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A B S T R A C T   

Understanding the hydrogenation of organic compounds in the aqueous phase has always been fundamentally 
important for improving carbon neutral pathways to fuels and value-added chemicals. In this study, we in
vestigated both thermodynamic and kinetic profiles of benzaldehyde hydrogenation over the Pd(111) and Pt 
(111) metal surfaces using density functional theory (DFT) and ab initio molecular dynamic (AIMD) simulations. 
The adsorption of H2 shows the mixed preference of H adsorption sites on the Pt(111), while the fcc adsorption 
site is dominant for H on the Pd(111). When benzaldehyde is added to the systems, we observe a strong re
duction of benzaldehyde on charged Pd (111) surface compared with that on neutral surface. In contrast, 
charged state of the Pt(111) surface does not change their interaction. Subsequent hydrogenation reaction of 
benzaldehyde over Pd(111), proceeding via Langmuir-Hinshelwood mechanism, is affected by two major factors: 
the presence of H2O solvent and surface charge. The presence of H2O solvent greatly reduces the activation 
energy of CeH and OeH bond formation during the hydrogenation process. Furthermore, the hydrogenation 
step via CeH bond formation is preferred thermodynamically and kinetically over OeH bond formation during 
thermocatalytic hydrogenation, while the opposite trend holds true during electrocatalytic hydrogenation.   

1. Introduction 

There have been increasing efforts in using biomass for energy ap
plications to displace or supplement petroleum-based fuels and che
micals [1–3]. This has been attributed in part to an increasing need in 
today’s energy economy to efficiently produce fuels and chemicals, 
meet expanding fuel demands in heavy duty transportation while si
multaneously eliminating carbon & environmental footprints. To de
velop sustainable fuels and chemicals, the effective H/C ratio of these 
organic feedstocks (for instance, biomass or CO2) must be increased up 
to 2, the average value required for transportation fuels [4]. Hydrogen 
addition can increase the H/C ratio without loss of carbon. The efficacy 
of the entire process to generate desirable fuels and chemicals is en
tirely reliant on having active, stable and efficient catalyst materials. 

Catalytic hydrogenation reactions of organic compounds over metal 
surfaces is of high relevance in catalysis science [3,5–9]. Considerable 
research efforts have been made to explore both gaseous- and solution- 
phase thermal catalytic hydrogenation (TCH) and aqueous-phase elec
trocatalytic hydrogenation (ECH) of organic compounds in gas and 

aqueous phases [7–20]. One of the suggested mechanisms for hydro
genation process, termed “Langmuir Hinshelwood” (LH) scheme 
[14,21], comprises of a two-step process that involves the dissociative 
adsorption of hydrogen (H2 → 2H*) to the metal surface and sub
sequent transfer of the surface-bound hydrogen to the adsorbed organic 
species. Benzene hydrogenation over Pt catalysts supported on various 
oxide substrates was shown to proceed via such a LH mechanism under 
TCH [10]. Other reports suggested that the mechanism for phenol hy
drogenation over Pt and Ni catalysts under reducing conditions also 
proceeds via a LH scheme [14]. A recent study comparing the reaction 
rates of thermal and electrochemical hydrogenation of benzaldehyde on 
carbon supported Pt-group metals confirmed similar reaction orders of 
hydrogen and organics, which suggests that the hydrogenation can 
follow a similar type of mechanism at least at lower applied voltages 
[8,18]. Likewise, ECH of phenol over Pd/Al2O3 is also postulated to 
proceed via a LH-like mechanism [13]. 

In all these cases, the basis for efficient conversion of benzaldehyde 
to benzyl alcohol is intrinsically linked to the availability of hydrogen 
on the metal surface and the mechanism of hydrogen addition. Detailed 
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information on the environment driven mechanism of hydrogen ad
sorption and transfer at the metal surface, however, is generally lacking 
particularly in the presence of solvent and charge. Such information is 
mandatory for a knowledge-based development of thermal or electro
catalysis, to achieve high activity and selectivity during the conversion 
process. Few recent studies have attempted to address these unknowns. 
Numerous first-principles studies have also explored the adsorption 
profile of H2 in gas phase over various types of metal surfaces, showing 
the distribution of H2 adsorption over the fcc (face centered cubic), hcp 
(hexagonal close packed), bridge, and top sites [22–26]. Although these 
studies exclude solvent effects, they all highlight the susceptibility of 
hydrogen adsorption to the metal facet and active site. Yang et al. have 
recently reported that the surface H coverage over Pt(111) is sig
nificantly higher in the gas phase relative to the presence of H2O sol
vent which is due to both enthalpic and entropic drivers that sig
nificantly decrease the free energy of H2 adsorption [27]. Ultimately, 
lower surface coverage will result in lower rates in a LH mechanism. 

Therefore, we must start by addressing the largest identified gap – 
the lack of qualitative and quantitative information on how metal 
surfaces act as effective sources or sinks for hydrogen that participate in 
electrocatalyzed reactions. Several challenges exist in closing this gap: 
(a) The extent of hydrogen that gets adsorbed and desorbed at the metal 
surface is strongly influenced and controlled by the environment. The 
liquid phase environment alters the dynamics and chemical interaction 
between the metal and hydrogen and introduces complexity to devel
oping an in-situ, operando understanding of the electrocatalytic re
duction mechanism [17,18,27]. (b) In situ operando experiments are 
difficult and require high precision. Spectroscopic characterization of 
hydrogenation phenomena is non-trivial, requires high-precision and 
entails probing of the surface under real-time operating conditions 
[8,27]. 

In this study, we address these information gaps using first-princi
ples simulations of the solvated metal surface. The nature and role of 
surface bound hydrogen in reducing benzaldehyde on Pt and Pd sur
faces are investigated under neutral (open-circuit potential) and 
charged (reducing) conditions. We postulate that the presence of sur
face-bound H atoms on the metal surfaces is critical for driving the 
hydrogenation reaction. Using density functional theory calculations 
and ab initio molecular dynamics simulations, the adsorption features, 
site distribution and surface H coverage on Pd(111) and Pt(111) sur
faces are compared and found to be distinct. The adsorption geometry 
of benzaldehyde on the H-covered Pd(111) and Pt(111) surfaces is 
compared under TCH and ECH conditions. Lastly, both thermodynamic 
and kinetic profiles of benzaldehyde hydrogenation to benzyl alcohol 
are investigated on the Pd(111) based on a LH mechanism. We show 
that the reaction pathways of benzaldehyde hydrogenation are sig
nificantly affected by the consideration of H2O solvent and surface 
charge. 

2. Computational methodology 

We performed periodic density functional theory (DFT) calculations 
using the Perdew, Burke, and Ernzerhof (PBE) [28] form of the gen
eralized gradient approximation (GGA), as implemented in the CP2K 
software package [29,30]. The norm-conserving pseudopotentials [31] 
were employed to describe the core electrons, while the valence wave 
functions were expanded in the form of double-ζ-quality Gaussian basis 
sets optimized for condensed phase systems [32]. A 400 Ry cutoff was 
chosen to compute the electrostatic terms. The Γ-point approximation 
was used for integrating the Brillouin zone. Long-range dispersion (van 
der Waals) interactions were treated through Grimme’s DFT-D3 ap
proach [33]. 

Pd(111) and Pt(111) slabs, consisting of 192 Pd/Pt atoms (48 
atoms/layer), were constructed with cell dimensions of 18.86 × 16.33 
× 26.67 Å and 19.18 × 16.61 × 26.78 Å, respectively, with 20 Å 
vacuum space. The (111) facet is chosen over the (100) and (110) facets 

due to its relative stability for both Pd and Pt surfaces [34–36]. Singh 
et al. also showed that Pd(111) is the most active surface for benzal
dehyde hydrogenation [8]. Two different types of configurations were 
used to explore the effects of solvents on the H2 adsorption and hy
drogenation of benzaldehyde on Pd and Pt surfaces: 1) with 25 H2 

molecules on the surface (representing a gas-phase system) and 2) with 
25 H2 and 139/144 H2O molecules on the Pd/Pt surface (representing a 
solvent system). The number of water molecules was chosen to reflect a 
bulk water density of ∼1.0 gm/cm3 with a H2 partial pressure (pH2) of 
6700 bar, as estimated from Henry’s law constant. We choose this high 
pressure of H2 to accelerate adsorption/desorption process from the 
surface to more rapidly converge the AIMD simulations on picosecond 
time scale [27]. After thermal equilibration of systems, we further 
added one benzaldehyde on Pd(111) and Pt(111) surface to investigate 
the hydrogenation of benzaldehyde to benzyl alcohol. In addition, for a 
charged surface, incorporation of one extra electron into the simulation 
cell imparts a surface charge of ∼0.01 electron/Pd surface atom (0.3 
e-/nm2, approximately 0.8 V applied potential). 

The DFT-based ab initio molecular dynamics (AIMD) simulations 
were performed within the canonical NVT ensembles, using a 1 fs time 
step and a Nosé-Hoover chain thermostat at 373 K. Simulations of 
10–15 ps were carried out after equilibration in order to obtain reliable 
statistics and a dynamic distribution of solvent molecules. Simulated 
annealing of post-MD structures was subsequently performed in order 
to obtain the most stable structure of surface-bound states. The ob
tained structure was used to investigate electronic structural properties 
and interfacial interactions such as binding energy of hydrogen and/or 
benzaldehyde. In addition, the reaction mechanism of benzaldehyde 
hydrogenation on Pd(111) surface was explored using the climbing- 
image nudged elastic band (CI-NEB) method [37]. We relaxed the 
configurations in the CI-NEB by a MD-simulated annealing to allow the 
H2O structure to adiabatically relax about the reaction coordinate to 
remove artifact resulting from metastable solvent configurations [14]. 

3. Results and discussions 

3.1. Hydrogen on solvated Pt(111) and Pd(111) surfaces 

Fig. 1 shows atomic density profiles (in molecules/Å3) of H (ad
sorbed and molecular), O of H2O, and Pd/Pt atoms as a function of the 

Fig. 1. Atomic density profile of H, O of H2O, and surface Pt/Pd atom on the 
neutral surface as a function of the surface normal (z) direction in the presence 
of H2O solvent. Color codes for density profiles: H (red line), O of H2O (blue 
line), Pt (brown line), and Pd (tan line). Color codes for surface models: H 
(white), O (red), Pt (brown) and Pd (tan). (For interpretation of the references 
to colour in the Figure, the reader is referred to the web version of this article). 
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surface normal (z) direction calculated from equilibrated MD trajec
tories, which illustrates the distributions of species along z-direction. A 
double peak associated with H (red peak) can be seen in the range of 0 
to 2 Å for the Pt(111), indicating the mixture of H adsorption sites on 
the Pt surface. Structural visualization with VMD [38] reveals that the 
first higher peak from the surface is due to H adsorption on hollow sites 
(fcc or hcp) while the second lower peak is associated with atop ad
sorption of H. Adsorbed H freely diffuses on the surface and inter
changes between atop and hollow sites on the picosecond time scale. 
Interestingly, our simulation shows opposite intensity of these dis
tribution in the gas phase system (see Figure S1 of Supporting In
formation (SI)), but diffusion and interchange of sites persist. Given the 
rapid interchange of positions, we can assume that the MD is equili
brated and the observed populations reflect the relative free energetics 
of the binding sites, =G RTln ( )site

p
p

atop

hollow
, with pj representing the po

pulation of sites occupied by H atom. Therefore, solvent is perturbing 
relative free energy of binding sites such that at 373 K, atop sites are 
preferred over hollow sites by ∼2 kJ/mol in the gas phase whereas 
hollow sites are preferred by ∼2 kJ/mol in the presence of H2O. In 
contrast, only one sharp peak associated with H bound at hollow site 
(mostly fcc) is observed on the Pd(111) surface for both gas and aqu
eous phases. 

In addition, a broad peak associated with freely diffusing H2 mo
lecules in the solvent can be seen above 2 Å for Pt(111), while such 
peak is shifted to above 8 Å on Pd(111). The distribution peak of H2O 
(blue peak) is also different between Pt(111) and Pd(111) surfaces. The 
peak at ∼2 to 4 Å is 50 % higher on Pd relative to Pt, indicating that the 
first H2O layer is more ordered with a tighter packing of H2O molecules. 
This higher density of H2O in the first layer excludes freely diffusing H2, 
leading to the shifting of freely diffusing H2 peak to above 8 Å on Pd 
(111) and indicates a kinetic barrier for H2 adsorption/desorption. Note 
however, no exchange of adsorbed H to the H2O solvent is observed on 
either surface within the time frame of the current AIMD simulations. 

On the other hand, the total amount of surface-bound H presented 
on Pd surface (∼0.6 monolayer (ML) of H) is almost twice as much 
compared to the Pt surface (∼0.3 ML of H). Such site distribution and 
coverage of surface-bound H shows that the surface H coverage is 
clearly affected by the underlying metal surface. This difference in 
coverage can be understood in very simple terms. From our previous 
work [27], we know that H2O has two effects on H binding at surfaces: 
1) reduction of the enthalpy of binding due to the lowering of the work 
function of the metal as a consequence of presence of H2O at the surface 

and 2) increased entropic contribution due to H2O restructuring and 
hindered H diffusion. Assuming that the entropic contribution is ap
proximately similar between the surfaces and noting that the expected 
shift in work function is also similar between the surfaces [14], the 
difference should strictly be related to the relative binding energy of H 
between the two surfaces. We computed that Hads of H2 on Pd(111) is 
∼15.0 kJ/mol lower than on Pt(111), consisted with previous theore
tical studies [26,39,40]. Theoretically, Gads

o of H2 for Pt(111) is found 
to be ∼ −1.0 kJ/mol [27], which can serve as a basis to estimate Gads

o

of H2 observed for Pd(111). Under the above assumptions, Gads
o of H2 

for Pd(111) equals the addition of Gads
o of H2 for Pt(111) and Hads

o of 
H2, which is ∼−16.0 kJ/mol. Using LH isotherm estimates of coverage 
[41], we conclude that at 343 K and 1 bar of H2, the surface coverage of 
Pt would be ∼0.5, whereas Pd would be ∼0.9. Note that in both cases, 
the coverage of H is appreciably lower than in the gas phase at the same 
thermodynamic conditions where the H coverage is expected to be 
unity. 

It should be noted that the formation of beta hydride is experi
mentally shown to be suppressed in the presence of benzaldehyde and 
only observable under elevated hydrogen pressure. Likewise, our si
mulation observed the formation of subsurface H atoms only in the 
presence of a very large number H2 molecules (see Fig. S2 of SI). These 
results suggest that the hydride formation is thermodynamically diffi
cult to access in this reaction condition and, therefore, we focus solely 
on reactivity with surface-bound H in our study. 

3.2. Adsorption of benzaldehyde on (111) surfaces 

The DFT-optimized geometry of various organic compounds, in
cluding benzaldehyde and phenol, has been reported on (111) surfaces 
where the benzene ring lies flat with the functional group being titled 
away from the surface [14,42–45]. Thus, a similar adsorption geometry 
of benzaldehyde was adopted and further refined over H-covered Pd 
(111) and Pt (111) surfaces using the DFT and AIMD simulations. The 
DFT-optimized structures, resulting from AIMD followed by simulated 
annealing, of adsorbed benzaldehyde on H-covered (111) surfaces are 
summarized in Fig. 2. Two important factors were incorporated when 
calculating the adsorption geometry of benzaldehyde on the Pd and Pt 
surfaces: 1) H2O solvent, which is present under thermo and electro
chemical conditions and expected to also reduce the binding of the 
organics [46,47] and 2) surface charge, which is present under elec
trochemical condition and also impacts organic binding [18,19]. 

Fig. 2. DFT-optimized geometry of adsorbed benzaldehyde on a) neutral and b) charged Pd(111) surface in comparison to adsorbed benzaldehyde on c) neutral and 
d) charged Pt(111) surface in the presence of H2O solvent. Color codes for surface models: C (cyan), H (white), surface-bound H (yellow), O (red), Pt (orange) and Pd 
(tan). (For interpretation of the references to colour in the Figure, the reader is referred to the web version of this article). 
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It is interesting to note that the adsorbed benzaldehyde moves away 
from neutral Pd(111) surface (see Fig. 2a) relative to the gas phase 
configuration. For instance, the mean Pd-C separation distance in gas 
phase is ∼2.2 Å whereas such distance increase to ∼3.2 Å angstroms in 
the presence of H2O. Incorporation of one extra electron into the si
mulation cell imparts a surface charge of ∼0.01 electron/Pd surface 
atom (0.3 e-/nm2, approximately 0.8 V applied potential) yet has a 
profound impact on binding of benzaldehyde. The mean Pd-C separa
tion distance decreases to ∼2.2 Å and now the benzene ring of ad
sorbed benzaldehyde is parallel to the Pd surface whilst the carbonyl 
group is titled away (see Fig. 2b). Such drastic change in adsorption 
geometry of benzaldehyde is not seen on Pt(111) where adsorbed 
benzaldehyde lies parallel to both neutral and charged Pt surfaces (see  
Fig. 2c and d). Furthermore, the adsorption of benzaldehyde on Pt 
surface shows an increased Pt-C distance of 2.28 Å on charged surface 
compared to that of 2.07 Å on neutral surface. These results indicate a 
weakened adsorption of benzaldehyde on charged surface, which is also 
consistent with the values reported by Bockris and Jeng [48]. 

To further understand the adsorption feature of benzaldehyde on Pd 
(111), we further calculated the charge differential profile of all che
mical species presented on the surface and the distribution of surface 
species projected on the z axis averaged over the MD trajectories, as 
shown in Fig. 3. The density distribution of surface-bound H as well as 
H2 molecule on the surface is not significantly affected by the presence 
of surface charge on Pd(111). Note comparing the freely diffusing H2 

density on Pt surface (Fig. 1b), there is an increase in H2 closer to the 
surface in the presence of benzaldehyde (see Fig. 3a), indicating that 
benzaldehyde has broken up the surface H2O layer, which inhibited the 
access of H2 to the surface. In contrast, no significant change in atomic 

density profile of adsorbed H or benzaldehyde is seen on Pt(111) (see 
Figure S3 of SI for details). As already described in Fig. 2a and b, we 
also observed that both the benzene ring and carbonyl group move 
closer to the charged Pd surface (see Fig. 3b) compared to the neutral 
Pd surface (see Fig. 3a). The origin of this drastic change can be un
derstood from the differential charge density profiles which show a 
clear charge transfer between adsorbed benzaldehyde and the charged 
Pd surface (see Fig. 3b). Such phenomenon is completely absent for the 
Pd neutral surface (see Fig. 3a). This can be understood by the fact that 
the LUMO of benzaldehyde is approximately 1.0 eV above the Fermi 
level of neutral Pd and the addition of charge shifts the work function 
by 0.8 eV, leading to the partial charge transfer to the organic. This 
suggests that at applied voltage in the range of 0.8 eV or higher, a 
proton-coupled electron transfer type mechanism may also be possible 
[7,9,49]. The calculated potentials relative to relative to standard hy
drogen electrode (SHE) and reversible hydrogen electrode (RHE) scale 
are also summarized in Table S1 of SI for neutral and charged Pd and Pt 
(111). 

We also investigated whether the site distribution of surface-bound 
H is affected by the adsorption of benzaldehyde. Again, density profiles 
of surface-bound H atoms were calculated over the neutral and charged 
Pt and Pd surfaces, seen in Fig. 4. A clear difference is seen for the site 
distribution of surface-bound H between neutral and charged Pt sur
faces even without the presence of adsorbed benzaldehyde (see Fig. 4a). 
The disappearance of sharp peak just below 2 Å indicates that the 
surface-bound H migrates towards one particular type of site as surface 
charge is introduced to Pt(111). Note there is a finite density above 2 Å 
for both charged and neutral surfaces owing to H2/H interchange with 
the bulk even at the MD time scale, indicative of the fact that HER is 

Fig. 3. Atomic density profile and differential charge profile of adsorbed benzaldehyde, along with surface-bound H atoms and H2 molecules on a) neutral and b) 
charged Pd(111). Color codes for density profiles: H (red line), O of H2O (blue line), C of benzaldehyde (yellow line), and Pd (tan line). Color codes for surface 
models: H (white), O (red), C (cyan) and Pd (tan). (For interpretation of the references to colour in the Figure, the reader is referred to the web version of this article). 
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likely to occur on the Pt surface even at the lower applied potential. The 
density profile becomes greatly changed for surface-bound H in the 
presence of adsorbed benzaldehyde, signifying there is a site competi
tion between adsorbed H and benzaldehyde on the Pt(111) (see Fig. 4a) 
as also observed by EXAFS [18]. In contrast, there are only slight 
changes seen with the surface-bound H on both neutral and charged Pd 
(111) (see Fig. 4b). The adsorption of benzaldehyde also doesn’t induce 
any change in the density profile feature, showing that the surface- 
bound H atoms are largely unaffected with the introduction of adsorbed 
benzaldehyde onto the Pd(111). Lastly, when comparing Pd(111) with 
Pt(111), there is appreciably less interchange between H on the surface 
and solvated H2 on Pd(111), which is consistent with the lower effi
ciency of Pd as an HER catalyst. Note that this enables HER and ECH to 
be more competitive on Pd than Pt where the former is strongly pre
ferred [18]. 

3.3. Benzaldehyde hydrogenation over Pd(111) 

In this section, we will now consider the factors influencing the rate 
of a LH hydrogenation mechanism. Now, we investigated the hydro
genation reaction of benzaldehyde to benzyl alcohol over Pd(111) 
surface. Pd is chosen for this study due to its outstanding intrinsic rates 
of ECH of benzaldehyde compared to other Pt-group metals [19]. As 
mentioned, depending on the reaction conditions, we consider that 
benzaldehyde hydrogenation is proceed via Langmuir-Hinshelwood 
mechanism where the addition of surface-adsorbed H atom to the ad
sorbed benzaldehyde leads to the formation of benzyl alcohol. We can 
write the rate, rLH , as [19]: 

= =
+ +

+

+r k k K BEN K H O
K BEN K H O

[ ] [ ]
(1 [ ] [ ])LH BEN H

BEN Volmer

BEN Volmer

3

3
2

where H and BEN are the coverage of H and benzaldehyde (BEN), 
respectively. k represents the effective rate constant, while Kj defines 
the adsorption equilibrium constant of benzaldehyde or H. [j] is the 
concentration of benzaldehyde or hydronium ions (H3O+). Given the 
discussion above, it is clear that Pd will have a higher H coverage than 
Pt under all circumstances and is thus expected to exhibit a higher rate 
[8,19]. Hence, the following discussion will focus predominantly on Pd 
(111), but as will be apparent the results are also applicable to metal 
surfaces in general. 

We now consider factors which influences k, the effective rate 
constant. Specifically, either the C or O atom of carbonyl group (eCHO) 
can first be hydrogenated with the surface-adsorbed H atom, resulting 
in two distinctive pathways (CeH vs. OeH bond formation) for hy
drogenation reaction. The energy difference between CeH and OeH 
bond formation routes is already seen with CO2 reduction process over 
transition metals [50]. Thus, the DFT-based C−H and O-H reaction 
pathways of benzaldehyde hydrogenation are computed over the Pd 
(111) with and without the presence of H2O solvent and surface charge, 
as summarized in Fig. 5. 

Without the presence of H2O solvent (see Fig. 5b), it is thermo
dynamically preferable for benzaldehyde hydrogenation to be proceed 
through the O-H pathway over neutral Pd surface since the reaction 
intermediate of the OeH pathway is thermodynamically downhill, 
unlike that of the CeH pathway. From kinetic perspective, while the 
OeH pathway has a lower activation barrier compared to the CeH 
pathway for the first hydrogenation step, the opposite trend holds true 

Fig. 4. Atomic density profile of surface-bound H and benzaldehyde over neutral and charged a) Pt and b) Pd(111) surfaces. Note that dotted lines represent the 
neutral surface (0.0 e-/nm2), while solid lines represent the charged surface (0.3 e-/nm2). 
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at the second hydrogenation step. Thus, in the gas phase, the OeH 
pathway should be prevalent route, similar to the case of CO2 reduction 
over Cu(111) [51]. The potential energy landscape of benzaldehyde 
hydrogenation over the neutral Pd surface becomes greatly changed 
with the incorporation of H2O solvent (see Fig. 5c). Now, the CeH 
pathway become a thermodynamically and kinetically favorable route 
over the O-H pathway since it possesses both a more stable reaction 
intermediates and a lower activation barrier between the hydrogena
tion steps. In fact, the second hydrogenation step of CeH pathway is a 
spontaneous process unlike for the O−H pathway. This is the result of 
the fact that the intermediates in the CeH pathway is partially charged 
at the oxygen and therefore, stabilized by the solvent. This is consistent 
with the observation for keto/enol tautomerization reactions on Pt 
surfaces [14], indicating the important role of explicit H2O for hydro
genation processes of polar organic functional groups. 

Furthermore, we also explore the case where the benzaldehyde 
hydrogenation now occurs on the charged Pd(111) surface (see Fig. 5d). 
Interestingly, even in the presence of H2O solvent, the O-H pathway 
now becomes a thermodynamically and kinetically preferable route 
over the CeH pathway on the charged surface. We observed that the 
intermediate of the OeH pathway is strongly stabilized by the surface 
charge, leading to a build-up of density on the carbonyl carbon. As a 
result, the second hydrogenation of OeH pathway is spontaneous. 
Conversely, the partially and negatively charged intermediate of CeH 
pathway is destabilized due to Coulombic repulsion with the negatively 
charged Pd surface. This also raises the barriers between hydrogenation 
steps. Overall, the consideration of H2O solvent and surface charge 

induces significant changes on the thermodynamic and kinetic aspects 
of benzaldehyde hydrogenation over the metal surface, but for the case 
of Pd(111), charge transfer to the surface-bound intermediate will 
substantially reduce hydrogenation barriers and lower k. 

4. Conclusions 

In summary, we have studied the hydrogenation reaction of ben
zaldehyde over the Pt(111) and Pd(111) surfaces based on a LH me
chanism. The initial investigation on the surface H coverages over the 
Pd and Pt(111) surfaces reveals that the mixture of H adsorption site is 
presented on the Pt(111) while the fcc adsorption site is dominantly 
occupied by H atom on the Pd(111). Also, while the adsorbed benzal
dehyde is titled away from the neutral Pd surface, it lies flat on the 
charged Pd surface in the presence of H2O solvent. More importantly, 
we show that the consideration of H2O solvent and surface charge is 
essential in understanding the thermodynamic and kinetic profiles of 
benzaldehyde hydrogenation over the metal surface. The stability of 
reaction intermediates and the activation barrier between hydrogena
tion steps is greatly changed in the presence of H2O solvent and surface 
charge on the Pd(111) surface. Critical for the current discussion is the 
role of charge transfer in the presence of liquid (both with and without 
external potentials). When charge transfer occurs from the metal to the 
organics, the solvent can stabilize intermediates and/or reactants, 
leading to the rate enhancement by increasing coverage, lowering re
action barriers particularly the proton transfer events, and introducing 
alternate reaction routes. The addition of electrochemical potential can 

Fig. 5. a) Proposed Langmuir-Hinshelwood mechanism (C-H vs. O-H pathway) for benzaldehyde (BEN) hydrogenation to benzyl alcohol (BA) over Pd(111) surface, 
along with DFT-based reaction pathways of benzaldehyde hydrogenation b) without and c) with the presence of H2O solvent over neutral surface and d) with the 
presence of H2O solvent over charged surface. Note that the reference state is the adsorbed benzaldehyde on the Pd surface. Color codes for surface models: H (white), 
O (red), C (black) and Pd (cyan). (For interpretation of the references to colour in the Figure, the reader is referred to the web version of this article). 
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enhance the charge transfer and therefore also enhance rates. 
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