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GrafeoPlad Palladium: Insight on Structure and Activity of a
New Catalyst Series of Broad Scope

Matteo Formenti, Maria Pia Casaletto,* Giampaolo Barone, Mario Pagliaro,*
Cristina Della Pina,* Valeria Butera,* and Rosaria Ciriminna*

GrafeoPlad-Pd, a new metal-organic alloy comprised of Pd nanoparticles
doped with 3D-entrapped graphene oxide, has promising applicative potential
in sustainable synthetic organic chemistry. Besides hydrogenation, the metal
nanopowder comprising the material is also active and relatively stable in
cross-coupling reactions carried out consecutively. X-ray photoelectron
spectroscopy (XPS) surface investigation and density functional theory (DFT)
calculations are applied to gain new insight into the structure and potential
new catalytic activity of this new class of molecularly doped metals.

1. Introduction

Recently introduced reporting the encapsulation of graphene ox-
ide (GO) in palladium nanoparticles (or GO@nPd),[1] “Grafeo-
Plad” designates a new class of molecularly doped metals com-
prised of platinum group metals (PGMs) functionalized with
3D-entrapped graphene oxide molecules. The material, metal–
organic alloy (MORAL),[2,3] should not be confused with compos-
ites comprised of palladium nanoparticles (NPs) deposited on the
outer surface of graphene oxide (Pd/GO). Prepared via different
surface heterogenization methods and chiefly applied as catalysts
for synthetic organic chemistry, several reports describe the lat-
ter class of surface-decorated materials.[4–6] The 3D encapsulation
of the graphene moiety in the lattice of palladium, on the other
hand, makes use of Avnir’s method for the entrapment of organic
molecules in the lattice structure of metal crystals.[2,7]
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The method is based on the direct re-
duction of the precursor metal ion in a
solution containing the dissolved organic
species followed by entrapment, aggrega-
tion, and precipitation. A MORAL indeed
consists of an aggregate of metal crys-
tallites (with typical particle sizes on the
order of 100 μm) and interstitial poros-
ity, with most dopant molecules resid-
ing on the metal crystallite surface in
closed interstitial pores formed by the
metal crystallite aggregation accessible to
external reactants.[2,3,7] Recent insight on

practical aspects concerning the use of MORALs in catalysis con-
cluded that the reason explaining the low number of scholarly
studies devoted to molecularly doped metals has to do with the
difficulty of visualizing these materials.[8] For instance, the TEM
photographs of GrafeoPlad-Pd (see below) show that the mate-
rial is comprised of aggregated palladium nanoparticles, some
of which clearly reveal the presence of GO layers on the edge
of the aggregated nanoparticles, alongside Pd NPs intertwined
with GO regions.[1] We now show that, besides hydrogenation,
the metal nanopowder comprising GrafeoPlad Palladium is also
active and relatively stable in mediating cross-coupling reactions.
X-ray photoelectron spectroscopy (XPS) and density functional
theory (DFT) calculations, furthermore, were used to gain new
insight into the structure and potential new catalytic activity of
this new class of molecularly doped metals.

2. Results and Discussion

The XPS survey spectra of the GrafeoPlad-Pd sample before and
after catalysis are reported in Figure 1a,b, respectively. The pres-
ence of residual Cl and Zn used in the preparation of the Grafeo-
Plad was detected on the surface of the fresh sample (Figure 1a),
along with the main C, O, and Pd photoelectron signals. The N
1s photoelectron peak in the survey of Figure 1b originates from
the use of GrafeoPlad-Pd catalyst in nitrobenzene hydrogenation
with hydrazine.[1] The XPS surface chemical composition of the
investigated samples is listed in Table 1, wherein the elemental
relative abundance is expressed as atomic percentage (at.%). Af-
ter catalysis, a two-third reduction in the surface concentration
of Pd is observed (from 15.5% to 3.1%) coherent with TEM im-
ages showing more exposed graphene oxide sheets, along with a
substantial increase of carbon content (from 44.2% to 72.3%) and
halving of oxygen concentration (from 37.0% to 18.6%) probably
due to the reducing environment during the reaction.
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Figure 1. XPS survey spectra of the GrafeoPlad-Pd before (a) and after catalysis (b).

Table 1. XPS surface chemical composition of the investigated samples.

Samplea) C 1s Pd 3d O 1s N 1s F 1s Zn 2p Cl 2p

GrafeoPlad-Pd (fresh) 44.2 15.5 37.0 – – 1.8 1.5

GrafeoPlad-Pd (after
catalysis)

72.3 3.1 18.6 2.6 3.1 0.3 –

a)
Elemental concentration as an atomic percentage (at. %).

The high-resolution XPS Pd 3d, C1s, and O1s core level spectra
were deconvoluted in order to study the element speciation on
the GrafeoPlad-Pd surface. The curve-fitting analysis of the Pd
3d peak in the investigated samples is reported in Figure 2 and
the resulting surface distribution of Pd species is listed in Table
2. The photoelectron signal of Pd 3d consists of a Pd 3d5/2 and
Pd 3d3/2 doublet, with well-separated spin-orbit components (Δ
= 5.29 eV) in a 3/2 intensity ratio. The deconvolution of the Pd

Table 2. XPS surface distribution of Pd species, resulting from the curve
fitting of Pd 3d photoelectron signals (total peak area = 100%) in
GrafeoPlad-Pd before and after employment as a catalyst in nitrobenzene
reduction with excess hydrazine.

XPS peak Pd 3d [eV] Assignment Peak area [%]

GrafeoPlad-Pd (fresh) 335.7–341.0 Pd 71.2

336.9–342.2 PdO 28.8

GrafeoPlad-Pd (after catalysis) 334.5–339.8 Pd 82.5

336.3–341.6 PdO 17.5

3d spectrum in fresh GrafeoPlad-Pd in Figure 2a reveals a major
Pd 3d5/2 component located at BE = 335.7 eV, originating from
metallic Pd, and a second component at BE = 336.9 eV assigned
to PdO, due the interaction of Pd and graphene oxide and/or to
the surface partial oxidation of Pd nanoparticles.

Figure 2. XPS curve-fitting of Pd 3d spectra in the GrafeoPlad-Pd before (a) and after catalysis (b).
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Figure 3. TEM photographs of fresh (top) and used (bottom) GrafeoPlad Pd.

The apparently significant decrease of metallic Pd content at
the surface (see the surface elemental concentration as atomic
percentage in Table 1) might be due to the leaching of palladium.
However, we indirectly checked for leaching by assessing the cat-
alytic activity of the filtrate in the hot-filtration test. Lack of ac-
tivity, though observed, does not exclude that catalytically inac-
tive Pd species are leached into the reaction mixture. However,
the TEM photographs (see Figure 3 below) and XRD profiles of
the fresh and used GrafeoPlad material (not shown) indicate no
change in the Pd nanoparticle average size prior to and after em-
ployment. Metal sintering indeed usually accompanies the leach-
ing of soluble Pd species in solution. On the other hand, after
catalysis, the Pd 3d spectrum of GrafeoPlad-Pd confirmed the ex-
istence of two chemical states of Pd on the surface (Figure 2b)
with the lower binding energy component at BE = 334.5 eV as-
signed to metallic Pd and the higher binding energy component
at 336.3 eV attributed to PdO.[9] The Pd 3d5/2 and 3d3/2 doublet
at 334.5 eV for Pd metal and 336.5 eV for PdO in the XPS spec-
trum of Pd nanoparticles,[10] is shifted to 335.7 eV for Pd(0) and
at 336.9 eV for PdO in the case of fresh GrafeoPlad-Pd (Table 2).
After employment in reduction catalysis with excess hydrazine,
the amount of metallic Pd increases from 71.2% to 82.5%, and
that of PdO decreases from 28.8% to 17.5%. The signal for metal
Pd, furthermore, shifts to 1.2 eV lower binding energy due to the
fact that in metals like Pd in which the d-band is more than half

full, the surface atoms acquire a net negative charge relative to
the bulk which translates in a surface component in the Pd 3d5/2
signal appearing at lower binding energy.[10]

In addition, an increase in the size of the palladium NPs upon
catalysis would translate into a negative shift of 3d core-level
electrons.[11] However, we did not measure a change in the Pd
nanoparticle average size prior to and after the employment of
GrafeoPlad-Pd in nitrobenzene reduction catalysis via XRD anal-
yses and after taking the TEM photographs (Figure 3). The latter
also clearly unveils the presence of graphene oxide sheets prior
to and after usage in catalysis.

The C 1s spectrum in all investigated samples was deconvo-
luted by four different components, as shown in Figure 4. The
surface distribution of C species, resulting from the curve fitting
of C 1s peak, is reported in Table 3.

The four C 1s components located at BE = 284.6, 285.6, 286.8,
and 289,4 eV can be respectively assigned to the presence of sur-
face sp2-hybridized carbon atoms, sp3-hybridized carbon atoms,
C─O/C─OH groups, and carboxyl C═O groups.[12,13] Compared
to the XPS signals of GO, with five peaks at 284.5, 285.6, 286.7,
287.7, and 289.0 eV corresponding, respectively, to C═C, C─OH,
C─O, C═O, and HO─C═O C 1s photoelectrons characteristic for
the particular groups of GO,[14] the high relative abundance of C-
OH sp3 carbons at the surface of Pd-entrapped GO and the low
amount of carboxyl groups suggest that most latter groups in GO
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Figure 4. XPS curve-fitting of C 1s spectra in the GrafeoPlad-Pd before (a) and after catalysis (b).

Table 3. XPS surface distribution of C species, from the curve fitting of C 1s
photoelectron signals (total peak area = 100%) in GrafeoPlad-Pd before
and after employment as a catalyst in nitrobenzene reduction with excess
hydrazine.

Binding energy C1s
[eV] Assignment

284.6 C sp2

[%]
285.6 C sp3

[%]
286.8 C─O─C

[%]
289.4

O─C═O [%]

GrafeoPlad-Pd fresh 13.0 58.4 23.8 4.8

GrafeoPlad-Pd after
catalysis

7.5 36.1 34.7 21.7

are reduced during the reduction of Pd2+ with Zn leading to pre-
cipitation of the MORAL.[1]

Employment of the MORAL in nitrobenzene reduction with
an excess of hydrazine[1] results in a substantial reduction and
thus decrease of the C═C graphitic carbon bonds, and a concomi-
tant decrease from 58.4% to 36.1% in the amount of C sp3 car-
bons. The latter is accompanied with a nearly fivefold increase
in the amount of carboxylic group at the surface of the material,
from 4% to 21.7%. This counterintuitive and contradictory be-
havior can be explained by the ability of GO to act as an oxidation
catalyst in the presence of oxygen dissolved in methanol during
catalysis for certain C atoms in the GO structure,[15] while certain
C─O-forms undergo reduction due to hydrazine. These hypothe-
ses will be checked in future work.

In the case of the curve fitting of the O 1s spectrum, the direct
overlap between the Pd 3p3/2 component located around BE =
534 eV and the O 1s peak should be considered. The Pd 3p region
consists of a spin-orbit Pd 3p3/2 and a Pd 3p1/2 doublet, with well-
separated components (BE = 17 eV). The presence of the Pd 3p1/2
component is well evidenced in the XPS survey spectra of the in-
vestigated samples (Figure 1a,b). The curve fitting of O 1s spectra
for GrafeoPlad-Pd before (a) and after catalysis (b) is displayed in
Figure 5, and the results are listed in Table 4. The O 1s spectrum
can be deconvoluted in four components corresponding to ox-
ide species as in PdO and/or O─C═O groups (530.5 eV); C═O

groups (532.3 eV), C─OH and/or C─O─C groups (533.8 eV)
and adsorbed water (535.4 eV). The component located at BE =
533.8 eV overlaps with Pd 3p3/2.

In order to gain further insight we carried out DFT calcula-
tions based on two different models. In the first model, GO is
represented by coronene with 2 oxygen atoms below and above
the graphitic plane, forming two epoxides. The Pd nanoparticles
are simulated by adding a cluster of 3 Pd atoms above and be-
low the coronene plane. The outcome of DFT calculations clearly
indicates the formation of a chemical bond between Pd and C,
whose distances are in the 2.14-2.18 Å range (Figure 6).

In Model II, two Pd atoms were added to the six present
in Model I. The outcome of DFT calculations returned similar
Pd─C bond distances when compared to the model with six Pd
atoms. In Model II, however, one Pd atom steps away from the
GO plane and forms a bonding interaction with the oxygen atom
with a calculated distance of 2.33 Å from the oxygen atom of the
epoxide (Figure 7). The HOMO/LUMO orbitals plot in Figure S1
(Supporting Information) suggests a lower orbital overlap when
compared to Model I with six Pd atoms, though the interaction is
still present and significant. In other words, increasing the size
of the Pd nanoparticle weakens the Pd-GO interaction. The 3D
entrapment of graphene oxide in the crystal lattice of Pd via the
reductive precipitation method[1] is completely different from the
2D adsorption of Pd nanoparticles on GO also from the DFT
viewpoint. In Pd/GO, for example, similar calculations suggest
that Pd preferably binds the oxygen atoms of two neighboring
epoxy groups forming two Pd─O bonds, with the Pd atom be-
ing strongly anchored through an O─Pd─O bridge with a Pd─O
bond length of 1.97 Å.[16]

We thus applied the material as a catalyst of the Suzuki–
Miyaura cross-coupling reaction between arylboronic (phenyl-
boronic) acid and aryl halogenides (bromobenzene and iodoben-
zene). Results in Table 5 show that GrafeoPlad-Pd is indeed a
good catalyst for the coupling of iodobenzene whereas it shows
less activity when attempting the coupling of bromobenzene with
the boronic acid.

Adv. Sustainable Syst. 2024, 2300643 © 2024 Wiley-VCH GmbH2300643 (4 of 8)
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Table 4. XPS surface distribution of O species, from the curve fitting of O 1s photoelectron signals (total peak area = 100%) in GrafeoPlad-Pd before
and after employment as a catalyst in nitrobenzene reduction with excess hydrazine.

Binding energy O1s [eV]
Assignment

530.5 PdO/
O─C═O [%]

532.3 C═O
[%]

533.8
C─O─C/C─OH [%]

535.4 Adsorbed
water [%]

GrafeoPlad-Pd (fresh) 5.7 47.1 39.7 7.5

GrafeoPlad-Pd (after catalysis) 6.1 40.1 35.7 18.1

Due to the the stronger carbon halide bond determined by
the higher halogen electronegativity (in the order Cl, 3.16>Br,
2.96> I, 2.66), the latter lower reactivity of bromobenzene is well-
known and general for cross-coupling reactions.[17] Similarly, the
fact that methanol is a far better reaction medium when com-
pared to acetonitrile is due to the well-known need for protic sol-
vents in the Suzuki–Miyaura reaction.[17] The kinetic profile of
the Suzuki–Miyaura reaction in MeOH for iodobenzene cross-
coupling shows (Figure 8, left) the typical sigmoidal shape, with
a first rapid reaction rate within the first 40 min of reaction, fol-
lowed by a substantially slower reaction in the second time period
(1–3 h). While the reaction with iodobenzene proceeds nearly
to completion, in the case of bromobenzene the yield reaches
a maximum 56.4% value after which no further conversion of
the substrate is observed. Catalyst reusability tests show unprece-
dented stability of the metallic GO@nPd powder toward sinter-
ing and deactivation. Indeed, the slow decrease in maximum con-
version in consecutive reactions mediated by the same catalyst
recovered and reused (Figure 8, right) should be compared to the
complete deactivation of palladium black, namely Pd nanopar-
ticle powder, after a single reaction run in many catalytic con-
versions from partial hydrogenation[18] through oxidation[19] re-
actions. Furthermore, clustering to form palladium black is the
common deactivation mechanism of most cross-coupling reac-
tions mediated by both homogeneous[20] and heterogeneous[21]

Pd catalysts. In the latter case, very often substantial Pd nanopar-
ticle aggregation and metal leaching occur, and the solid cata-
lyst loses its activity in a Suzuki–Miyauara reaction after a single
reaction run.[21]

The two most common poisoning reaction mechanisms that
deactivate metallic palladium catalysts, indeed, either act by clus-
tering the Pd atoms, clusters, and nanoparticles to metallic pal-
ladium microparticles of low surface area;[18,21] or, in oxidation
reactions, via oxidation of the unprotected palladium black result-
ing in >20% of the metal being lost by dissolution into the reac-
tion solvent.[19] In brief, the graphene moiety of the 3D-entrapped
GO molecules stabilize the Pd nanoparticles against sintering
as well as acting as electron donors, as clearly shown by the
TEM and XRD analyses of GrafeoPlad-Pd before and after ni-
trobenzene catalytic reduction with excess hydrazine (showing
no change in the Pd nanoparticle average size prior and after
catalysis) as well as by the XPS analysis reported in this account.
The latter shows that the signal for metallic Pd shifts to substan-
tially (1.2 eV) lower binding energy, with the surface atoms ac-
quiring a net negative charge.

3. Conclusion

In conclusion, the outcomes of new catalytic tests in cross-
coupling reactions of GrafeoPlad-Pd, a metallic powder com-
prised of aggregated Pd nanoparticles doped with 3D-entrapped
graphene oxide molecules, alongside the first XPS surface inves-
tigation and DFT calculations reveal the relevance of this new
class of molecularly doped metal for sustainability.

Being a new catalytic material applicable to different reac-
tions of large industrial relevance such as hydrogenation as
cross-coupling reactions, the material is promising for green fine

Figure 5. XPS curve-fitting of O 1s spectra in the GrafeoPlad-Pd before (a) and after catalysis (b).

Adv. Sustainable Syst. 2024, 2300643 © 2024 Wiley-VCH GmbH2300643 (5 of 8)
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Figure 6. Model I used to mimic GrafeoPlad-Pd by DFT calculations: top
and side view.

chemical productions.[22] The metallic GO@(nPd) nanoparticles,
indeed, will be further deposited over large surface area mate-
rials regularly used as catalyst particle supports (sol–gel oxides,
polymers, aluminas, silicas, metal–organic frameworks, etc.) dra-
matically lowering the amount of expensive Pd needed to cat-
alyze the reaction and further improving the catalyst stability.

Table 5. Yield of the Suzuki–Miyauara coupling of phenilboronic acid and
aryl halogenides mediated by GrafeoPlad-Pd in different aqueous solvent
mixture.

Solventa)
Arylbenzene Yield [%]

MeOH Bromobenzene 56.4

Iodobenzene 94.3

CH3CN Bromobenzene 31.6

Iodobenzene 59.4
a)

Reaction conditions: organic solvent:water ratio 3:1, halobenzene 0.05 m, 1.2 eq.
boronic acid, 4 eq. aqueous NaOH. Reaction mixture refluxed overnight.

Figure 7. Model II used to mimic GrafeoPlad-Pd by DFT calculations: top
and side view.

Heterogenization of GrafeoPlad catalytic materials belonging to
PGMs over solid support, furthermore, will enable its application
to a wide variety of conversions carried out continuously under
flow.[23]

Ananikov and co-workers have extensively shown that acting
in a “cocktail-type” manner, in catalytic processes mediated by
Pd nanoparticles, single atoms, complex species, metal clusters,

Adv. Sustainable Syst. 2024, 2300643 © 2024 Wiley-VCH GmbH2300643 (6 of 8)
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Figure 8. Progress of the Suzuki–Miyaura cross-coupling reaction between phenilboronic acid and aryl halogenides mediated by GrafeoPlad-Pd in
methanol (left); reaction yield in three consecutive reaction runs mediated by the same GrafeoPlad-Pd catalyst recovered and reused (right).

and metal nanoparticles all actively take part in catalytic reac-
tion cycles in nearly all cross-coupling reactions mediated by
palladium.[24] In the case of Pd nanoparticles encapsulating
the graphene moiety, the metal-organic alloy nature of the
GO@(nPd) hybrid material should have profound consequences
on its catalytic activity. Indeed, the first DFT calculations re-
ported herein unveil the formation of a chemical bond between
Pd and C, with the XPS surface investigation prior and after
employment in reduction catalysis confirming the involvement
in catalysis of both metallic Pd and PdO phases at the material
surface, with a stabilizing role of the 3D-entrapped graphene
moiety of the GO molecules against sintering. Forthcoming
studies aimed to achieve the aforementioned progress will be
based on the fundamental advances in understanding the nature
of this new molecularly doped metal such as those reported in
the present investigation.

4. Experimental Section
Catalytic Tests: GrafeoPlad-Pd was prepared as previously

described.[1] In a typical Suzuki–Miyauara reaction, 2 × 10−4 mol of
arylbenzene were dissolved in 3 mL of either methanol or acetonitrile
selected as reaction solvent with phenylboronic acid (1.2 equivalents).
The mixture was added with 1 mL aqueous NaOH (0.12 m) and the
mixture was heated to reflux. Reaction progress was monitored via liquid
chromatography with a Shimadzu LC-10AD VP HPLC equipped with a
RID-10A detector and Restek Ultra BiPh 5 μm column (Restek, Cernusco
Sul Naviglio, Italy) thermostated at 45 °C using a mixture H2O:MeOH
65:35 + 0.1% v/v formic acid as eluent, flux 1 mL min−1. At the end of
the reaction, the catalyst was recovered by centrifugation, washed three
times with methanol, and dried in the air.

XPS Surface Analysis and TEM Photographs: The transmission electron
microscopy (TEM) experiments were carried out using a Thermo Fisher
Scientific Talos L120C instrument operating at 120 kV as previously de-
scribed in detail.[1] The surface analysis of the material was performed by
XPS both before and after the catalytic hydrogenation of nitrobenzene with
hydrazine at room temperature. The surface chemical composition was in-
vestigated with a Surface Sciences Instruments (SSI) M-Probe apparatus
equipped with a monochromatic Al K𝛼 source (h𝜈 = 1486.6 eV). A spot
size of 200 ÷ 750 μm and a pass energy of 25 eV was used during data
acquisition. The constant charging of the binding energy scale (BE) was
corrected by using the C 1s peak at BE = 284.6 eV from adventitious car-
bon as an internal reference. The position and full width at half-maximum
(FWHM) of the C 1s line were carefully checked for every independent de-

termination. The accuracy of the binding energy measure is ± 0.1 eV. Pho-
toemission data were processed by using the XPSPeak free software for
the analysis of XPS spectra written by Dr Raymund Kwok.[25] Data analysis
was performed by a nonlinear least square curve-fitting procedure with a
properly weighted sum of Lorentzian and Gaussian component curves, af-
ter background subtraction according to Shirley and Sherwood.[26] The as-
signment of photoelectron signals and peak components was determined
according to the literature reference database.[9]

DFT Calculations: All DFT calculations were performed using the
Gaussian 16[27] package. The cluster models were selected based on pre-
vious studies on similar systems.[28–30] The cluster’s overall zero spin and
neutral charge were retained by passivating with capping H atoms only
those dangling C bonds of GO. The hybrid B3LYP[31,32] functional in con-
junction with the SDD pseudo potential[33] for Pd atoms and the full elec-
tron basis sets 6–311G** for all the remaining atoms were selected. Fre-
quency calculations have been done to check the nature of the stationary
points.

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