Hsub is further
stabilized by the tensile strain (Fig. S6d). For comparison, the
calculated Eads of an isolated BZmolecule on Pd(111) terrace is
−1.8 eV. Since the Eads for BZ is approximately 2.4 times larger
than that for H, BZ molecules are expected to displace Hads

from the Pd(111) surface. We and others indeed observe this
displacement electrochemically, as discussed more in
assessing the role of surface morphology in Section 3.3. The
adsorbed BZ also affects the subsurface H (Hsub): while the
Hsub species are not directly displaced by the BZ, the BZ
modication of the surface structure and charge density
distribution lowers the energy required to desorb Hsub. For
example, in the case of a complete Hsub monolayer under
a Pd(111) terrace without and with adsorbed BZ, extracting
one Hsub as 1/2 H2 requires 0.12 eV and less than 0.02 eV,
respectively. As such, we anticipate Hsub to exit the lattice
when BZ is adsorbed, possibly contributing to hydrogenation
thermally, as discussed more in the context of our experi-
mental measurements below.

In turn, Hsub has a destabilizing effect on the adsorbed BZ.
To quantify this effect, we calculated Eads of BZ on the Pd(111)
surface in the presence of interstitial H in both ordered (2 × 2
and 3 × 3 planar arrangements within the supercell) and
This journal is © The Royal Society of Chemistry 2025
random distributions; in all cases, Hsub was located between
the two outermost Pd planes. These calculations suggest that
Eads of BZ changes linearly with the Hsub content (Fig. 1b) from
−1.8 eV per BZmolecule in pure Pd to−0.4 eV in a hypothetical
PdHx phase, where every subsurface octahedral site is occu-
pied by H− species. For comparison, we also examined the
effect of Hsub on the hydrogen adsorption energy (Fig. 1b). Two
to four Hads congurations were considered for each Hsub

concentration. The most stable among them also show a linear
trend of lower adsorption energy with Hsub (Fig. 1b). However,
the rate of this change is noticeably lower than in the case of
BZ. It follows that in the case of a high Hsub concentration, Eads
values for H and BZ species are comparable, which would lead
to competitive adsorption and affect the kinetics of their
interactions.

Furthermore, since H absorption in Pd is accompanied by its
volumetric expansion, the accumulation of Habs species is ex-
pected to induce lateral strain. We mimic the applied strain by
scaling the lateral supercell parameters by a factor of up to 1.02,
corresponding to 2% linear expansion, consistent with experi-
mentally observed localized strain resulting from hydride
formation.36 The calculated BZ Eads values (Fig. 1c) suggest that
the tensile strain stabilizes the adsorbed BZ in the case of
a higher concentration of subsurface H but has little effect at
lower concentrations. Finally, our calculations show that while
tensile strain stabilizes Hsub (Fig. S6), these hydrogen species
can spontaneously displace to the surface under the combined
effects of strain and adsorbed BZ (Fig. S16), further supporting
a potentially active role of Habs in hydrogenation reactions
under the conditions studied here.
3.2 The effect of Pd hydride on hydrogenation reactions

Having established the effect of the Hsub species on the BZ
binding, we turn to the analysis of their impact on the rates of
prototypical hydrogenation reactions, ECH and HER. To reveal
J. Mater. Chem. A

https://doi.org/10.1039/d5ta05129k


Fig. 5 Cyclic voltammetry at 20 mV s−1 in different concentrations of BZ for Pd NPs (a) and gel (b), where the amount of Hads remaining can be
considered via the integrated charge of its stripping above the baseline capacitance charge from the region. (c) Coverage of BZ (determined via
Hads inhibited) vs. its concentration (CBZ) in solution. The dashed lines in (c) are to highlight the differences in the effect of CBZ on Hads in Pd NPs
and Pd gel. (d) CV profiles demonstrate differences in the hydride formation in the presence of 1 mM BZ; measurements were performed at
20 mV s−1.
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the effect of the PdHx phase, we prepared Pd NPs samples in the
hydride (unstripped) and metallic (stripped) phases as
described in Section 2. The reaction rates and the correspond-
ing turnover frequencies (TOFs) at −0.1 V vs. RHE in 20 mM BZ
solution are shown in Fig. 2 and S2, respectively, with additional
data for a wider range of BZ concentrations shown in Fig. S3 and
S4. The difference in the reaction rates is attributed to the
absorbed H (Habs), which may impact rates directly via thermal
hydrogenation or indirectly by modifying the binding energy of
surface adsorbates, as shown in Fig. 1b.37–40 Despite the ability
of Hsub to reduce BZ, the rate of BnOH production is higher for
Pd metal (stripped) than for the hydride Pd (unstripped) NPs
(Fig. 2a and S2a).
J. Mater. Chem. A
The apparent HER rate was calculated assuming that the
total current (Table S1) is fully utilized to produce BnOH via
ECH or H2 via HER. The initial HER rate is approximately an
order of magnitude higher for stripped Pd NPs (Fig. S2b), where
only a negligible contribution from hydride formation can be
expected given the high BZ concentration (CBZ = 20 mM) and
a strong binding of BZ to the Pd surfaces. These ndings
suggest that Pd metal also has a higher intrinsic rate towards
HER than the Pd hydride, resulting in a lower ECH faradaic
efficiency, FE, toward ECH (∼70% vs. 90%, Table S2). These
differences in rates and FEs illustrate the importance of catalyst
history in considering the activity and selectivity of hydride-
forming materials.
This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Rate of BnOH production as a function of time in stripped and unstripped Pd in 1 mM BZ solution at −0.1 V vs. RHE: (a) Pd gel, (b) Pd NPs.
BnOH production rate for the unstripped case at t = 0 (initial point taken after mixing 1 mM BZ for 5 min) is attributed to the activity of hydride.
Error bars denote the maximum deviation from the average across three measurements.
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3.3 The effect of Pd and PdHx surface corrugation and
morphology on competitive adsorption

Surfaces of nano-scale materials have a signicant fraction of
low-coordinated sites, where deviations from the at terrace
structure can modulate the binding of the reactants and affect
kinetic rates. Here, we examine the effect of such surface
corrugation by analyzing the combined effect of the Habs and
surface topography on BZ adsorption. Since the (111) termina-
tion is the prevalent surface facet in face-centered cubic crystals,
and S3 (111) is the prevalent grain boundary, we represented
corrugated surfaces using a periodic slab model containing
(111) terraces and convex and concave regions formed by the
intersections of S3 (111) GBs with surfaces (see Fig. S6). Simi-
larly to the case of the at terraces in Section 3.1, we nd that H
incorporation into the subsurface layer (Habs formation) is
favorable compared to gas-phase H2 and stabilized by the
presence of tensile strain in the [111] direction (Fig. S6 and 3).

To consider how the surface corrugation may inuence BZ
adsorption, we calculate BZ Eads and characterize the charge
density distributions for six congurations, dened by the
proximity of the adsorbed BZ to the concave, at, and convex
regions (Fig. 3a). We nd that BZ is most strongly bound at the
(111) facets (conguration B in Fig. 3), while structural devia-
tions from the (111) terraces arising from GBs have a destabi-
lizing effect. For example, even in the case of conguration B,
the connement of the (111) facet provided by the concave and
convex sites is sufficient to weaken the BZ adsorption energy
from −1.8 eV, in the case of the innite Pd(111) terrace, to
−1.4 eV (Fig. 3b). Furthermore, in the vicinity of the convex
features (conguration C), the C]O group does not directly
interact with the Pd substrate, thus lowering the BZ adsorption
energy even if the molecule remains essentially at. In contrast,
in the vicinity of concave features (congurations E and F), the
BZ molecule undergoes deformation relative to its planar
This journal is © The Royal Society of Chemistry 2025
conguration in the gas phase, and the corresponding BZ Eads
can be as low as −0.8 eV and −0.2 eV for the metallic Pd and
hydride Pd phases, respectively (Fig. 3b).

Subsurface H species weaken BZ binding to the surface by an
additional ∼0.1–0.5 eV relative to conguration B. We attribute
this effect to electron transfer from the host Pd to hydrogen
atoms, forming Hd− (d = 0.06). According to the Bader pop-
ulation analysis, 80% of this charge is transferred from the
surface Pd atoms, which lowers their polarizability and, there-
fore, weakens the interactions with the BZ benzene ring. This
effect is particularly pronounced in the case of the concave sites
(conguration F), where strain variation may result in detach-
ment of absorbed BZ from the surface, as suggested by the
nearly identical BZ adsorption energies in congurations A and
F at 0% strain. We also note that BZ Eads at the concave site
shows a strong strain dependence: tensile strain reduces the
curvature of concave regions, leading to a stronger BZ-surface
binding (Fig. 3b).

To obtain further insight into the factors that determine BZ
Eads magnitude, we deconvolute it into the contributions due to
BZ deformation, i.e., the energy penalty associated with the
deviation of the BZ structure and charge distribution from those
of the gas-phase BZ, and those due to attachment of the
deformed BZ molecule to the corresponding surface site
(Fig. S7). Plotting the BZ Eads vs. the deformation energy reveals
a V-shaped trend with the minimum corresponding to BZ at the
(111) faces (Fig. 3c). Thus, deformation energies associated with
adjusting the BZ structure and charge distribution to a surface
site are most effectively offset by the energy of BZ attachment to
this site in the case of the (111) terraces, and any topographic
deviations from the at terraces would result in weaker BZ Eads.
Therefore, we conclude that for NP assemblies with convex and
concave regions in the vicinity of GBs between the NPs, weak-
ened BZ interactions would limit the blocking of Hads and
enable the persistence of the PdHx phase to higher CBZ.
J. Mater. Chem. A
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Applying the van der Waals (vdW) correction yields similar
results. In particular, the BZ adsorption energies calculated
with and without the vdW correction (Fig. S8) show the same
trends for both pure Pd and PdHx, except for conguration F. In
the latter case, BZ adsorbed on the pure Pd conforms to the
local curvature with and without vdW correction. However,
accounting for the effects of polarization via the vdW correction
suggests that, as the subsurface H weakens the BZ-surface
interaction, it no longer compensates for the BZ deformation
energy, resulting in a at BZ conguration (Fig. S8d). These
results further support the conclusion that concave sites on the
Pd and PdHx can remain exposed for H in-diffusion even at
a high CBZ.

To test these predictions, we compare the kinetics of
electrocatalytic reduction of BZ for two types of samples: Pd
nanoparticles (Pd NPs), which exhibit convex sites and terraces,
and Pd gels formed by NPs assembled into quasi-one-
dimensional (1D) structures that exhibit both convex and
concave sites and inhomogeneous strain distribution (Fig. S9).
High-resolution STEM images of Pd gels (Fig. 4) suggest that
multiple NPs join together to form an open structure with
a high density of GBs (see SI and Fig. S10) and convex and
concave regions, leading to localized strain (Fig. 4d and f).
Additional examples of the Pd gel structure at several magni-
cations and Pd gel XRD patterns are provided in Fig. S11 and
S12, respectively.

To understand how the morphology of these systems inu-
ences the adsorption and intercalation of H and the subsequent
formation of PdHx, we consider the ability of BZ to block
adsorbed H (Hads) formed in aqueous electrochemical envi-
ronments. Hads amounts were quantied via the transfer of an
electron (negative current) in the region of 0.35–0.1 V vs. RHE,
and H removal was quantied by the positive current when
sweeping from 0.1 to 0.35 V vs. RHE (Fig. 5a, b and S4).
Increasing CBZ in the solution led to higher BZ adsorption on
the surface, blocking Hads, in line with our calculations showing
that BZ Eads is greater than that of H. The extent ofHads blocking
was quantied via the difference in Hads stripping charge,19

where full Hads inhibition reects a maximum coverage of the
surface by BZ (Fig. 5c and S4).

Both Pd NPs and Pd gels bind BZ strongly, consistent with
the calculated BZ Eads on the pure Pd(111) terrace discussed
above (see also SI and Table S2 for an experimental assessment
of Eads). BZ adsorption to Pd gels weakens at CBZ > 10 mM, as
evidenced by the greater persistence ofHads with increasing CBZ.
However, signatures of Hads are still observed even at CBZ =

20 mM. In contrast, virtually no Hads remain on Pd NPs for CBZ

of 100 mM and higher. This is consistent with the results of our
ab initio calculations (Fig. 3), illustrating how strained and
twinned regions, typical in Pd gels (Fig. 4), weaken BZ adsorp-
tion. The observed persistence of Hads in Pd gels leads to the
formation of the PdHx phase, manifested by Hads formation
even at high (1 mM BZ) concentrations and observed via H
stripping at∼0.08 V vs. RHE in the anodic sweep (Fig. 5d). Since
a larger Hads stripping charge for a given surface coverage of
Hads suggests a more facile hydrogen in-diffusion in Pd gel, we
propose that a high density of GBs in Pd gels is responsible for
J. Mater. Chem. A
this diffusion (Fig. S13). These observations suggest that the two
types of Pd electrocatalysts likely demonstrate different
behavior in BZ ECH reactions, particularly in the high CBZ limit
(CBZ ∼1 mM), where PdHx might persist for the Pd gels
(Fig. S14), but not NPs.

Finally, we note that the Hads inhibition dependence on CBZ

for the Pd NP and Pd gel catalysts follows the same trend as CBZ

increases to log(CBZ) = −5.5 (Fig. 5c), indicating that similar
surface regions (terraces and convex regions) are being affected
by BZ in both samples. At higher CBZ, the Hads are completely
displaced from the Pd NP surfaces, while they persist on the Pd
gels until CBZ is increased by an additional factor of ∼103. We
attribute these persistent Hads to the concave regions in the gel
structures that are unlikely to form in the NP samples but are
present in abundance in Pd gels (see Fig. 4).
3.4 Using catalyst morphology to probe ECH performance
depending on the subsurface H content

We concluded in Section 3.3 that Pd gel accommodates Habs

that persist even above 1 mM BZ (Fig. S13) and attributed the
origin of such Habs to concave sites associated with GBs, where
BZ adsorption is weak due to the surface corrugation. We next
consider the role of persistent subsurface H (Habs) in the cata-
lytic process.

The large initial rates of BnOH production on the unstripped
PdHx gels (Fig. 6) are likely due in part to a TCH contribution
from subsurface H, given that the currents passed for stripped
and unstripped are similar (Fig. S15). This proposition is sup-
ported by our ab initio calculations that show subsurface H
(Habs) can spontaneously transfer to the surface (Hads) under 2%
tensile strain (Fig. S16), and the experimental observation of
rates converging for stripped and unstripped at times >100 s
when Habs content is likely similar. In contrast, the BnOH
production rates of stripped and unstripped Pd NPs samples are
largely similar (Fig. 6 and S17), indicating that the contribution
of subsurface H to the TCH reaction is minimal. The distinction
between the behaviors of unstripped NPs and gel samples
suggests that the terraces and convex sites of NPs may favor
subsurface H leaving the lattice as H2, whereas the concave (and
strained) sites of the Pd gel favor leaving the lattice via BZ
hydrogenation.

Comparing the behavior of Pd gels and NPs in 1 mM BZ at
longer times (>100 s), where TCH is negligible, showed a ∼3x
smaller BZ reduction rate for Pd gels (with some persistent Habs

based on adsorption measurements shown in Fig. 6) regardless
of time or current passed (TOF vs. time, Fig S17 and 18).
Together, these ndings indicate that Pd hydride is not inher-
ently more active than Pdmetal for BZ ECH, but that subsurface
H from preconditioning may contribute to thermal BZ reduc-
tion in conditions where its persistence in the lattice is unfa-
vored (Fig. 6, S17 and Table S3). We note, however, that strain
resultant from the formation of the hydride phase and inherent
to the Pd gel morphology may also contribute to these obser-
vations. In particular, tensile strain leads to a slight upshi of
the Pd d-band for both metal41 and hydride phases (Fig. S19),
and both hydride formation and strain result in the broadening
This journal is © The Royal Society of Chemistry 2025
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of the states nearest the Fermi level.42–44 Hence, the strain
inherent to the twin-boundary rich network may destabilize BZ
relative to a more optimal binding on Pd NP surfaces.

To summarize, our experiments and simulation suggest the
following mechanistic insight. BZ displaces adsorbed H in both
stripped and non-stripped Pd NPs and gel samples. However,
weaker BZ adsorption at concave regions in gels increases Hads

retention and allows for H transfer into the subsurface region,
which in turn, further weakens the BZ binding to the surface.
The higher concentration of pre-existing Habs in gels is
responsible for the initial higher activity observed in non-
stripped gels, while the long-term effect of Habs is negligible
in all cases.

Together, these ndings indicate that synthesis approaches
should target control of the geometrical characteristics, density,
and spatial distribution of the concave and convex regions in
nanostructured catalysis as well as residual strain associated
with these regions. Based on this work, we propose that the
strength of interactions of organic molecules with metal
surfaces can be controlled not only by their topography but also
by the amount of subsurface hydrogen that can be retained at
the surface and accumulated in the subsurface near concave
regions and by the external strain that stabilizes these hydrogen
species.

4 Conclusion

We examined the effect of surface corrugation, subsurface
hydride phases, and strain in Pd nanoscale catalysts on the
kinetics of characteristic hydrogenation reactions exemplied
by BZ electroreduction. Isolated Pd nanoparticles that exhibit
terraces and convex sites were used as a reference catalyst, while
Pd-gel, in the form of interconnected quasi-1D chains con-
taining a high density of grain boundaries, convex and concave
sites, and strain, was used to provide insight into the role of
structural inhomogeneities in the catalytic conversion. Our
computational modeling predicts that concave surface sites are
less susceptible to blocking by aromatic compounds, such as
BZ, which allows hydrogen to be more readily incorporated into
the Pd lattice and form the subsurface PdHx phase. This is
consistent with our experimental measurement of persistent
hydride formation in Pd gels at higher BZ concentrations than
for Pd NPs, which do not have these convex sites. However, as
the hydride phase is not stable for NPs over these concentra-
tions—our calculations conrm it prefers to leave the lattice—
we nd it contributes to the rate of BnOH formation at short
timescales, providing a new lens through which to consider
previous reports starting with the hydride phase. In fact, we nd
the metallic starting phase has higher HER and ECH rates, but
lower FE towards BZ ECH.

Calculations show tensile strain enhances the PdHx stability,
which, in turn, weakens the BZ interaction with Pd surfaces.
The effect of these processes on the hydrogenation reaction was
analyzed by comparing the kinetics of BZ reduction on the NP
and gel samples. The Pd gel has a lower rate for BZ ECH than Pd
NPs, consistent with weakened BZ adsorption on the gel resul-
tant from tensile strain associated with grain boundaries and
This journal is © The Royal Society of Chemistry 2025
residual hydride phase. Although the ECH rate for this model
reaction is lower for gels, this work demonstrates how struc-
turally complex samples in the form of gels provide degrees of
freedom for controlling the behavior of metal catalysts that are
not available in NP catalysts, which paves the way for new
approaches in the design of catalytic materials.
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