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A B S T R A C T   

Nanostructured hybrids of graphene oxide and palladium were fabricated by means of one-step solvent-free gas 
phase treatment of graphene oxide with the aliphatic amines 1-octadecylamine and 1,8-diaminooctane, followed 
by in situ decoration with palladium in the liquid medium using palladium chloride as the precursor and citric 
acid as a mild and environmentally friendly stabilizing and reducing agent. The proposed synthesis method 
represents an eco-friendly alternative for obtaining nanohybrids of graphene oxide and palladium nanoparticles 
under mild conditions. Spectroscopic studies evidenced -COOH group derivatization of graphene due to the 
amidation reaction; transmission electron microscopy demonstrated the formation of nanometer-sized crystalline 
palladium particles and evidenced that the diamine-functionalization results in a larger particle sizes than 
observed for monoamine- or non-functionalized substrates. The hybrids obtained have a slightly lower thermal 
stability than pristine graphene oxide.   

1. Introduction 

In recent years graphene oxide (GO) has emerged as a highly 
promising material for applications in energy storage (batteries and 
supercapacitors), catalysis [1–4], sensors, as well as building block of 
conducting and thermal materials, filtration membranes and bacteri-
cidal agents [5–9]. Combining the properties of metal nanoparticles 
with those of GO through covalent assembly results hybrid architectures 
offer additional technological possibilities [10–18] due to their large 
surface area, plasmon resonance, highly stable nature, and in general 
easy processing [19–21]. It has been demonstrated that amino groups, 
along with the oxygen-containing groups already present in GO [22], act 

as nucleation points for metal nanoparticles that form through coordi-
nation bonds or electrostatic interactions with metal ions [23–26]. One 
of the simplest methods for metal nanoparticle deposition is liquid phase 
chemical reduction of the respective salts with the help of stabilizing and 
dispersing agents, which help to avoid agglomeration and therefore 
control size and morphology [11–19], favouring the uniform distribu-
tion of nanoparticles on the GO surface [27]. 

In our previous work [28], we demonstrated that the formation of 
nanostructured hybrid materials employing amine-functionalized GO to 
support silver nanoparticles (AgNPs) can be achieved via a simple and 
eco-friendly gas-phase treatment. We have shown that this method of 
synthesis does not require additional purification processes because the 
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surplus reagents can be eliminated in situ through moderate dynamic 
vacuum and heating conditions. With respect to conventional tech-
niques where toxic solvents are employed and several reaction steps are 
involved [29,30], the one-step gas-phase amine functionalization 
method has the advantage of yielding AgNPs with a controlled size 
distribution and a higher surface density, which are important re-
quirements for applications of GO hybrid materials in several fields 
[31–34]. This motivates a further study on other noble metals like 
palladium in view of exploiting not only the peculiar electronic, me-
chanical, and catalytic properties of these nanoparticles, [35–37] but 
also their application for therapeutic purposes based on their antibac-
terial and cytotoxic activity [38–40]. 

The main purpose of the present work was to demonstrate that it is 
possible under eco-friendly and mild conditions to obtain nanohybrids 
of GO and palladium nanoparticles (PdNPs) by applying a gas-phase 
pretreatment of GO with amine molecules, which thanks to their 
chemical affinity toward biological molecules [41], confer an additional 
ecological value to this study. Similar studies with pristine, 
non-functionalized materials will be performed as well for comparison 
purposes. 

2. Experimental 

2.1. Materials 

Single-layer graphene oxide powder (≥99 wt% purity, platelet 
diameter of 300–800 nm and thickness of 0.7–1.2 nm) from Cheap Tube, 
Inc., was used. 1-Octadecylamine (ODA; ≥99%), 1,8-diaminooctane 
(DAO; ≥98%), citric acid (≥99.5%), palladium chloride (≥99%), 2- 
propanol (≥99.8%) and hydrochloric acid (≥37%) from Sigma-Aldrich 
were used as received. 

2.2. Gas phase functionalization with amines 

We followed the general procedure described in our previous works 
[42–44] and optimized it for the present purposes. The yield was 
improved employing GO/amine w/w ratios of 1:1. The functionalization 
process comprised three steps: (1) degassing for 15 min at temperature 
of 100 ◦C under constant evacuation pressure of 10− 2 Torr; (2) func-
tionalization reaction under static vacuum for 1 h in a temperature 
range of 160–180 ◦C; (3) degassing at 100 ◦C under constant evacuation 
for 30 min to remove unreacted amines. 

The amine-functionalized samples are labelled GO+ODA and 
GO+DAO in the following. 

2.3. Deposition of palladium nanoparticles 

We adapted the methods of PdNP deposition based on the reduction 
of Pd2+ ions with citric acid, reported by Roy et al. [45], Dar et al. [46], 
and Li et al. [47]. Compared to Dar et al. [46], we reduced the reaction 
time from 7 h to 10 min by adopting the acidic solution of PdCl2 
employed by Li et al. [47] and, in order to assure the complete reduction 
reaction of the precursor, the citric acid concentration was 10 times 
higher. For achieving homogeneous dispersions, it was necessary to 
dissolve the metallic precursor in a 0.2 N solution of HCl assisted by 
heating at about 70 ◦C, which was then diluted with distilled water to 
obtain PdCl2 0.005 M. 

For preparing the hybrids, amine-functionalized and pristine GO 
were immersed in 0.005 M PdCl2 in a proportion of 5 mg/10 mL. Then, 
20 mL of a 0.05 M solution of citric acid was added to the reaction vessel 
upon continuous stirring at room temperature for 10 min. After this, the 
materials were washed twice with deionized water, dried, and stored 
under vacuum at room temperature. The amine-functionalized samples 
decorated with PdNPs are labelled GO+ODA+Pd and GO+DAO+Pd in 
the following. An analogous sample was obtained with non- 
functionalized pristine GO for comparison. This hybrid is labelled 

GO+Pd in the following. 

2.4. Characterization 

Fourier-transform infrared (FTIR) spectra in attenuated total reflec-
tance (ATR) mode were measured employing a Nicolet iS50R Thermo- 
Scientific spectrometer. Each spectrum was the sum of 32 scans, 
collected in the range of 500–4000 cm− 1 with a resolution of 4 cm− 1. 
Measurements were performed in triplicate to verify reproducibility. 

The X-ray powder diffraction (XRD) data were obtained on a D8 
Advance Bruker diffractometer with a monochromatic Cu Kα X-ray 
source (λ = 1.5418 Å) and a secondary beam graphite monochromator; a 
LYNXEYE detector (1D mode) was used. The samples were finely pul-
verized and the patterns were recorded in a 2θ range from 3◦ to 60◦, in 
steps of 0.02◦ and with a counting time of 1.0 s per step; duplicate 
spectra were acquired. 

Thermogravimetric and differential thermal analysis (TGA–DTA) 
were carried out using a STA 449 C Jupiter analyzer from Netzsch- 
Geratebau GmbH. For the tests, samples of approximately 10 mg were 
exposed to an air flow of 100 mL/min, and a heating ramp of 10 ◦C/min 
up to 1000 ◦C; duplicate analysis was performed. 

Scanning electron microscopy (SEM) was performed with a JEOL 
JSM-6510LV instrument, operated at an acceleration voltage of 20 kV, 
and coupled to an INCA Energy 250 Energy Dispersive X-ray (EDS) 
Microanalysis System from Oxford Instruments. All the samples were 
fixed on double-sided carbon tape and measured without coating. Two 
imaging modes were used: secondary electrons images (SEI) and back-
scattered electron composition (BEC), collecting micrographs at 10, 5 
and 0.5 µm. SEM-EDS spectra were acquired for every sample in 5 
different spots with a diameter of 30 µm. 

Transmission electron microscopy (TEM) bright-field (BF) and dark- 
field (DF) studies were carried out with a JEOL JEM-ARM200F STEM 
Schottky FEG, operated at a 1.0 Å resolution and a 200 kV acceleration 
voltage. The samples were dispersed in 2-propanol, drop casted onto 
lacey carbon films on 200 mesh copper TEM grids manufactured by Agar 
Scientific, dried at room temperature and cleaned by plasma treatment 
before measurements. Micrographs at 200, 100 and 20 nm were per-
formed in BF mode, whereas DF imaging at 0.5 µm, 100 and 20 nm were 
collected from different spots on every sample. TEM-EDS mapping was 
performed for every sample on 3 different spots with a diameter of 1 µm. 

2.5. Theoretical calculations 

To gain theoretical insight into the mechanisms of interaction of 
PdNPs with pristine and amine-functionalized GO as well as into the 
geometry and formation energies of the resulting Pd-GO hybrids, we 
employed density functional theory (DFT) calculations. The numerical- 
based DFT module DMol3 [48–51] of Materials Studio was the software 
package of choice. We used the Perdew-Burke-Ernzerhof (PBE) func-
tional [52] within the generalized gradient approximation, along with a 
long-range dispersion correction by Grimme [53] (commonly referred to 
as PBE-D2), which is crucial when noncovalent interactions are 
involved. The double numerical basis set DNP, which has a polarization 
d-function added on all non-hydrogen atoms, as well as a polarization 
p-function added on all H atoms, was combined with the DSPP pseu-
dopotentials. The settings for full geometry optimization and calculation 
of electronic parameters included ‘fine’ computation quality and 
convergence criteria (namely, 105 Ha energy change, 0.002 Ha/Å 
maximum force, 0.005 Å maximum displacement, and 10− 6 SCF toler-
ance). All the calculations were spin-unrestricted. The global orbital 
cutoff [54] was set to 4.5 Å, as defined by the presence of palladium 
atoms. Since setting orbital occupancy to Fermi-type not always allowed 
for the reasonably fast and successful SCF convergence, for the most 
complex systems the latter was aided by using thermal smearing 
[54–56], the value of which was reduced stepwise from 0.005 to 10− 4 

Ha, and the final calculation was refined with Fermi orbital occupancy 
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(with a few exceptions). 
All the calculations considered the presence of an aqueous medium, 

whose implicit inclusion was performed via the conductor-like screening 
model (COSMO) [57,58] with the value of 78.54 for dielectric constant 
of water. 

The formation energies ΔЕGOmodel+PdNC for the complexes (or ΔЕ for 
simplicity) of different GO models (GOmodel) with a palladium nano-
cluster (PdNC) were calculated using the following general equation:  

ΔЕGOmodel+PdNC = EGOmodel+PdNC – (EGOmodel + EPdNC)                             

where Ei is the corresponding absolute energy. 

3. Results and discussion 

3.1. Experimental results 

To visualize general changes in the chemical nature of GO before and 
after functionalization with amines and further decoration with PdNPs, 
dispersibility tests were conducted in water and 2-propanol. For this 
purpose, 0.5 mg/mL dispersions of GO in solvent were prepared with 
ultrasonication for 10 min at room temperature (Fig. 1). For pristine GO, 
brownish dispersions were formed in both water and 2-propanol, which 
precipitated after 24 h. Amine-functionalized GO formed instable dis-
persions in water, whereas in 2-propanol the stability of the dispersions 
deceased with time and almost total precipitation was observed after 24 
h. These results confirm that the surfaces modified with long chains of 
ODA and DAO acquire a more hydrophobic character. Once decorated 
with PdNPs, the amine-functionalized GO solids precipitated to the 
bottom of the beakers in both solvents practically immediately after 
sonication. 

The effectiveness of amine derivatization via GO surface chemistry 
was checked with the help of FTIR spectroscopy (Fig. 2). The spectrum 
of pristine GO shows the fingerprint bands of the oxygen-containing 
moieties: the hydroxyl band (νOH) at 3592 cm− 1; the δOH signal at 
1607 cm− 1; νC–

–O vibrations in COOH groups at 1719 cm− 1; νC-O(asym) in 
epoxy bonds [59] at 1373 cm− 1; the δOH signal at 1241 cm− 1 and the 
νC-O vibrations at 1051 cm− 1 from C–O–H groups [60]. Unsaturated 
ketone groups could be responsible for the band at 964 cm− 1 [43]. For 
aminated GO the νC–

–O signal decreased in intensity and shifted, from 
1704 to 1719 cm− 1 to 1694–1699 cm− 1, due to the characteristic ‘amide 
I′ band between 1600 and 1700 cm− 1, accompanied by the ‘amide II’ 

band at 1558–1563 cm− 1 [22,61,62]. The set of bands located at 
1200–1400 cm− 1 can be assigned to the ‘amide III’ mode [61,62]. 
Additionally, the bands of alkyl groups are observed: the νCH(asym) band 
at 2916–2921 cm− 1 and the νCH(sym) band at 2843–2848 cm− 1. These 
observations corroborate a successful amine derivatization. 

For GO-Pd samples, clear changes can be observed in the bands 
corresponding to the vibrations of the oxygenated groups; in particular, 
the increased intensity, broadening and shifting of νC–

–O absorption band 

Fig. 1. Dispersibility tests for GO samples in water and 2-propanol: (1) pristine GO, (2) GO+Pd, (3) GO+ODA, (4) GO+ODA+Pd, (5) GO+DAO, and (6) 
GO+DAO+Pd. The images were taken immediately after 10-min ultrasonication (0 h) and after 24 h. 

Fig. 2. FTIR spectra of pristine and amine-functionalized GO samples before 
and after decoration with Pd nanoparticles. 
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from COOH functionalities might indicate that the palladium nano-
particles form a coordination bond with the oxygen in these groups. 
GO+ODA+Pd and GO+DAO+Pd samples show the same trend. Other 
important changes for these samples include an almost total disap-
pearance of ‘amide II’ δNH absorption at 1558–1563 cm− 1, a decrease of 
the νC-O band at 1051–1076 cm− 1 and an increase in intensity of νC-N 
signals at 1163–1168 cm− 1. All these changes indicate the coordination 
of palladium to nitrogen and oxygen atoms present on GO+ODA and 
GO+DAO surfaces. 

TGA and DTA were used to identify changes in the thermal behaviour 
of GO caused by the modification with amines and the decoration with 
PdNPs. The TGA curve for pristine GO (Fig. 3a) exhibits three principal 
weight losses that correspond to the evaporation of physisorbed water 
(10.3%, until 136 ◦C), the pyrolysis of oxygenated functionalities 
(28.4%, until 245 ◦C), and the graphene lattice combustion (60.6%, 
until 690 ◦C) [63]. The DTA curve consists of two principal peaks in 211 
and 668 ◦C, matching the main weight loss steps in the TGA curve. 

For GO+Pd (Fig. 3b), the pattern of weight loss includes four steps. 
The first is related to the evaporation of physisorbed water (5.6%, until 
134 ◦C), the second refers to the pyrolysis of oxygenated groups (37.8%, 
until 247 ◦C), the third one is related to the combustion of the main 
graphene backbone (45.1%, until 446 ◦C), and the fourth weight loss 
(6.4%, until 797 ◦C) can be attributed to a portion of the palladium 
present in the sample. In fact, at temperatures over 420 ◦C, Pd slowly 
oxidizes to PdO2 [64] and PdO2 decomposes to Pd at temperatures above 

780 ◦C. The last ramp (1.2%, until 1000 ◦C) mirrors the metallic Pd 
content. So, the total palladium content in the sample is around 11.5%. 
The DTA peaks refer to the combustion of the main components in the 
system, namely the oxygen-containing groups (239 ◦C), the graphene 
lattice (419 ◦C and 478 ◦C), and the palladium oxide (shoulder at 
830 ◦C). The second and the third peak are strongly shifted to lower 
temperatures in comparison to the pristine GO sample; this can be 
explained by the catalytic effect of palladium on the combustion of the 
graphene backbone, similarly to what we saw previously for GO hybrids 
with silver nanoparticles [28]. 

For both amine-functionalized samples (Fig. 3c,d), the same per-
centage of 3.9% for the loss of physisorbed water was observed when 
heating up GO+ODA+Pd to 141 ◦C and GO+DAO+Pd to 138 ◦C. 
However, the loss steps for the oxygenated groups present noticeable 
differences; while for GO+ODA+Pd the corresponding percentage is 
15.9% and the weight loss extends up to 247 ◦C, for GO+DAO+Pd the 
percentage is almost double, 29.5%, and the weight loss extends up to 
293 ◦C. In the case of GO+ODA+Pd the main weight loss corresponds to 
the combustion of graphene lattice, 73.6% of the sample were lost when 
heating up to 500 ◦C, while for GO+DAO+Pd the weight loss is some-
what smaller, 63.9% and the temperature range slightly wider (heating 
up to 506 ◦C). Similarly to GO+Pd, these weight losses occur at lower 
temperatures compared to pristine GO, due to an apparent catalytic 
effect of the metal. Both thermograms show a shoulder at 828 ◦C, related 
to the decomposition of palladium oxide, which can be estimated to 

Fig. 3. TGA (black) and DTA (blue) curves for GO and GO hybrids: a) pristine GO, b) GO+Pd, c) GO+ODA+Pd, and d) GO+DAO+Pd.  
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make up 2.7% of GO+ODA+Pd, and 1.5% of GO+DAO+Pd. The 
metallic Pd content in every case is 0.3% for GO+ODA+Pd, and 4.8% for 
GO+DAO+Pd. 

When comparing the TGA-DTA results for the GO+Pd series with 
those previously reported for the GO+Ag homologues [28], one notices 
that palladium importantly impacts the combustion temperature of the 
graphitic backbone; whereas for GO+Ag the pyrolysis starts at 682 ◦C, 
for GO+Pd it commences already at 446 ◦C. In the case of aminated 
samples, GO+ODA+Ag pyrolysis starts at 695 ◦C, but for GO+ODA+Pd 
it begins already at 506 ◦C, likewise for GO+DAO+Ag the combustion 
temperature is 716 ◦C, while for GO+DAO+Pd it is 500 ◦C. This testifies 
to a stronger catalytic effect of palladium nanoparticles. Another 
important difference concerns the final weight loss in the temperature 
range from 797◦ to 861◦C in all the palladium-containing samples and 
corresponding to thermal decomposition of palladium oxide; this trend 
is not observed in the silver-containing hybrids because silver does not 
oxidize. Another difference is related to the final residue. While in the 
non-aminated GO hybrids the metal content is higher for palladium 
(GO+Pd: 11.5%; GO+Ag: 1.5%), in aminated samples one sees an 
opposite trend, namely a metal content of 3.0% for GO+ODA+Pd and of 
6.3% for GO+DAO+Pd, while for GO+ODA+Ag the silver content 
amounts to 6.7% and for GO+DAO+Ag even to 12.1%. 

To characterize the difference in chemical composition of the sam-
ples due to the functionalization with amines and further decoration 
with palladium particles, BEC SEM images were acquired (Fig. 4). The 

respective particle size distributions are presented in Fig. 5, where an 
asymmetrical distribution of size is clearly observed in all GO+Pd, 
GO+ODA+Pd and GO+DAO+Pd samples and small particle sizes 
dominate. The brightest spots highlight the presence of palladium par-
ticle agglomerates. For GO+Pd (Fig. 4a-c) triangular and octahedral 
shapes [65,66] with a narrow size distribution ranging from 0.04 to 
0.34 µm and an average of 0.13 µm (Fig. 5a) are observed. The micro-
graphs for GO+ODA+Pd (Fig. 4d–f), show mostly spherical palladium 
clusters in a broader range (0.03–1.2 µm) with an average particle size 
of about 0.26 µm (Fig. 5b). Similarly to the case of GO+Pd, also for 
GO+DAO+Pd (Fig. 4g–i) different geometric shapes are seen, from 0.02 
to 0.85 µm, and the average particle size amounts to 0.14 µm (Fig. 5c). 
Comparing the particle size distributions, one notices that those for 
GO+Pd and GO+DAO+Pd are narrower than that of the 
ODA-functionalized sample. These observations agree with E. Ramirez 
et al. [67], who have demonstrated the predominant role of chemical 
equilibria between all potential coordinating agents in stabilizing the 
nanoparticles; here this concerns the ligands resulting from the pre-
cursor, the amine and the reducing agent. Since the mEq of ODA are 
lower than for DAO, for lower amine content we found aggregated 
particles but with a more regular shape. The size and shape of particles 
are governed by the nature of the stabilizing ligands and, in the case of 
weak ligands such as amines, by the quantity of ligand added. 

The EDS results presented in Table 1 demonstrate that the metal 
content is highest for GO+Pd (10.0 ± 5.2 wt%; 1.4 ± 0.8 at%), followed 

Fig. 4. Representative SEM images for GO+Pd (a-c), GO+ODA+Pd (d–f), and GO+DAO+Pd (g–i) at different magnification. Scale bars: 10 µm (left column); 5 µm 
(middle column), and 0.5 µm (right column). 
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by GO+DAO+Pd (6.9 ± 4.1 wt%; 0.9 ± 0.6 at%), and GO+ODA+Pd 
(2.5 ± 0.4 wt%; 0.3 ± 0.04 at%). Despite the differences in particle size, 
the tendencies observed in Fig. 5 match those of the thermal studies. 

To also study the morphology, size, and distribution of smaller GO- 
supported palladium particles we collected bright-field (Fig. 6) and 
dark-field (Fig. 7) TEM micrographs. The corresponding particle size 
histograms are presented in Fig. 8. For GO+Pd (Figs. 6 and 7a-c) strong 
agglomeration of differently shaped metallic particles can be observed, 
leading to a broad size distribution ranging from 2 to 15 nm, and an 
average particle size of 5.7 ± 2.3 nm (Fig. 8a). On ODA-functionalized 
GO, spherical particles ranging from 1 to 13 nm are observed, with an 
average size of 4.2 ± 1.4 nm (Fig. 8b), whereas on DAO-functionalized 
GO, the particles are much larger, ranging from 6 to 450 nm, and the 
average size is 52.5 ± 83.5 nm (Fig. 8c). 

TEM EDS mapping (Fig. 9) was carried out to supplement the mi-
crographs with results on the chemical composition. The highest Pd 
content was found for the hybrid with pristine GO, followed by that for 
DAO-functionalized GO, and finally by that for ODA-functionalized GO. 
According to the elemental maps, the most homogeneous distribution 
with minimal agglomeration can be observed for GO+ODA+Pd, while 
GO+Pd and GO+DAO+Pd show a strong coalescence of particles. These 
results are not as informative on the average composition of the hybrids 
as the SEM EDS results because they represent a snapshot on the local 
composition of a much smaller area (TEM spot diameter 1 µm vs. SEM 
spot diameter 30 µm) but they match the trend in Pd content previously 
discussed in SEM EDS, and agree with the thermal behaviour of the 
hybrids. 

The agglomeration observed in the non-aminated sample can be 
associated with the strong interaction of sterically unprotected Pd spe-
cies with the GO surface. The smallest particle size achieved in 
GO+ODA+Pd can be justified by the presence of the ODA moieties, 
which avoid a strong attraction to the graphitic backbone. In 
GO+DAO+Pd, the two coordinating sites of DAO favour a higher con-
tent of metallic nanoparticles, which is mirrored by the histograms in 
Figs. 5 and 8, and the percentage of Pd observed in EDS studies (Tables 1 
and 2). 

Compared with Ag-containing samples, larger particles with a 

broader size distribution were observed in the GO+Pd series, despite a 
slightly lower palladium content. It is important to highlight a strong 
tendency of agglomeration of either silver or palladium nanoparticles on 
pristine graphene oxide, which underlines the importance of nitrogen- 
containing ligands for nucleation and growth regulation [67]. 

The crystallinity of the Pd-containing hybrids was investigated by 
XRD and the diffractograms acquired are shown in Fig. 10. GO presents 
the characteristic (001) diffraction peak at 2θ = 11.2◦ (d-spacing of 
0.79 ± 0.007 nm) [68–71]. In fact, according to Dékány, Krüger--
Grasser, and Weiss [72], pristine GO presents d-spacings between 0.61 
up to 1.1 nm, depending on the amount of water adsorbed. The modi-
fication with amines resulted in a broadening of the main GO peak and a 
shifting from 11.2◦ to 11.7◦ (d001 = 0.76 ± 0.007 nm) for GO+ODA, and 
to 12.5◦ (d001 = 0.71 ± 0.009 nm) for GO+DAO. This slight shrinking of 
the interlamellar space could be associated with the hydrophobic 
aliphatic chain of the amine moieties. For GO+Pd, GO+ODA+Pd and 
GO+DAO+Pd hybrids a noticeable broadening of the graphitic peak at 
2θ = 13.4◦ (d-spacing of 0.66 nm) is seen; this points to small coherently 
diffracting domains and hence to (partial) exfoliation [73]. According to 
Kaniyoor et al., this phenomenon might be provoked by the acid treat-
ment preparing for the decoration with PdNPs; in fact a partial removal 
of oxygenated functionalities (a certain degree of reduction) and water 
molecules, decreases the interlayer spacing in comparison to pristine GO 
[74–77]. FT-IR and TGA/DTA results support this interpretation. It is 
reasonable to assume that the acidic treatment of aminated-GO also has 
an impact on the flake thickness via exfoliation-reduction [73], which 
causes the broad (001) Bragg reflection peak. The exfoliatiation seems to 
continue during Pd decoration since for both GO+ODA+Pd and 
GO+DAO+Pd hybrids the 001 peak has almost totally disappeared, 
indicating that the coherently diffracting domains are very small. The 
slightly narrower d-spacing for GO+DAO is probably due to 
cross-linking by bifunctional molecules like 1,8 diamino octane onto the 
GO network, resulting in a more compact hybrid [44,78]. 

The appearance of new peaks assigned to (111) and (200) Bragg 
reflections at 2θ = 40.2◦ and 46.7◦ respectively, in the Pd-containing 
hybrids confirmed that the palladium nanoparticles that are large 
enough to be detected in XRD, have a face centred cubic (fcc) crystalline 
structure [79]. The fact that the intensity of the peaks in aminated 
samples is higher than in the non-aminated GO+Pd indicates more 
periodicity in crystalline arrangements due to the complexation effect by 
the nitrogen in amines. The lack of these stabilizing agents on the 
chemical environment of GO+Pd promotes chaotic/random arrange-
ments; as a consequence, the height of the peak is reduced. These phe-
nomena match the discussion of the SEM and TEM images (vide supra) 
where we saw that ligand moieties have an impact on the nucleation 
patterns of metallic particles. 

3.2. Theoretical modeling 

We attempted to provide an explanation for the experimental results 

Fig. 5. Particle size distribution histograms obtained from SEM imaging of (a) GO+Pd, (b) GO+ODA+Pd and (c) GO+DAO+Pd.  

Table 1 
EDS results for the GO/PdNP series (SEM imaging).  

Sample Weight % Atomic % 

GO+Pd C (K): 56.4 ± 8.8 
O (K): 33.6 ± 4.3 
Pd (L): 10.0 ± 5.2 

C (K): 67.8 ± 6.3 
O (K): 30.8 ± 5.6 
Pd (L): 1.4 ± 0.8 

GO+ODA+Pd C (K): 62.9 ± 0.4 
O (K): 34.0 ± 0.7 
Pd (L): 2.5 ± 0.4 

C (K): 70.7 ± 0.5 
O (K): 28.7 ± 0.5 
Pd (L): 0.3 ± 0.04 

GO+DAO+Pd C (K): 58.7 ± 6.3 
O (K): 33.6 ± 3.4 
Pd (L): 6.9 ± 4.1 

C (K): 68.9 ± 4.4 
O (K): 29.8 ± 4.0 
Pd (L): 0.9 ± 0.6  
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by modeling the properties of the hybrids with DFT calculations. The use 
of realistic-size GO and PdNP models is obviously computationally 
prohibitive, but relatively small models can already highlight some 
trends. An appropriate and computationally accessible choice to simu-
late a Pd nanoparticle is the Pd16 cluster (Fig. 11), which was proposed 
by Nava et al. [80]. This cluster has a maximal lateral extension of 7.1 Å 
and can also be synthesized experimentally in a ligand-stabilized form 
[81]. In the case of GO, we employed the models of pristine GO, 
GO+ODA and GO-DAO successfully tested in our previous study on 
AgNP decoration of the same substrates [28]. 

The optimized Pd16 geometry (Fig. 11a) is rather symmetric. As 
shown by the Mulliken analysis, the atoms of the cluster differ in terms 
of the sign and magnitude of charge: from − 0.041 e to 0.013 e. In other 
words, both positively and negatively charged chemical species (either 
atoms or functional groups) can interact electrostatically with Pd16 and 
this will be important for how the metal nanoparticles can bind to 
pristine and functionalized GO. 

As described previously [28], a computationally feasible choice of 
GO models is based on a ten fused aromatic-ring system [82,83]. To 
represent the oxygen-containing functionalities of GO, we introduced six 

carboxylic and eight aromatic ketone groups. The models for GO+ODA 
and GO+DAO were derived from the GO model by converting four of its 
six COOH groups into the corresponding amides [28]. In the case of 
GO+DAO we additionally accounted for the fact that the Pd deposition 
is carried out under acidic experimental conditions, by protonating the 
four NH2 termini, which did not form amide derivatives; the resulting 
model is referred to as GO+DAO-4 H+. 

The DFT results related to complex formation and the frontier orbital 
energies are presented in Table 3. Fig. 12. schematically describes the 
mechanism and energy of complexation of a Pd16 cluster with the 
models for pristine GO, GO+ODA and GO+DAO-4 H+. One can see that 
the weakest bonding (− 62.2 kcal/mol) was found on GO+ODA. In this 
case, Pd16 remains on the top of the model, forming close contacts 
mainly with the terminal CH3 groups of octadecyl moieties. The other 
two cases are very different, with very low negative values of formation 
energies (i.e. very strong bonding) for both GO (− 135.2 kcal/mol) and 
especially GO+DAO-4 H+ (− 179.5 kcal/mol). The most interesting 
distinctive feature is that the Pd cluster directly chemisorbs on the 
graphene backbone by forming short Pd-C bonds, which can be qualified 
as covalent. This happens even on GO+DAO-4 H+, despite the presence 

Fig. 6. Bright-field TEM imaging for GO+Pd (a-c), GO+ODA+Pd (d-f) and GO+DAO+Pd (g-i) at different magnification. Scale bars: 200 nm (left column); 100 nm 
(middle column), and 20 nm (right column). 
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of rather long DAO moieties. This direct contact between the Pd16 
cluster and the graphene backbone ‘smears’ palladium atoms over the 
GO surface, contrary to the case of GO+ODA+Pd16, where Pd16 

generally conserves its symmetric shape. A possible explanation is that 
ODA substituents are sufficiently long, and thus ‘shield’ and protect 
palladium from the strong attraction to the GO surface. The ‘smearing’ 

Fig. 7. Z-Contrast dark-field TEM images for GO+Pd (a-c), GO+ODA+Pd (d-f) and GO+DAO+Pd (g-i) at different magnification. Scale bars: 0.5 µm (left column); 
100 nm (middle column), and 20 nm (right column). 

Fig. 8. Particle size distribution histograms obtained from TEM imaging of (a) GO+Pd, (b) GO+ODA+Pd and (c) GO+DAO+Pd. The inset in (c) shows the main 
population of particles ranging from 1 to 15 nm onwards represented by the maximum on the histogram. 
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of Pd atoms observed theoretically can explain PdNP coalescence and 
agglomeration observed experimentally on GO and GO+DAO, whereas 
PdNPs deposited onto GO+ODA do not tend to coalesce and remain 
small, though the Pd elemental content is relatively small as well. 

As it could be expected, the differences in geometries and mecha-
nisms of nanohybrid formation give rise to notable differences in the 
electronic structure; we analyzed specifically the energy and distribu-
tion of frontier orbitals HOMO and LUMO (Table 3 and Fig. 13). The 
HOMO-LUMO gap energies calculated for individual components are 
0.313 eV for Pd16, 1.105 eV GO, 0.854 eV for GO+ODA and 0.863 eV 
for GO+DAO-4 H+ are (Table 3). It is logical to expect that, since Pd16 
has the lowest gap energy of all these components, its complexation with 
GO, GO+ODA and GO+DAO-4 H+ will result in lower HOMO-LUMO 
gap energies for the corresponding hybrids. As one can see, the 
HOMO-LUMO gap dramatically decreases to 0.163 eV for GO+Pd16, 

0.008 eV for GO+ODA+Pd16 and 0.144 eV for GO+DAO-4 H++Pd16. 
An especially interesting observation is that Pd functionalization de-
creases the gap energy by two orders of magnitude, namely from 
0.854 eV for GO+ODA to 0.008 eV for GO+ODA+Pd16. The frontier 
orbital localization (Fig. 13) matches the differences in HOMO-LUMO 
gap energies. The very strong interaction in the cases of GO+Pd16 and 
GO+DAO-4 H++Pd16 results in the localization of both the HOMO and 
the LUMO on the same Pd atoms and an insignificant charge density on 
GO. On the contrary, in GO+ODA+Pd16 the HOMO and the LUMO are 
very well separated, with the HOMO localized exclusively on GO, and 
the LUMO exclusively on Pd16. The fact that the LUMO in all three cases 
is centered on Pd might imply that the latter remains active in electro-
philic processes; in addition the presence of the HOMO on the same 
atoms in GO+Pd16 and GO+DAO-4 H++Pd16 can be linked to Pd cluster 
activity in nucleophilic processes. In turn, this might have important 
positive consequences for catalytic, electrocatalytic and biomedical 
applications of PdNPs deposited onto GO and GO-based materials.  
Table 4. 

4. Conclusions 

Dispersibility tests, FTIR, XRD, TGA/DTA, as well as SEM and TEM 
imaging accompanied with EDS mapping, gave indications that applying 
an eco-friendly gas-phase functionalization of GO with amines is useful 
to create supports for the decoration with Pd nanoparticles. However the 
palladium content in non-aminated GO+Pd samples is higher than in 
amine-functionalized GO. XRD results showed Pd (111) and (200) 
peaks, indicating that the larger palladium nanoparticles, which are 

Fig. 9. C, O and Pd elemental mapping and all maps overlaid on the TEM micrograph (left. 
column) for GO+Pd (top row), GO+ODA+Pd (middle row) and GO+DAO+Pd (bottom row). 

Table 2 
EDS results for the GO/PdNPs series (TEM imaging).  

Sample Weight % Atomic % 

GO+Pd C (K): 24.6 ± 7.6 
O (K): 2.7 ± 1.4 
Pd (L): 72.7 ± 6.2 

C (K): 69.9 ± 10.1 
O (K): 6.1 ± 4.0 
Pd (L): 24.1 ± 6.1 

GO+ODA+Pd C (K): 60.0 ± 20.2 
O (K): 6.9 ± 1.8 
Pd (L): 33.1 ± 18.5 

C (K): 86.0 ± 8.4 
O (K): 8.0 ± 3.9 
Pd (L): 6.0 ± 4.5 

GO+DAO+Pd C (K): 46.8 ± 16.8 
O (K): 6.0 ± 4.8 
Pd (L): 47.2 ± 21.6 

C (K): 82.1 ± 3.6 
O (K): 7.3 ± 4.1 
Pd (L): 10.6 ± 7.7  
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visible to this technique, crystallize with a face centered cubic (fcc) 
structure. Electronic imaging evidence differences in PdNPs nucleation 
and shape with the amount of stabilizing agents (citric acid, and amine 
moieties). 

The most relevant explanation could be obtained from bright-field 
and dark-field TEM imaging. GO+Pd samples we found to contain par-
ticles that generally are irregularly shaped and randomly distributed, 
whereas a more homogeneous size distribution preventing agglomera-
tion was observed for ODA-functionalized GO. DAO-functionalized 
samples presented the formation of particles with different sizes, 
shapes, and coalescence. The average Pd particle sizes were found to be 
ten times larger on GO functionalized with diamines than on pristine 
GO, and on GO with monoamines. 

Referring to theoretical data, the fact that the LUMO in all three cases 
is centred on Pd, might imply that the latter remains active in 

Fig. 10. XRD diffractograms of pristine and amine-functionalized GO before 
and after decoration with Pd nanoparticles. 

Fig. 11. Optimized geometry of the Pd16 cluster used to simulate PdNPs, 
showing atomic charges obtained by Mulliken analysis. 

Table 3 
Particle size distribution for the GO/PdNP series by SEM and TEM imaging.  

Sample Average SEM (µm) Average TEM (nm) 

GO+Pd 0.13 ± 0.05 5.69 ± 2.28 
GO+ODA+Pd 0.26 ± 0.23 4.23 ± 1.37 
GO+DAO+Pd 0.14 ± 0.12 52.46 ± 83.47  

Fig. 12. Optimized geometries of the GO, GO+ODA and GO+DAO-4 H+

models (left) and of their hybrids formed with a Pd16 nanocluster (right) in 
aqueous medium. The values shown in blue are the formation energies (in kcal/ 
mol) for GO+Pd16, GO+ODA+Pd16 and GO+DAO-4 H++Pd16 hybrids. The 
pink dashed lines indicate closest approaches shorter than 2.8 Å. 
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electrophilic processes; in addition the presence of the HOMO on the 
same atoms in GO+Pd16 and GO+DAO-4 H++Pd16 can be linked to Pd 
cluster activity in nucleophilic processes. In turn, this might have 
important positive consequences for catalytic, electrocatalytic and 
biomedical applications of PdNPs deposited onto GO-based materials. 
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