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Figure 2. (a) Graphene (dark areas) on SiO; (bright areas). Damages, such as
holes, are seen in graphene. The inset shows Raman spectrum of transferred
graphene. (b) When silver is deposited by the standard procedure, the contin-
uous layer of silver on graphene is formed (bright area). There is less silver on
the silica substrate (discontinuous layer, dark area).

hydrochloric acid immediately before silver deposition. The binding
energy of OH-groups is 0.8-3 eV* and 0.54 e V* respectively for SiO,
and graphene pristine surfaces, while it is larger for defects (1.8 eV
for defected graphene with Stones-Wales and vacancy defects*).

Therefore, we expect HCI to remove the majority of OH-groups
from the graphene surface and leave silver on SiO, and along the
graphene edges.

We pre-treated the sample with concentrated (37%) HCl for 2 min,
then rinsed it in DI water and immediately proceeded with the normal
electroless silver deposition. This results in higher selectivity of silver
toward the graphene edges, as reported in Fig. 4. During deposition the
left side of the sample in Fig. 4a is covered by a sample holder, thus no
silver is deposited in this area. Nevertheless, to the right from the sam-
ple holder edge, the reactants can access the sample surface leading
to a complete silver coverage of the sample. In the transition region
between these two areas, within approximately 10 pm from the con-
tinuous silver layer edge, silver grows more actively on the graphene
edges. This leads to formation of nanoparticles and even short
nanowires, shown in the inset of Fig. 4a. We suggest that this effect can
occur due to the reduced concentration of formaldehyde in the area.

We replicated the experiment using a diluted formaldehyde solu-
tion (10 L CHOH and 8.0 ml H,O). The result, shown in Fig. 4b, is a
higher selectivity of silver to the edges of graphene, not only near the
sample holder, but everywhere on the sample. The size of the particles
was 70 & 19 nm and their linear density was 5.2 particles per im of
the edge length. Even though small silver particles are seen to bind to
the graphene surface or more likely near defects in the graphene sheet,
the majority of the larger particles is formed on the edges leaving far
less amount on silica.

Figure 3. Silver deposited excluding step 1(SnCl, treatment) and using dif-
ferent timing in steps 3 and 4 (a) 1 and 2 minutes and (b) 3 and 4 minutes,
respectively. The result of excluding step 1 is silver deposition predominantly
on silica. The dark areas with no deposited silver are the graphene flakes.

Treating SiO; with SnCl, before graphene transfer— The SiO,
substrate was treated with Sn>* before graphene transfer with the aim
of controlling the density of Sn>* seeds. In particular, our goal was
to make sure that no Sn*"-seeds were created on graphene, while
depositing a continuous layer of silver on SiO,.

The samples pretreated with SnCl, and then exposed to oxygen
plasma (see Fig. 5a) show smaller density of the silver particles
on SiO, compared to the sample treated with the standard method
(Fig. 2b). We can thus conclude that the Sn>*-seed layer is removed
by the oxygen plasma treatment. Therefore we performed the transfer
without the oxygen plasma treatment of the SiO, surface. This re-
sulted in silver formation only on the exposed SiO, areas, yet without
forming a continuous layer (Fig. 5b). Moreover, silver deposition is
more extensive on no plasma treated silica, as seen comparing Fig. 5a
and 5b. The formation of a continuous layer of silver was obtained
by increasing the deposition time to 8 min. In this way, silver forms
a nearly continuous layer in most of the SiO, areas (Fig. 5¢). Silver
clusters are observed on the graphene surface.

Discussion

Using the standard electroless formaldehyde-based procedure*
of silver deposition, we observe higher density of silver particles on
graphene than on the SiO, substrate (Fig. 2). This undesired selectivity
can be explained by larger density of hydroxyl groups on graphene®
and consequently that Sn?>* seeds bond to them. Avoiding the Sn’*-
pretreatment, the desired selectivity with silver on silica is obtained,
however, but not on graphene (Fig. 3). Although the silver layer on
silica is discontinuous, even with a longer deposition time, this in-
dicates that the silica surface contains other nucleation points in the
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Figure 4. HCI pretreated samples of graphene followed by silver deposition:
Standard procedure with (a) 1 minute in step 4, and (b) 1 minute in step 4 and
a lower concentration of solution 2. Silver has much higher selectivity on the
graphene edges.

absence of SnCl, pre-treatment. In order to fill gaps, cracks and holes
in graphene with silver, and to deposit silver exclusively on silica,
there are two options: to remove seed points from the graphene sur-
face, but leave them on the edge, or to avoid treating graphene with
SnCl,, while treating silica with it before graphene transfer. We have
investigated both possibilities and demonstrated silver growth selec-
tively on graphene edges after HCI treatment (Fig. 4) and continuous
silver layer growth on silica, but not on graphene with SnCl, treatment
before the graphene transfer (Fig. 5).

Except graphene edges, preferential silver deposition places can
be introduced on graphene surface intentionally by, for example, tun-
ing graphene growth conditions, introducing defects lithographically
or drop-casting specific nanoparticles. One aspect not covered in this
work, is the possibility and prevalence of silver deposition near va-
cancy defects inside the graphene, i.e. between edges. In contrast to
the edges, the positions of individual vacancies are difficult to assess,
which makes such a study significantly more challenging, as there is
no simple way to tell if a silver particle located away from an edge
was formed there due to a vacancy or other type of structural de-
fect. A study of metal deposition near line defects in graphene has
recently been published, however, the metal particles were deposited
with atomic layer deposition.*’

The possibility of growing silver nanowires from the graphene
edges is also demonstrated (inset in Fig. 4a), but these results re-
quire further investigation. The growth of silver nanowires between
graphene edges would be advantageous with respect to random
nanowires drop-casting, since the latter leads to current conductiv-
ity mainly through the silver nanowires network, so the resulting
composite material loses advantages of graphene’s tunability.

Figure 5. Samples treated with Sn** before graphene transfer, followed by
step 3 and 4 after the transfer. (a) Transfer after oxygen plasma treatment.
(b) and (c) Transfer without use of oxygen plasma. In (a) and (b) silver is
deposited by the standard procedure with graphene transferred between step 2
and 3. (c) The same procedure as in (a) and (b), but with 8 minutes in step 4.

When pretreating the SiO, substrate with Sn>* before the graphene
transfer, we observed that graphene is surprisingly well transferred
without use of oxygen plasma for adhesion promotion. This effect
can be due to the OH groups on graphene interacting with the Sn**-
particles on SiO,.

Conclusions

In conclusion, we have demonstrated electroless silver nanoparti-
cle decoration of graphene edges. We have also shown selective silver
deposition on the SiO, substrate between but not on top of graphene
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flakes. The nanoparticle decoration can be useful for repairing broken
electrical connections in defected graphene for transparent conduc-
tive coatings or deterministic graphene nanopatterning, as well as
for catalysis, disinfection, sensing, and nonlinear optical applications.
The advantage of the electroless method is its scalability for mass
production, cost efficiency, no need of high vacuum or a conduc-
tive substrate, contrary to the electrodeposition. Thus, the suggested
method can be applied to silver deposition on graphene on virtually
any substrate (for example, on polymer) and can be employed for ef-
fective graphene processing and development of the graphene-based
devices. Moreover, the edge selective electroless deposition can be
extended to other metals and, potentially, to other two-dimensional
materials.
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