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Introduction

The conversion of a reactant into a valuable product often re-
quires a catalyst and an additional force in the form of elec-
trons (electrocatalysis), photons (photocatalysis), temperature,
or pressure (traditional heterogeneous catalysis) to help the ki-
netics reaching a reasonable rate. Any of these stimuli imply
that an external energy source needs to be applied. In the
present work, we have identified that the modification of small
platinum nanoparticles by phosphate–amino surfactants ena-
bles an intrinsic self-powered electrochemical nanoarchitecture
with a pronounced catalytic promotion diminishing the
external energy consumption.

Metal nanoparticles are well-established catalytic species. If
their sizes are very small (typically below 2.5 nm),[1] their elec-
tronic structure can depart from that of the bulk material
through electron confinement effects. According to Somorjai
and co-workers, the altered electronic structure of very small
Pt nanoparticles could be responsible for the enhanced catalyt-

ic activity through the formation of hot H atoms.[2] Adsorbates
can modify the catalytic response of nanoparticles. Recent ex-
periments for the direct peroxide synthesis on Pd nanoparti-
cles, 0.7–7 nm average diameters, have found experimental in-
dications of heterolytic H2 dissociation if acids and halides are
present.[3]

To better control their sizes and shapes, nanoparticles are
often synthesized with the help of ligands.[4] Ligand-modified
nanoparticles can be synthesized with ionic liquids,[5] polymers
(e.g. , poly(vinylpyrrolidone) or poly(vinyl alcohol)),[6] thiols,[7]

phosphines,[8] N-basis, or surfactants.[9] Thus, the variety of li-
gands that can be used is very large. It has been established
that these ligand-modified nanoparticles exhibit properties
that are different from those of conventional bare metals,
owing to the complex and chemically rich inorganic/organic
interface.[2a, 10] Ligands can 1) modify the ensemble size on the
catalytically active surface,[7] 2) reorient reactants or prod-
ucts,[11] 3) change the acidic properties in the metal/surfactant/
water interface,[12] and 4) alter the electronic structure of
metal.[9] The latter was described to be the main responsible
for the selectivity of Pt nanowires (⇡1.1 nm in diameter) deco-
rated with ethylenediamine in the partial hydrogenation of ni-
troarenes to hydroxylamine.[9]

Surfactants can also act as ligands but differently from poly-
mers, phosphines, or N-basis, they are constituted by anionic
and cationic units. This confers an extra degree of freedom
(charge separation and electric field)[11e] in the materials design
that might affect the activity and the selectivity of the samples
if used as catalysts. The recent catalytic material developed by
BASF featuring supported Pt (or Pd) nanoparticles decorated
with the hexadecyl(2-hydroxyethyl) dimethylammonium dihy-
drogenphosphate (HHDMA) surfactant offers a unique platform
to assess interface effects, also considering that these materials
are the first to successfully reach the market and are currently
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used to catalyze the hydrogenation of alkynes and nitroar-
enes.[11] By comparing this new catalyst with traditional materi-
als in the hydrogenation of nitroarenes, we have observed
a two-order-of-magnitude increase in the activity, which can
only be attributed to the nature of the catalyst.

The surfactant–Pt-nanoparticle-mediated hydrogenation of
nitrobenzene to aniline was studied through an approach
combining experimental and theoretical methods. Special at-
tention was paid to the description of the reaction network.
Our results suggest that the combined effect of the nanoparti-
cle curvature, the electron confinement, as well as the high
density of electric field lines enable a catalytic process with no
external energy supply.

Results

To investigate the role of the modification of Pt with the
HHDMA surfactant, the Pt–HHDMA catalyst was compared
with the Pb-poisoned Pt catalyst.[13] The complete set of textur-
al, compositional, and structural characterizations of the two
materials is detailed both in the Experimental Section and in
the Supporting Information (Section 1). The micrographs and
particle size distribution of the hybrid Pt-HHDMA nanoparticles
over the carbon support are shown in Figure 1 a,b. The parti-
cles of this material are spherical and have an average diame-
ter of approximately 1.7 nm (Figure 1 c).

From the combination of different experimental and compu-
tational characterization methods (Supporting Information), it
appears that the Pt nanoparticles are decorated by the H2PO4

ˇ

group, and cationic, aliphatic, quaternary amino tails protect

the structure (Figure 1 d,e). The Pb-poisoned Pt (Pt–Lindlar) cat-
alyst, on the other hand, is characterized by spherical particles
of approximately 7–8 nm. This result is in agreement with re-
sults published in the literature.[11e,f] Since the Pt nanoparticle
size can have a significant influence on the nitroarene hydro-
genation performance,[14] we opted to express the reaction
rates as turnover frequency (moles of obtained product per
moles of accessible metal and unit of time), using dispersion
data obtained by CO chemisorption and transmission electron
microscopy.

The catalysts were applied in the hydrogenation of nitroben-
zene to aniline, an important reaction for the manufacture of
polymers, agrochemicals, and pharmaceuticals.[15] A continuous
microreactor was used for the materials evaluation. The results
of the catalytic tests (Figure 2) show that nitrobenzene hydro-
genation on the Pt–HHDMA-decorated nanoparticles proceeds
in a broad range of temperature and pressure (including 303 K
and 1 bar), with a two orders of magnitude higher activity
than that of the reference Pt–Lindlar.[13] In Figure 2, the activity
is shown per mole of accessible surface metal. Thus, the differ-
ent reactivity of the two materials cannot be attributed to the
different metal concentration and dispersion. Remarkably, an
increase of the external forces over Pt–Lindlar of 70 K and
20 bar are not sufficient to attain the same activity of Pt–
HHDMA. Hence, the difference between the two catalysts
arises from the unique reactivity intrinsic to the complex inter-
face of Pt–HHDMA. These results are not due to transient be-
havior and were confirmed for several hours of steady-state
operation. Catalytic tests for the hydrogenation of chloronitro-
benzene to chloronitroaniline have remarked the absence of

Figure 1. a) Scanning electron microscopy, b) high-angle annular dark-field scanning transmission electron microscopy, and c) metal size distribution of the Pt-
HHDMA catalyst. Reproduced with permission from Ref. [11f] , Copyright 2015 American Chemical Society. d) Model representation of the structure of a single
Pt nanoparticle with the full capping layer. e) Calculated structural model showing the preferential adsorption of phosphate groups on the surface of the
1.7 nm diameter Pt nanoparticle, and the external ammonia shell, Pt260([N(CH3)3CH2OH]H2PO4)57. Dark blue spheres represent metals, red oxygen, orange phos-
phorus, grey carbon, white hydrogen, and pale blue nitrogen. f) Molecular electrostatic potential mapped onto a 0.02 a.u. charge density isosurface for the
surfactant channel. Red (blue) values account for attractive (repulsive) interactions, respectively. The darker the color the more intense the interaction with
a positive charge.
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any drop in nitroarene conversion and aniline selectivity at
303 K and 1 bar for more than 10 h on stream;[11f] besides, ele-
mental analyses of the catalyst before and after hydrogenation
have verified the absence of metal and HHDMA leaching.

From a mechanistic viewpoint, heterogeneously catalyzed
hydrogenations on metals are often interpreted through the
Horiuti–Polanyi mechanism, (HP),[16] comprising homolytic dis-
sociation of molecular hydrogen on the metal, adsorption of
the organic reactant, and sequential hydrogen transfers to the
adsorbed organic moiety to yield the desired product
(Scheme 1). The formed product easily desorbs, and in the

case of the ligand-modified catalysts it desorbs through the
ligand chains, which form channels of approximately 8 ä in di-
ameter,[11e] leaving the active site available for the next catalytic
cycle. This mechanism holds for the semihydrogenation of al-
kynes on Pt, Pd, Pt–Lindlar, and Pd–HHDMA[11e] and for the hy-
drogenation of nitroarenes on Pt and Pt–Lindlar.[11f] In 1900,
Haber showed that nitroarene hydrogenations[17] in electro-
chemical environments occur through a different mechanism,
which involves the sequential transfer of electrons supplied
from the metal and protons available in the solution. This elec-
tron/proton transfer to the adsorbed organic moiety leads to

the amine product on Pt electrodes at an external potential of
U =ˇ0.51 eV with respect to the reversible hydrogen
electrode, RHE (Scheme 1).

For nitroarene hydrogenation, water is stoichiometrically
generated in the catalytic cycle. However, on bare and alloyed
Pt catalysts, water is weakly adsorbed (ˇ0.22 eV) and easily
leaves the surface. On the hybrid Pt–HHDMA interface, the mo-
lecularly adsorbed water is further stabilized with an adsorp-
tion energy of ˇ1.20 eV, owing to electrostatic and H-bond in-
teractions. Notice that water is then not directly bonded to the
Pt atoms but rather between hydrogenphosphate anions on
the surface. The distance between the oxygen atom of the
water molecule and the Pt surface atoms is approximately
3.37 ä (see Figure S5). We have also studied an alternative
model in which the water molecule is dissociated on the Pt–
HHDMA, but the system is not as stable as that with the
molecular adsorbed water.

The persistent presence of water molecule transforms the in-
terface in a complex environment constituted by the metal
phase, the electric field caused by the ions, and the ionic
media (water–phosphates), leading to a network able to trans-
port protons. As we will see in the following this has a large
effect on the way molecular hydrogen can be activated.

Hydrogen activation was investigated through DFT calcula-
tions (RPBE-D2)[18] on the Pt–HHDMA nanoparticles, 1.7 nm in
diameter, modified by phosphate groups and water, and exter-
nally shielded by the quaternary ammonia surfactant tails (Fig-
ure 1 e) stoichiometry Pt260 ([N(CH3)3CH2OH]H2PO4)57 (half this
model for the transition-state searches). Notice that the com-
putational box volume was 40 î 40 î 40 ä3, close to the limits
of what is feasible with the present technical approach. Techni-
cal details are presented both in the Experimental Section and
in the Supporting Information, Section 2.

On the Pt–HHDMA, molecular hydrogen can be activated in
two different manners. The first one, remainder of the HP
mechanism, follows the homolytic splitting of the HˇH bond,
which leads to two final hydrogen atoms adsorbed on the
metallic surface (H2 + 2*!2 H*, Figure 3).[16] Alternatively, a het-
erolytic splitting of H2 can take place in the form of a dissocia-
tive Heyrovsky-like mechanism (H2 + *!H* + H+ + eˇ),[19] which
leads to a hydrogen on the surface, a proton at the polarizable
interface formed by the surfactant H2PO4

ˇ anionic head and
the trapped water molecules, and an electron transferred to
the metal (Figure 3). Both splitting pathways occur on the Pt–
HHDMA surface without a barrier (Figure 3). The most stable
final configuration is the formation of the proton–electron pair
(by ˇ0.26 eV) (Figure 3, Table S4). Therefore, hydrogen activa-
tion on the Pt–HHDMA containing water results in the separa-
tion of hydrogen into electrons, which are stored in the metal
phase, and protons, which are shared between the surfactant
and adsorbed water.

Discussion

The electrochemical effects can be rationalized through
a Born–Haber cycle. For the bare Pt surface, this cycle includes
the following steps:

Scheme 1. Hydrogenation of nitrobenzene following the Horiuti–Polanyi[16]

and electrochemical (Haber)[17] mechanisms displaying the external forces
required.

Figure 2. a) Conversion of nitrobenzene to aniline as a function of the hy-
drogen pressure and temperature over Pt–HHDMA (top) and Pt–Lindlar (Pt-
Pb/CaCO3) (bottom). b) Turnover frequency (in logarithm scale) at 323 K
temperature and 1 bar hydrogen pressure. The catalytic results are adapted
with permission from Ref. [11f] . Copyright 2015 American Chemical Society.
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(1) Hydrogen dissociation:
1/2 H2!H DE = 2.3 eV[20]

(2) Hydrogen charge separation:
H!H+ + eˇ IP = 13.6 eV[20]

(3) Proton solvation:
H+ + water!(H+)w Esolv =ˇ10.9 eV[21]

(4) Electron transfer to the metal :
eˇ+ Pt!(eˇ)Pt F(Pt) = 5.9 eV[20]

For which the reaction energies, DE ; ionization potential, IP;
solvation energies, Esolv ; and metal work function, F, are de-
fined. By combining steps (1)–(4), the total energy of the pro-
cess is close to zero, in good agreement with previous results
in the literature.[22] For the Pt–HHDMA–water, however, the sit-
uation is different. The electron transfer to the surfactant-deco-
rated metal is not effective because the electron affinity contri-
bution (i.e. , placing an extra electron in the nanoparticle) is
not so favorable. Furthermore, owing to the presence of an
extra term arising from the generated electric field,
Equation (4) is replaced by:

(4’) Electron transfer to the nanoparticle:
eˇ+ Pt–HHDMA!(eˇ)Pt—HHDMA EA Pt–HHDMA =ˇ0.3 eV

(4’’) Electric field contribution:
(eˇ)Pt–HHDMA + HHDMA ECoulombÅˇ4 eV

For which EAPt–HHDMA is the energy gained if an electron is in-
cluded on the decorated nanoparticle and ECoulomb the electro-
static contribution between the electron in the metal and the
surfactant. Therefore, the energy needed to split hydrogen
into protons and electrons is compensated by the electron
transfer to the metal and the electric field existing at the inter-
face. The electronic state of the Pt–HHDMA catalyst with
a water molecule after eˇ–H+ charge separation can be de-
scribed through a molecular electrostatic potential (MEP) map
(see Figure 1 f and Supporting Information Section 3.3). The

MEP map thus illustrates the potential “felt” by the molecule
on its way to the active site on the surface. First, the aliphatic
barrier created by the ligand needs to be crossed but then,
once the surface is reached, there is a large difference if there
is water (and thus protons) or not (and then only atomic H).
For the clean Pt–HHDMA system, the terminal P–O moieties
and the quaternary ammonia head present red (attractive) and
blue (repulsive) areas, respectively (Figure S6). If water and hy-
drogen are trapped, Pt–HHDMA–water-H+ , the MEP is much
more corrugated, with the electron basins (red) located at the
metal surface (Figure 1 f).

The large charge density available on the metal of the Pt–
HHDMA–water-H+ catalyst enhances nitrobenzene adsorption,
ˇ0.65 eV. The electron transfer towards the adsorbate results
in the increase of the N–O distance from 1.233 to 1.312 ä and
the molecular charge (Bader) of the molecule from ˇ0.43 to
ˇ0.77 jeˇ j . Thus, adsorption is much stronger than that for
Pt–Lindlar (ˇ0.31 eV) surfaces (Table S5). From this point on,
the reduction of nitrobenzene occurs as follows: electrons are
collected from the charged nanoparticle and the protons are
added to the oxygen atoms through the water/phosphate in-
terfacial network that acts as proton shuttle. The mechanism
consists in electron–proton transfer (ECT) steps.[23] The protons
are transferred with very low energy barriers (<0.3 eV for the
first step, Table S7). The process mimics the electrochemical
processes in which electrons and protons are transferred se-
quentially. Recently, Zheng et al.[9] found that Pt nanowires
coated with ethylenediamine exhibit selectivity for the produc-
tion of hydroxylamines. In our case, hydroxylamine is an inter-
mediate species and aniline the only product (see Supporting
Information Section 3.7.2 and Figure S9). One possible explana-
tion is that in the presence of water/phosphate interfaces the
reduction of hydroxylamine is enhanced because a proton-
transfer occurs to form water while the electron transfer occurs
to form the C6H5̌ NH species.

The enhanced activity observed in Figure 2 can be traced
back to the rates (Supporting Information Section 3.8). The first
H transfer (either as H in Pt–Lindlar or as H+ in Pt–HHDMA) to
adsorbed nitrobenzene controls the rate for hydrogenation
[Eq. (1)]:

r ⇡ k1stqnitrobenzeneqH Ö1Ü

where k1st is the kinetic coefficient for the first hydrogenation
step, and q the coverage of nitrobenzene and hydrogen, re-
spectively. The hydrogen coverage is close to one as the ad-
sorption barrier is below that of the reactants and not compet-
itive and that of nitrobenzene can be expressed through
a Langmuir isotherm. The adsorption of nitrobenzene is im-
proved in the Pt–HHDMA surface and almost doubles that of
the Pt–Lindlar system. On the other hand, the kinetic coeffi-
cient for the first hydrogen transfer, k1st, is calculated to be ap-
proximately 300 times larger for the H+ transfer in Pt–HHDMA
than for hydrogen transfer on Pt–Lindlar. The combination of
both terms results in the two orders of magnitude activity en-
hancement observed in Figure 2 b. Notice that although water
is adsorbed at the interface, it does not block potential active

Figure 3. Reaction paths for the dissociation of H2 and the first hydrogena-
tion step of nitrobenzene on Pt–Lindlar (orange) and coated HHDMA nano-
particle (wine), Pt–HHDMA with water for both the Langmuir–Hinshelwood
(dotted) and the Heyrovsky (continuous line) processes. The insets represent
the initial state structure, H+–eˇ separation, nitrobenzene adsorption, and
proton transfer to the nitro group. Same color code as in Figure 1. The inter-
mediates in the hydrogenation process are compared to pure Pt (see Sup-
porting Information, Section 3.7.1 and 3.7.2). A movie with the full reaction
network is uploaded as Supporting Information.
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sites for nitrobenzene adsorption because it is located in the
surroundings of the hydrogenphosphate anions.

To identify the origin of the electrochemical path in the Pt–
HHDMA–water nanostructures, we have analyzed the chemical
potential at which electrons are placed on the different Pt sys-
tems (Figure 4). The value of the electron affinity for the Pt-sys-
tems is crucial as the binding energy of nitrobenzene is domi-
nated by the ability to inject electrons towards the LUMO
(placed at 1 eV). On the Pt(111) surface, electrons are located
at the electron affinity value, about 5.45 eV (see Supporting In-
formation, Table S3). Reducing the size of the metal nanoparti-
cle to 1.7 nm leads to an electron affinity (as we are storing
electrons in the nanoparticle this is the key parameter) of
2.76 eV.[24] Instead, if the Pt(111) surface is coated with the sur-
factant, the electron affinity for the infinitely decorated surface,
3.14 eV, decreases to 0.27 eV for the confined particle. Thus,
close enough to the potential used by Haber, 0.51 eV. Only in
the last case, electron injection towards nitrobenzene is possi-
ble. Notice that there is an apparent contradiction since hydro-
gen activation is rather exothermic (see Figure 3, the Heyrov-
sky processes in continuous line) but the electrons are placed
at high chemical potential (Figure 4). However, the total
system is stable thanks to the electrostatics between the
different units.

The origin of this important shift in the chemical potential
of the electrons can be traced back to the combined effect of:
1) electron confinement; 2) the high density of electric field
lines generated by the surfactant; and 3) the large curvature of
the small Pt nanoparticles, which is precisely the case of Pt
synthesized by HHDMA (Figure 1 a–c). This dependence is
roughly rˇ3 as for the interaction of a charge stored with di-

poles (see Supporting Information Section 3.9). Compared to
the experiments on clean nanoparticles,[2b] on which the activi-
ty amplification was a three-fold increase for nanoparticles
with diameters between 4.5–1.7 nm, the combined effect
provides two orders enhancement.

Conclusions

We have found that a new catalytic formulation based on sur-
factant Pt nanoparticles behaves as an electrochemical system,
splitting H2 into protons and electrons. The electrons stored in
the nanoparticle are placed at high chemical potentials and
favor nitrobenzene adsorption by charge transfer. Then elec-
tron–proton transfer occurs easily. The internal force generated
at the interface of the hybrid system mimics the external po-
tential employed in electrochemical environments without ex-
ternal stimuli. The performance of these hybrid nanoarchitec-
tures breaks linear-scaling relationships[25] and sets up a new,
alternative mechanism that couples intrinsically generated
electrochemical contributions and traditional heterogeneous
catalysis, leading to a reduction in external energy
consumption.

Experimental Section

Experimental details

Pt–HHDMA/C (0.8 wt.% Pt; NanoSelect Pt 100, Strem Chemicals,
ref : 78-1630), Pd–HHDMA/C (0.5 wt.% Pd; NanoSelect LF 100,
Strem Chemicals, ref : 46–1710) and Pd–Pb/CaCO3 (5 wt.% Pd and
3 wt.% Pb; Alfa Aesar, ref : 043172) were used as received. Pt–Pb/
CaCO3 (5 wt.% Pd and 1 wt.% Pb) was prepared following a pub-
lished method.[26] The characterization of the catalysts is detailed in
the Supporting Information, Section 1. The catalysts were evaluat-
ed in the three-phase hydrogenation of nitrobenzene, using a fully
automated continuous-flow flooded-bed microreactor (ThalesNano
H-Cube Pro),[11e,f] at the following conditions: Wcat = 100 mg,
FG(H2) = 18 cm3 minˇ1, and FL(nitroarene + THF) = 3 cm3 minˇ1.

Computational details

A combination of computational techniques, ab initio Molecular
Dynamics, and quantum-mechanical methods based on the density
functional theory (DFT) were used within the Vienna ab initio simu-
lation package (VASP).[17a, b] Total energies and electron densities
were computed with Perdew-Burke-Ernzerhof (RPBE) functional[17c]

complemented by the dispersion D2 term as presented by Grim-
me[17d] with our refitted values for the metals.[17e] The projected
augmented wave (PAW) method was adopted to represent core
electrons.[27] The kinetic energy cutoff for the plane-wave basis set
expansion was set to 450 eV. A 3 î 3 î 1 k-point mesh for the slab
models, and a G-point centered mesh for cluster models were
used to sample the reciprocal space.[28]

With regard to the metal surfaces, we have adopted different strat-
egies. The slab model represents close-packed (111) face of
metals, containing five atomic layers and a p(4 î 4) supercell with
a vacuum gap of approximately 20 ä. The three topmost layers on
one side of the slab were optimized and dipole corrections were
used in the z-direction. For Pt–Lindlar, the continuum slab model
was employed because the average diameter of the Pt–Pb nano-

Figure 4. Confinement and electric field effects in the electron affinity of the
different Pt structures. Left, electron affinities (circle) with respect to the
nanoparticle size. On the right, the relative alignment of the electrons in the
metal systems (column) are compared to the LUMO state of nitrobenzene
(marked as EA) to highlight if electron transfer from the metal structures to
the reactant is possible. 1) Coated HHDMA nanoparticle and 2) slab Pt struc-
tures, 3) bare nanoparticle and 4) slab configurations.
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particles in the system was around 8 nm. Four platinum atoms in
the first layer of Pt(111) were substituted with lead with a 0.25 ML
coverage (Pt3Pb(111)). The Pt nanoparticle (PtNP) is a cuboctahe-
dron containing 260 Pt atoms with a diameter of 1.7 nm (see Fig-
ure S3). For the calculation of the PtNP properties, the system was
modeled as a cubic box with dimensions of 30 î 30 î 30 ä3 and mo-
nopole corrections were used for charged systems. A summary of
the details for the calculation of electron affinity (EA) for all the
simulated systems is reported in Supporting Information, Table S2.

PtNP and Pt(111) models were capped with a number of
[N(CH3)3CH2OH]H2PO4 molecules in agreement with the experimen-
tal concentrations. The Pt260 cluster with the 57
([N(CH3)3CH2OH]H2PO4) adsorbates was pre-equilibrated through
ab initio Molecular Dynamics at 303 K for 1 ps in a cubic simulation
cell with a volume of 40 î 40 î 40 ä3. The simulation was performed
in the NVT ensemble using VASP code. The Nosÿ–Hoover thermo-
stat was used to control the temperature with a time step of 1 fs
and a cutoff energy of 450 eV. The configuration was equilibrated
until the total energy of the system fluctuated around a value with
an amplitude of 0.1 eV. These structures; PtNP–
[N(CH3)3CH2OH]H2PO4, and Pt(111)–[N(CH3)3CH2OH]H2PO4, were
then taken as initial states for the study of adsorption and reaction.
For the reaction mechanism, a half of this nanoparticle (stoichiom-
etry Pt178) and 32 units of [N(CH3)3CH2OH]H2PO4 were taken to
reduce the computational cost with a box volume of 40 î 30 î
40 ä3. The climbing image nudged elastic band (CI-NEB) algo-
rithm[29] was used to find the transition states of the elementary
steps involved in the dissociation of H2 and the first H transfer to
the nitrobenzene. Finally, the MEP[30] has been calculated with
VASP and mapped onto a charge density isosurface using the
Visual Molecular Dynamics v.1.8.7 (VMD) software.[31] Our coordi-
nates of all structures are already available through our repository
platform ioChem-BD.org[32] see DOI: 10.19061/iochem-bd-1-9.
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