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We demonstrate the first successful functionalization of epitaxial three-dimensional graphene with metal
nanoparticles. The functionalization is obtained by immersing three-dimensional graphene in a nano-
particle colloidal solution. This method is versatile and demonstrated here for gold and palladium, but can
be extended to other types of nanoparticles. We have measured the nanoparticle density on the top
surface and in the porous layer volume by scanning electron microscopy and scanning transmission elec-
tron microscopy. The samples exhibit a wide coverage of nanoparticles with minimal clustering. We
demonstrate that high-quality graphene promotes the functionalization, leading to higher nanoparticle
density both on the surface and in the pores. X-ray photoelectron spectroscopy shows the absence of
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contamination after the functionalization process. Moreover, it confirms the thermal stability of the Au-
and Pd-functionalized three-dimensional graphene up to 530 °C. Our approach opens new avenues for
utilizing three-dimensional graphene as a versatile platform for catalytic applications, sensors, and energy
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Introduction

Inorganic porous materials have found a large variety of appli-
cations in the last few decades. Their main feature is their
large surface area-to-volume ratio. Therefore, they have been
employed in the fields of catalysis," fluid absorption,> plasmo-
nic wave resonators,® sensors,”> energy storage and
conversion,®” and drug delivery.®

Among all porous materials, those based on carbon have
attracted special interest.”’® Carbon is a very versatile element
since it is capable of bonding to many different atoms, it can
be rearranged into different crystalline structures, and it pos-
sesses high chemical stability and strength-to-density ratio.
Porous C-based materials have been successfully produced
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with pore dimensions ranging from less than 2 nm (micro-
pores)'" to hundreds of nanometers (macro-pores).'>

Since the discovery of graphene in 2004," effort has been
put into finding a way to match the features of previously rea-
lized porous C-based materials with the astonishing properties
of graphene, such as high charge carrier mobility,"* large
thermal conductivity,"® high strength,'® and its large specific
surface area of 2630 m* g~ "."” Indeed, many approaches have
been developed to produce porous structures of graphene,
both planar and three-dimensional.’®'® Graphene foams (GFs)
are made by chemical vapor deposition over a porous metallic
template (typically made of nickel).>° Graphene sponges (GSs)
are partially ordered structures made from graphene flakes.>'
GSs are commonly made by freeze-drying or chemical
reduction of graphene oxide (GO) solutions.?*** In addition, it
is possible to achieve graphene aerogels and hydrogels, in
which GO flakes are induced to cross-link via chemical
methods, resulting in three-dimensional graphene-like
structures.”*>”

Recently, we demonstrated a new procedure for the pro-
duction of three-dimensional graphene (3DG).”® It relies on
the epitaxial growth of graphene in the pores of porous silicon
carbide (SiC) via thermal decomposition of 4H-SiC. The as-pro-
duced 3DG possesses many advantages compared to other
three-dimensional structures of graphene. By adjusting the SiC
porousification process,”” it allows for tuning of the pore
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dimensions from a few nanometres to hundreds of nano-
metres, which is not feasible using the previously mentioned
techniques. Owing to the SiC backbone, 3DG is also mechani-
cally more robust compared to other structures. It has been
shown that graphene grows on the walls of pores as a continu-
ous sheet,*® and the graphene quality is higher compared to
that of GFs,*® aerogels, and hydrogels.?® These aspects guaran-
tee high electrical conductivity of the material, which can be
fruitful in sensing applications.” Doped bulk SiC below the
porous layer can be used to electrically contact 3DG, which can
be useful for implementations in the fields of super-
capacitors,”® fuel cells,®® and sensors.” Pristine 3DG has
already been utilized in sensors where the variation of its resis-
tance in a 4-wire configuration is measured upon exposure to
volatile organic compounds. Electromagnetic radiation and
temperature affect the resistance as well.” In addition, its fabri-
cation can be conducted on the wafer scale and is thus
scalable.

To further increase the versatility of 3DG, its functionali-
zation with metals is an option. Most of the work performed
on metal-decorated graphene, in both flat and three-dimen-
sional forms, relies on electrodeposition,*** direct chemical
synthesis the graphene support,®?* and metal
evaporation.>®?® The first two approaches do not guarantee
precise control of the metal nanoparticle dimensions and dis-
tribution, leading to clustering of the nanoparticles and large
polydispersivity.’” In addition, these two processes are usually
not clean, i.e., contaminants present in the reaction solution
remain on the sample. The latter approach can be fine-tuned
in order to deposit a very precise amount of metal (even well
below one monolayer), but does not allow deposition of metal
deep into porous structures such as that of 3DG, since the de-
posited metal atoms stick to defects on the substrate and
create clusters®® that limit the capability of metals to penetrate
deep into the porous volume.

Here, we demonstrate a new approach for the functionali-
zation of a structured graphene material. The functionalization
process consists of impregnating the porous structure of 3DG
with metal nanoparticles (NPs) by immersing 3DG into a col-
loidal solution with the NPs. A similar approach has been
applied for anodized silicon.*® The organic capping layer of
the NPs can be successively removed by thermal degradation
usually at around 300 °C in a high vacuum environment. Here,
the great advantages are to obtain a material that exhibits the
high mechanical strength of SiC with extraordinary chemical
stability, allowing for the material’s employment in harsh
environments that are prohibitive for Si. Owing to the gra-
phene film, which encapsulates the porous SiC, the SiC is pro-
tected from the environment. Moreover, the graphene film pre-
vents the metal in the nanoparticles from interacting with the
substrate. Finally, the functionalization process can be applied
to nanoparticles of different metals, shapes, and sizes. This
allows for the use of functionalized 3DG in a vast range of
fields.

Here we present the functionalization of 3DG samples with
Au and Pd nanoparticles, which are able to penetrate down to

over
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the bottom of the porous layer. The samples have been charac-
terized by Raman spectroscopy, TEM/SEM, STM and XPS,
demonstrating successful functionalization and their thermal
stability. The scope of our work is to fabricate the most versa-
tile, reliable, and robust platform for a variety of possible
applications ranging from energy storage and conversion to
catalysis and sensors. Functionalized 3DG has been identified
as a promising candidate to address these challenges.

Results

3DG has been recently developed by Veronesi et al>® All
samples utilized in this work have been fabricated following
the procedure described in the Methods section.

The fabricated 3DG samples were extensively characterized.
All details are provided in the ESI.f The presence of graphene
on the top surface of the porous material was shown by scan-
ning tunneling microscopy (Fig. S1t). The high quality of the
grown graphene was demonstrated via Raman spectroscopy
(Fig. S27). The morphology of 3DG was investigated by electron
microscopy, yielding an average pore transverse dimension of
150 nm and an average depth of the porous region of 18 pm
(Fig. S37). All the results described here are consistent with the
results reported in ref. 26.

Functionalization with gold nanoparticles

As a proof of concept for the functionalization of 3DG with
metal nanoparticles, we selected commercially available,
water-suspended, spherical gold nanoparticles (AuNPs) with a
nominal diameter of 20 nm (purchased from BBI Solutions;
Au content 0.01% w/v). AuNPs are not only a common choice
for plasmonic®® and medical*® applications, but also guarantee
sharp contrast over a carbonaceous substrate in SEM imaging
(because of the large difference in atomic masses).

Since 3DG is highly hydrophobic (refer to Fig. S47t), we
transferred the nanoparticles from the initial water solution to
ethanol. Ethanol was selected to perform all functionalization
experiments as 3DG is highly wettable by it.

The functionalization experiments were performed by
immersing the 3DG samples in the solution of NPs under
different conditions. After the immersion, the samples were
dried in air and analyzed by SEM, both on the top surface and
in cross-section. SEM measurements confirmed successful
functionalization, since the NPs were detected both on the
surface and inside the pores. The optimal results were
achieved by immersing a 3DG sample in the solution of NPs
for 24 hours. Fig. 1a shows a SEM image of the surface of the
gold-decorated 3DG sample. SEM measurements demon-
strated that this approach was very effective, resulting in a
nanoparticle top-surface density ¢ of 220 + 25 NPs pm ™2
(obtained as the average over many SEM images). With respect
to the graphene mass on the top surface, this nanoparticle
density corresponds to a loading of ~4680 wt%. The nano-
particles were homogeneously distributed over the sample
surface and significant clustering was not observed (as is

This journal is © The Royal Society of Chemistry 2024
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(a) Top-view SEM image of an AuNP-functionalized 3DG sample. (b) and (c) Cross-sectional SEM images of the top and the bottom regions

of the porous layer, respectively. In the image of the bottom region, some of the NPs are circled in orange. In all images, the orange scale bar indi-
cates 0.5 pm. (d) Trend of the NP density in the pores at different depths for different immersion times (24, 48, and 72 hours). (e) Raman spectra
acquired in the three distinct regions of a sample (A, B, and C) revealing a graphene quality gradient. The inset shows an optical image of the 3DG

sample cleaved into three pieces, exhibiting a color gradient.

visible from Fig. 1a). Fig. 1b and c shows typical cross-sectional
SEM measurements acquired from the top and bottom regions
of the porous layer. Interestingly, the density inside the pores, p,
shows a dependence on the depth, ie., the distance from the
top surface. In the first 500 nm below the surface, the density is
prop = 15.2 £ 1.2 NPs pm™>. At half the porousification depth,
i.e., between about 8.75 pm and 9.25 pm, the density is pyiq =
1.3 + 0.8 NPs pm™2, and in the last 500 nm before the bulk SiC,
the density is ppo; = 3.7 + 1.0 NPs pm >, From these data we con-
clude that the NP density inside the pores decreases with depth,
but there is also a tendency of NPs to accumulate at the bottom
of the porous layer. This indicates that the NPs could diffuse
inside the pores for a distance longer than the porousification
depth. From the nanoparticle density measurements, the weight
percentage of gold inside the pores is calculated to be
~1260 wt% with respect to graphene, which is ~3 wt% consider-
ing the entire porous substrate.

Furthermore, when immersing the 3DG sample in the solu-
tion of NPs under ultrasonication, we observed that the
density of NPs was reduced by one order of magnitude (refer
to Fig. S57). This suggests that the vibration, instead of pro-
moting the diffusion of NPs inside the pores, provides kinetic
energy to the NPs sufficient to detach them from graphene.

This journal is © The Royal Society of Chemistry 2024

Thus, we have established that a long immersion time in
the solution of NPs under static conditions is the best method
for the functionalization of 3DG. Therefore, we tested longer
immersion times of 48 and 72 hours. Fig. 1d shows the NP
density inside the pores as a function of depth obtained for
24, 48, and 72 hours of immersion in the solution of NPs.
Since no significant increase in the nanoparticle density was
observed, we concluded that 24 hours is sufficient time for the
diffusion of NPs.

Graphenizing a sample in a non-homogeneous manner
allowed us to study the role of graphene quality in the
functionalization. The non-homogeneous graphenization was
achieved by inducing a thermal gradient along the sample in
order to have one side at the optimal growth temperature and
the opposite side at a temperature more than 50 K colder (see
the Methods section). The sample was functionalized by
immersing it in the solution of NPs for 24 hours prior to clea-
vage. Then, it was cleaved into three pieces labeled “A”, “B”,
and “C”.

The inset of Fig. 1e shows an optical picture of this sample
(after cleavage), in which a color gradient is clearly visible.
Besides, three Raman spectra, acquired on each piece of the
sample before the functionalization, are also shown. For each

Nanoscale, 2024, 16, 16107-16118 | 16109
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region, the spectrum is the average of several spectra acquired
over a 21 x 21 um? map. Considering the common Raman spec-
troscopy benchmarks of graphene, it emerges that in the “A”
region, where the optimal temperature was achieved, state-of-the-
art 3DG has been grown, exhibiting an /(2D)/[(G) intensity ratio of
1.7 and an I(G)/I(D) intensity ratio of 4.8 (consistent with that
reported in the ESI, Fig. S2at). Moving towards the “C” region,
the graphene quality was degraded. The I(2D)/I(G) intensity ratio
was reduced to 0.4 because of the reduction in graphene cover-
age. Concurrently, due to the higher density of defects in region
“C”, the I(G)/I(D) intensity ratio decreased to 1.9.

After the functionalization, we investigated the surfaces of
the “A” and “C” regions by SEM, as well as the cross-sections
between “A” and “B”, and “B” and “C”. We observed a sharp
decrease in the NP densities from “A” to “C”: the top-surface
density was about six times smaller in “C” (¢ =~ 34 NPs pm™>),
while the density inside the pores was reduced by about a
factor of four to pyp =~ 3.9 NPs pum™2. Thus, high graphene cov-
erage and quality promote the functionalization process.

Interestingly, the resistivity of the 3DG samples decreases
after functionalization (for more details, refer to Fig. S67).

Furthermore, the AuNP-functionalized 3DG was analyzed
by XPS measurements. Fig. 2a shows a wide-scan photo-
emission spectrum of a 3DG sample right after functionali-
zation. The C 1s peak is the most prominent, since carbon is
the main constituent of the sample’s surface. Silicon peaks,
originating from SiC, are clearly visible, as well as gold peaks,
which confirm the presence of Au on the surface after
functionalization. Oxygen is also observed (the O 1s peak and
the O KLL Auger peak), since the sample has been exposed to
air before the XPS measurements. No contaminants are
detected, except for a weak Na signal (coming from the
sodium citrate capping layer of the AuNPs). Fig. 2b-e shows
the fits of high-resolution spectra of the core levels of C 1s, O
1s, Si 2p, and Au 4f, respectively. The carbon spectrum (cf:
Fig. 2b) is fitted with three components typical of epitaxial gra-
phene grown on SiC.*' The main component, positioned at
284.5 eV (peak 1), is due to the graphene sp> C atoms. The
shoulder at higher binding energy (at 285.5 eV, peak 3) is due
to the buffer layer sp® C atoms, and the shoulder at 283.1 eV
(peak 2) is due to C-Si bonds.*’ The oxygen spectrum (cf:
Fig. 2c) is fitted with two components. The higher binding
energy component, centered at 533.2 eV (peak 2), is assigned
to the superposition of O-C=0 bonds (due to the citrate in
the capping layer of the NPs) and SiO,, while the other com-
ponent, centered at around 531.9 eV (peak 1), is assigned to
the ~OH group (due to adsorbed water).** The Si spectrum (cf;
Fig. 2d) is fitted with two p curves with a fixed spin-orbit split-
ting of 0.63 eV. The main component, centered at 100.9 eV
(peak 1), is due to Si-C in silicon carbide. The small com-
ponent centered at around 102.1 eV (peak 2) is attributed to
Si0,.*> The Au 4f signal (c¢f Fig. 2e) is fitted with a single
doublet having fixed spin-orbit splitting of 3.7 eV and the 4f;,
component centered at around 84.05 eV.

After these measurements, a series of annealing steps at
increasing temperatures was performed, followed each time by
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a new set of XPS measurements. The annealing processes were
performed under UHV conditions in the same chamber as the
XPS measurements. The annealing temperatures were 200,
350, 460, and 530 °C.

Fig. 3a shows high-resolution spectra of the C 1s core level
acquired after each of the annealing steps. 3DG is known to be
thermally stable within this range of temperatures,® and con-
sistently the carbon spectra remain unaltered with increasing
annealing temperature. Similarly, the Si 2p spectra (cf. Fig. 3b)
are almost unchanged by the annealing. This indicates that no
gold silicide forms during the thermal treatments. Fig. 3c
shows O 1s spectra acquired after each of the annealing steps.
Upon increasing the annealing temperature, the signal sharply
decreases. This is due to water desorption and the degradation
of the capping layer of the NPs. At the annealing temperature
of 350 °C, only one peak, positioned at 533.2 eV, is observed
and this is attributed to SiO,, since the capping layer is mostly
decomposed.** In addition, above the annealing temperature
of 350 °C, a small signal emerged at 530.8 eV, attributed to
indium oxide. Indium is used to attach the samples to the
sample holder in the XPS chamber. Indeed, the In 3d peak is
also visible in wide scans after annealing above 350 °C, but is
not reported here. Thus, the weak In signal is imputed to a
spurious contribution from the edges of the sample. Finally,
the intensities of peaks in the Au 4f spectra increase with
increasing annealing temperature, as shown in Fig. 3d. This is
a consequence of the gradual decomposition of the capping
layer of the NPs (which, when present, attenuates the gold
signal). Except for the intensity increase, the peaks do not
change with temperature, and the positions of the peaks are
constant. This is further confirmation of the absence of Si-Au
bonds, which otherwise should appear in the Au 4f photo-
emission signal at higher binding energy.*” In conclusion,
AuNP-functionalized 3DG is thermally stable up to a tempera-
ture of at least 530 °C.

Functionalization with palladium nanoparticles

Palladium was chosen since it is a very versatile metal with
applications in the fields of catalysis,*® sensors,’” and energy
storage and conversion.*®

Palladium nanoparticles (PdNPs) were synthesized in house
following two different procedures described in the Methods
section. The first PANPs we synthesized and studied were
SDS-PdNPs, where SDS refers to sodium dodecyl sulphate
involved in the NP synthesis. After the synthesis, the NPs were
dispersed on a SiO, substrate and characterized by AFM (see
Fig. S7at). The resulting NPs are found to be spherical and
monodispersed with an average diameter of 8.0 + 1.5 nm.

As for the AuNPs, we proceeded to functionalize a 3DG
sample with the SDS-PANPs by immersion in the nanoparticle
solution for 24 h. Then, the functionalized sample was ana-
lyzed by SEM. The functionalization was successful since a
large number of NPs were detected on the sample. We also
observed a non-homogeneous distribution of NPs over the
3DG surface and a tendency of clustering (SEM images of
SDS-PANP-functionalized 3DG are shown in Fig. S7bt).

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 (a) Photoemission spectrum of an AuNP-functionalized 3DG sample prior to annealing. A close-up on the Si peaks and the Au 4f peak is also

shown. (b—e) XPS fits of the spectra of AUNP-functionalized 3DG prior to annealing. The fitted Shirley background signal is also plotted. (b) Fit of the
C 1s spectrum. Graphene contributes to peak 1, SiC contributes to peak 2, and the sp® C atoms of the buffer layer contribute to peak 3. (c) Fitted O
1s spectrum. Peak 1 is assigned O—C=O superimposed to SiO,, while peak 2 is assigned to —OH. (d) Si 2p spectrum fitted with two doublets with a
fixed spin—orbit splitting of 0.63 eV, one due to Si—C (peak 1) and the other due to SiO, (peak 2). (e) Au 4f spectrum fitted with a single doublet with
a fixed spin—orbit splitting of 3.7 eV.

Another aspect that emerged from energy dispersive X-ray particles. Sulfur was still detectable after annealing the sample
spectroscopy (EDX) measurements performed on this sample at 800 °C (for more details, refer to Fig. S81). The presence of
is the presence of sulfur at the position of the palladium nano- sulfur is due to the decomposition of the capping layer of the

This journal is © The Royal Society of Chemistry 2024 Nanoscale, 2024, 16, 16107-16118 | 16111
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sample at different temperatures.

NPs. Since sulfur poisoning of palladium is well known to
inhibit the catalytic activity of palladium, or its capability to
adsorb other elements,**° this condition should be avoided.
Additionally, we observed that the decomposition of the
capping layer of the NPs produces amorphous carbon regions
on the sample surface.

To avoid NP clustering and sulfur poisoning, a new syn-
thesis procedure was adopted (as described in the Methods
section). PVP-PANPs (where PVP refers to poly(N-vinyl-2-pyrroli-
done) adopted in the synthesis of NPs) are not subject to
sulfur poisoning, since no sulfur is involved in their synthesis.
In addition, PVP-PANPs possess a capping layer made of
shorter molecules compared to that of the SDS-PANPs, ie.,
with fewer carbon atoms. This implies reduction in the carbon
residues over the sample surface upon thermal degradation of
the capping agent.

After the synthesis, the PVP-PANPs were characterized by
AFM to determine their dimension, shape, and dispersion. For
the measurements, the nanoparticles were drop-cast onto a SiO,
substrate. Fig. 4a shows an AFM image of PVP-PdNPs over the
SiO, support. They appear spherical with an average diameter of
7.2 + 3.0 nm. Moreover, clustering of NPs is almost absent.

The functionalization of 3DG was also performed with the
PVP-PdNPs by immersing the samples in the solution of NPs
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(a), (b), (c) and (d) Comparison of the C 1s, Si 2p, O 1s, and Au 4f spectra, respectively, acquired after annealing the Au-functionalized 3DG

(0.1 mg ml™") for 24 hours. After drying the samples in air,
HAADF-STEM and SEM measurements were performed.

Fig. 4b shows an HAADF-STEM image acquired in cross-
section on a thin lamella of the sample prepared via focused
ion beam (FIB) milling. Palladium nanoparticles are clearly
visible as bright spots in the HAADF-STEM image. EDX maps
(Fig. S91) confirmed that these NPs are composed of Pd.
PVP-PdNPs are evenly distributed over the walls of the pores;
however, their density decreases with increasing depth, as
observed for the AuNP-functionalized samples. To determine
the population of NPs across the surface, we analyzed in detail
the top and bottom parts of the cross-section (refer to
Fig. S10t) by TEM. In the first 750 nm below the surface, we
have identified 155 NPs over a 750 x 750 nm? scanned area,
which corresponds to a density p = 276 NPs pm™>. Between
0.75 pm and 1.5 pm below the surface, we measured a density
p = 98 NPs pm~>. Thus, the estimated loading of Pd is
~420 wt% and ~1 wt% with respect to graphene and the SiC
substrate, respectively. Additionally, we performed electron
tomography on the thin lamella over a tilt range of 80° to
evaluate the pore connection (refer to Fig. S11f). The pores
have an average size diameter of 90 nm, which is one order of
magnitude larger than the size of the NPs. This allows par-
ticles to diffuse through the porous structure.

This journal is © The Royal Society of Chemistry 2024
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Fig. 4

(a) AFM image of PVP-PdNPs deposited on an SiO, substrate. The measurement was conducted after annealing the sample at 230 °C for

4 hours to decompose the NP capping layer. The spatial resolution of the AFM is higher along the out-of-plane direction than along the in-plane
directions, thus the NPs appear laterally broadened, while their height accurately measures their diameter. (b) HAADF-STEM cross-sectional image
of a 3DG sample functionalized with PVP-PdNPs. PVP-PdNPs appear as bright spots on the walls of the pores. (c) and (d) SEM images of a 3DG
sample functionalized with PVP-PdNPs in the top view and cross-section, respectively. The scale bar in (a)—(d) indicates 200 nm.

Fig. 4c and d shows SEM images of the top surface and
cross-section, respectively. Unlike the SDS-PANPs, the
PVP-PdNPs appear well distributed over the sample surface and
clustering is absent, as shown in Fig. 4c. Even if the PVP-PdNPs
are smaller than the AuNPs, they exhibit good contrast in the
SEM images. This was different for SDS-NPs, because their
longer capping molecules shielded Pd, sharply reducing the
contrast. This improved contrast allowed us to observe PANPs
inside the pores also via SEM, as shown in Fig. 4d, and to esti-
mate their density. The nanoparticle top surface density is ¢ =
3500 + 740 NPs pm™2, while, in the first 1 pm below the surface,
the density inside the pores is p = 172 + 64 NPs pm™>. The larger
relative errors in the NP densities as compared to the AuNPs are
a consequence of the smaller size of the Pd NPs. The NP density
inside the pores measured via SEM (computed over a large set
of different measurements) is in good agreement with the
results obtained by HAADF-STEM. This comparison demon-
strates the validity of SEM evaluation performed in a depth
range that includes both areas investigated by HAADF-STEM.

Importantly, both HAADF-STEM and SEM measurements
demonstrate that the PANP densities are more than one order

This journal is © The Royal Society of Chemistry 2024

of magnitude greater than the AuNP densities. There is evi-
dence that smaller nanoparticles are more likely to diffuse
inside the pores of 3DG and to stick to their surfaces. In
addition, from the nanoparticle density we extract a loading of
~2970 wt% over the top surface with respect to graphene.
Considering the lower mass density of Pd (12.0 g cm™>) com-
pared to Au (19.3 g cm™>), the volume of the deposited metal
is comparable for AuNP and PdNP functionalization.

The PVP-PdNP-functionalized 3DG was also analyzed by
XPS. Fig. 5a shows a wide photoemission spectrum of a 3DG
sample just after functionalization. The C 1s peak is the most
intense, as it is for the Au-functionalized sample. Si 2p and 2s
peaks are observed as well. The palladium signal, in particular
the 3d peaks, exhibits an intensity similar to that of the silicon
peaks. Even considering the difference in the photoionization
cross-section between Pd and Si, this is a clear indication of
large amounts of Pd being deposited on the sample, confirm-
ing the successful functionalization. Also oxygen is detected (O
1s and O KLL Auger peaks), consistent with the exposure of
the sample to air prior to spectroscopic measurements; con-
taminants were not detected.

Nanoscale, 2024, 16, 16107-16118 | 16113
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Fig. 5 (a) Wide photoemission spectrum of a PVP-PdNP-functionalized 3DG sample prior to annealing. (b) Comparison of the spectra acquired

after each annealing step in the binding energy range of O 1s and Pd 3ps,,. (c) Fit of the spectrum acquired after the last annealing step of (b). Data
are fitted with 4 curves. Peak 1 is attributed to the convolution of SiO, and O=C emission, peak 2 is attributed to —OH, while palladium metal and
palladium oxide contribute to peak 3 and peak 4, respectively. Inset: intensities of peaks 1, 2, and 3 as a function of annealing temperature. (d)
Comparison of the Pd 3d spectra acquired after each annealing step. () Comparison of the Si 2p spectra acquired after each annealing step. Inset:
the spectrum acquired after the last annealing step fitted with two components, i.e., Si—C and Pd,Si.

As for the AuNP-functionalized sample, after the initial set of
measurements, a series of annealing steps were performed on
the sample. The thermal treatments were performed under UHV
conditions. Each annealing step was followed by a new set of
XPS measurements without breaking the vacuum. The explored
annealing temperatures were 300, 370, 450, 530, and 610 °C.

As for the Au-functionalized sample, variations in the C 1s
spectra with increasing annealing temperature are not

16114 | Nanoscale, 2024, 16, 16107-16118

observed (shown in Fig. S127). Fig. 5b shows the spectra
acquired after each annealing step in the binding energy range
of both the O 1s and Pd 3ps/, peaks. Therefore, the signal has
been fitted with four components: two for oxygen (as for
AuNP-functionalized samples), one for Pd, and one for PdO.
Fig. 5c shows the fit of the spectrum acquired after the last
annealing, while the inset shows the intensity of the four com-
ponents as a function of annealing temperature. Prior to

This journal is © The Royal Society of Chemistry 2024
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annealing, most of the signals are due to oxygen peaks. After
the first annealing, a sharp drop in the oxygen signal is
observed, which is compatible with water desorption. Upon
increasing the annealing temperature, the palladium peak,
positioned at 532.4 eV, became dominant. Indeed, the PVP
capping layer starts to decompose at around 350 °C,>" which
results in reduction of the palladium signal attenuation and
thus an increase in the intensity of the Pd 3p;, peak. During
the decomposition of the capping layer, some of the released
oxygen atoms are available for Pd oxidation. Therefore, the
PdO contribution is negligible up to an annealing temperature
of 370 °C.

Fig. 5d shows Pd 3d spectra at different annealing tempera-
tures. Similar to the Pd 3p;/, peak, the Pd 3d peak intensity
increases with annealing temperature. In addition, after
annealing at 610 °C, the Pd 3d core level emission shifts by 0.2
eV to higher binding energy. This is understood by fitting the
core level with two components for palladium metal and palla-
dium silicide.>® The 3ds,, peak of palladium metal is centered
at 335.5 eV, while for the silicide it is 1.1 eV higher. The palla-
dium silicide signal is negligible up to 530 °C. Instead, after
the last annealing step at 610 °C, it became non-negligible,
resulting in a blue-shift of the peaks.

The silicide formation is further confirmed by the Si 2p
spectra, which are shown in Fig. 5e. Similar to Pd 3p, the Si 2p
peak position is constant at 101.2 eV with increasing anneal-
ing temperature up to 530 °C, while, after the last annealing
step, the peak is red-shifted by 0.2 eV. This is compatible with
the appearance of a lower energy peak, centered at 100.6 €V,
due to Pd,Si formation®® (as shown in the inset of Fig. 5e).

In conclusion, PVP-PANP functionalization of 3DG is a
clean process (no contaminants are detected), which leads to
high coverage of NPs over the sample surface. In addition, the
as-produced samples are observed to be thermally stable up to
a temperature of 530 °C, above which silicide formation indi-
cates a reaction of the PANPs with the substrate. Moreover, the
stability of the system is further confirmed by STM measure-
ments performed on the PVP-PANP-functionalized 3DG after
several thermal treatments in which no agglomeration of the
NPs is observed (¢f. Fig. S137).

Conclusions

We have demonstrated a method for the successful
functionalization of epitaxial 3DG with metal (gold and palla-
dium) nanoparticles. This method does not induce any chemi-
cal reaction at the substrate surface, and the functionalization
is driven by the diffusion of nanoparticles and their sub-
sequent sticking to the pore walls via electrostatic and van der
Waals interactions. Therefore, our approach can be applied to
any kind of nanoparticles, even non-metallic, or in shapes
different from spherical. The diffusion can be promoted by uti-
lizing smaller NPs or larger pores. Considering the ease in
obtaining successful functionalization and the wide range of
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usable nanoparticles, our results pave the way to numerous
future studies on this new class of materials.

We demonstrated the fundamental role of graphene in the
functionalization. In fact, for samples that exhibit low gra-
phene coverage, or low quality of 3DG, a sharp reduction in NP
density was observed.

Through XPS measurements we established that the
method is clean and no contaminants are detected over the
functionalized 3DG samples. XPS provided information on the
thermal stability of the system: 3DG functionalized with gold
or palladium is stable up to at least 530 °C. This feature could
be exploited for high-temperature catalytic reactions.

Through EDX we were able to detect the sulfur poisoning of
palladium in SDS-PdNPs. We observed that the poisoning was
not removed by annealing the sample at 800 °C. Therefore, we
adopted a routine sulfur-free synthesis. This method also guar-
anteed much less clustering of NPs, their more homogeneous
distribution over the 3DG surface, and reduction in residual
carbon from the thermal degradation of their capping mole-
cules (since they are shorter).

In conclusion, we realized a versatile support that could be
employed in a wide range of fields. Au-decorated 3DG could be
used as a substrate for surface-enhanced Raman spectroscopy.
Pd-functionalized 3DG can achieve great performance in
hydrogen sensing and storage. In general, this new class of
materials is suitable for a multitude of catalytic applications,
even in harsh environments, and they can be tuned by select-
ing an appropriate metal for the specific reaction. Moreover,
these materials could also find applications in biological
tissue  engineering since graphene and SiC are
biocompatible.’*>

Methods

Porous silicon carbide fabrication

In the present study, n-doped single-crystal 4H-SiC wafers are
used (purchased from SiCrystal). They are 350 pm thick and
possess a bulk resistivity of 0.02  cm. All porousification pro-
cesses were performed on the (0001) Si-face of SiC wafer.

The porousification of wafers was achieved by photoelectro-
chemical etching. The etching procedure comprises three
steps: first metal-assisted photochemical etching (MAPCE),>®
then photo electrochemical etching (PECE), and finally, a
second MAPCE step. Prior to the first MAPCE step, wafers were
cleaned by inverse sputter etching using LS730S von Ardenne
sputter equipment for 150 s. Without breaking the vacuum,
300 nm thick platinum pads were sputter deposited at the
wafer edges (these act as local cathodes during the etching).
Then, the sample was transferred to an electrochemical cell for
30 minutes of MAPCE. Here, the utilized etching solution con-
tains 1.31 mol 1™ HF and 0.15 mol 1™ H,0,. The cell is
equipped with an 18 W UV source. The interface between SiC
and the solution acts as the cathode. Here, SiC oxidises to
SiO,, which was dissolved by HF, resulting in the formation of
pores over the sample surface. The PECE solution is composed

Nanoscale, 2024, 16, 16107-16118 | 16115
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of 1200 ml of deionized water, 150 ml of HF (48%) and 150 ml
of pure ethanol. The same UV lamp as that used in in MAPCE
was utilized and a bias of 11.5 V was applied between the two
sides of the sample. Because of the applied bias, PECE pro-
duces a more directional and deeper porousification. To guar-
antee a homogeneous porousification,>” after PECE, a second
MAPCE step was performed under the same conditions as the
first step, except for a longer time of 1 hour.

Three-dimensional graphene growth

The porousified SiC wafers were cut into pieces (2 x 8 mm?)
using a wafer saw. Pieces were individually transferred to an
ultra-high vacuum (UHV) chamber (base pressure 10~'° mbar)
where they were degassed overnight at 1000 K. After the degas-
sing, the samples were cooled to room temperature (RT) and
heated again to 1650 K to allow graphene formation on the
surface of the pores. After 150 s of annealing, the sample was
allowed to cool down to RT.

Veronesi et al. observed that the temperature reached by the
sample during the annealing depends on the quality of the
mechanical contact between the sample and the sample
holder.>® Therefore, by clamping one side of the sample more
firmly than the other, we obtained the non-homogeneous gra-
phenized sample discussed in the Functionalization with gold
nanoparticles section.

Palladium nanoparticle synthesis

All chemicals were purchased from Sigma-Aldrich unless
otherwise indicated and used without further purification.
Ultrapure water purified using a Millipore Milli-Q water system
was used to prepare aqueous solutions.

SDS-PANPs were synthesized from an aqueous solution of
palladium(u) acetate (Pd(OAc),, 98% pure) and sodium dodecyl
sulphate (SDS, >99% pure). SDS was dispersed in MilliQ water
to a concentration 0.05 M. Therein, 10 mg of Pd(OAc), was dis-
solved. The obtained solution was transferred to a three-neck
flask equipped with a reflux condenser. The solution was
heated to 100 °C under magnetic stirring for 6 hours. The heat
induces the thermal decomposition of SDS to 1-dodecanol.
This, in turn, induces the formation of PANPs upon reduction
of Pd*" ions and oxidation of 1-dodecanol to dodecanoic acid,
which acts as a stabilizer for the produced nanoparticles.’”
Once the reaction is terminated, the solution was cooled to RT.
The PdNPs were collected by ultrahigh speed centrifugation
(13000 rpm) for 10 minutes and washed sequentially with
water and ethanol (supplied by Carlo Erba Reagents) to remove
excess surfactant. Finally, the SDS-PANPs were dispersed in
ethanol and stored at —20 °C.

PVP-PANPs were synthesized following the polyol method
in which an alcohol is used for the reduction of the metal pre-
cursor.”® A capping agent is required to prevent clustering of
the nanoparticles. Poly(N-vinyl-2-pyrrolidone) (PVP)
chosen as the capping agent for our synthesis since it is
known that the carbonyl groups of PVP partly coordinate to
the surface Pd atoms of the Pd nanoparticles.”® Furthermore,

was
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part of the main chain of PVP is expected to be adsorbed on
the surface Pd atoms by hydrophobic interaction.

In this synthesis, 0.0205 g (0.09 mmol, 10 mM) of Pd(OAc),
was dissolved in 1.5 ml of ethylene glycol (EG, >99% pure)
under magnetic stirring and ambient conditions for 2 h. During
this process, the solution turns from light orange to dark
brown, indicating the formation of PANPs. In a second vial,
0.05 g of PVP (average molecular weight 40 000) was dissolved in
3 ml of EG and stirred for 2 h. Into a three-neck flask, equipped
with a reflux condenser, 5 ml of EG was poured. The EG in the
flask was heated to 160 °C under magnetic stirring. Aliquots of
the PANP solution (30 pl) and the PVP solution (60 pl) were
injected into the flask every 30 s (50 additions in total). Then,
the flask was cooled to RT and the obtained suspension was
centrifuged at 13 000 rpm for 10 minutes to remove the precipi-
tate containing large nanoparticles (diameters above ~80 nm).
The smaller nanoparticles (diameter < 10 nm) were instead sus-
pended in the supernatant. These were collected by dilution of
the solution with acetone (>99% pure) and centrifugation. The
product was washed with acetone three times to remove most of
the EG and the excess PVP. Finally, the PVP-PdNPs were dis-
persed in ethanol and stored at —20 °C.

Measurements

Raman spectroscopy of pristine 3DG samples was performed
utilizing an inVia confocal Raman microscope (equipped with
a 532 nm laser with a spot diameter of 1 pm) from Renishaw.
STM characterization of the pristine material was performed
with a VI-UHV STM from RHK. The AFM characterization of
PdNPs (on SiO, substrates) was conducted in tapping mode
using a Dimension Icon from Bruker.

The functionalized sample was investigated in cross-section
via high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM). The analysis was conducted
using an X-Ant-EM Titan microscope operating at 300 kV
equipped with an aberration corrector and a monochromator.
Prior to HAADF-STEM measurements, the sample was milled
into lamellae via focused ion beam (FIB) milling. Electron tom-
ography was performed using a Fischione model 2020 single
tilt holder. The ML-EM algorithm implemented in the ASTRA
Toolbox®® was employed for volume reconstruction.

For SEM measurements conducted on the functionalized
3DG sample, a FEG-SEM Merlin from ZEISS was used.

The EDX measurements of sulfur poisoning of palladium
were performed using a QUANTAX EDS from Bruker (mounted
to an Ultra Plus FE-SEM from ZEISS).

XPS characterization of the 3DG samples functionalized with
AuNPs and PVP-PANPs was performed using a Surface Science
Instrument SSX-100-301 spectrometer operating with an Al K,
X-ray source with an overall energy resolution of 0.9 eV.

Data availability

The data supporting this article have been included as part of
the ESL.}
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