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ABSTRACT

Graphene oxide (GO) and reduced GO films with different amounts of silver nanoparticles (Ag NPs)
have been deposited on quartz and silicon substrates by matrix assisted pulsed laser evaporation
(MAPLE). The morphology, structure, chemical composition, and optical and electrochemical
properties were evaluated by scanning electron microscopy, X-ray photoelectron spectroscopy,
ultraviolet-visible spectrophotometry, and cyclic voltammetry measurements. The properties of the
films obtained with two types of GO precursors have been compared. A reduction of the amount of
oxygen containing groups is observed with the increase of the Ag concentration, which leads to a
decrease of the optical band gap. Moreover, the deposition in nitrogen gas ambience leads to the N-
doping of rGO material. The films obtained with the highest amount of Ag and with nitrogen doping

show potential to be used in energy storage electrodes.

1. INTRODUCTION

Graphene oxide (GO) have attracted great attention due to their remarkable and multiple
physicochemical properties such as high chemical reactivity, transparency, and mechanical strength
very useful for applications in photocatalysis, energy storage/conversion, electrical transport, etc [1-5].
For instance, it has been reported that GO presents intrinsic and tunable fluorescence in the near-
infrared, visible and ultraviolet range which could be used for applications such as optical sensors for
DNA and biomolecules [6, 7]. In addition, thanks to its bandgap tunability which depends on the degree

of oxidation, GO could be used as an electrical insulator when it is fully oxidized or as a transparent



conducting material due to the p-type semiconducting properties exhibited when the amount of oxygen
groups is decreased, forming reduced GO (rGO) [8-10]. Interestingly, the particular relation between the
oxygen functional groups and carbon arrangements in GO and rGO have also attracted enormous
interest for their use in photocatalysis applications such as the conversion of CO, to methanol or the
production of H, from water splitting [11-13]. Lastly, rGO can be functionalized through the
incorporation of nitrogen species conferring different properties such as switching from p- to n-type
semiconductor [14]. Besides the interest in standalone GO, there is great attention in the development of
GO nanocomposite films with either metal (e.g., Ni, Au) or metal oxides nanoparticles (e.g., NiO, TiO,,
Sn0O,, Fe304, MNO,) that combine both the properties of GO and the nanoparticles (NPs) enhancing
their performance for applications in photocatalysis, supercapacitors, electrochemistry, water-splitting,
etc [15-23]. Recently, (r)GO-Ag composites are attracting high research interest due to their
multifunctional properties and wide range of applications. Thus, films composed of GO platelets
decorated with Ag NPs reveal high antibacterial and antifungal properties, so they are being used in
filters and disinfection systems [24-27]. Moreover, rGO-Ag hybrids show promise for novel anticancer
therapies [28, 29]. The catalytic and photo catalytic activity of these materials allow them to develop
innovative electrochemical sensing devices of a plethora of organic and biologic compounds [30-34], as
well as hazardous compounds degradation processes [35-37]. It also deserve noting that the specific
electric, optic and redox properties of (nitrogen doped) rGO-Ag nanohybrids also exhibit promise to be
used in energy generation and storage, as well as electronic devices [38-43].

The fabrication of high-performant devices based on graphene is often difficult since graphene sheets
are prone to agglomeration. Despite that, several methods have been developed for the fabrication of
graphene-like materials with similar properties to those of pristine graphene through the reduction of
GO sheets, which has some residual oxygen-containing functional groups and making it highly
dispersible in water. Typically, the fabrication of rGO is based on chemical reduction or thermal
treatments [3, 44, 45]. However, these so-called conventional methods are time consuming, imply toxic

chemical substances, and high processing temperatures (500-1000 °C). Matrix-assisted pulsed laser



evaporation (MAPLE) is a laser-based technique that consists of the deposition of a material on a
substrate under controlled environment conditions through the irradiation of a previously frozen solution
/ dispersion which contains the material of interest [46]. This leads to the evaporation of the target’s
solvent and the deposition of the desired material on a substrate. One can control the film thickness by
tuning the number of applied laser pulses. In addition, deposition is often performed at room
temperature which enables the use of temperature sensitive substrates such as polymers. For this reason,
MAPLE has been extensively employed in the deposition of polymers and biomaterials [47-51].
Moreover, it has also been demonstrated ideal to transfer colloidal nanoparticles, quantum dots,
inorganic nanomaterials and carbon nanostructures [52-54]. Thanks to the high dispersibility of GO
nanosheets in water, and their relatively high absorbance in the UV range, inverse UV-MAPLE can
become an alternative deposition method to the conventional techniques for the synthesis and deposition
of hybrid rGO-NPs thin films at room temperature in different ambient conditions, as demonstrated
recently [16, 19, 55].

In spite of all this, the particular composition of GO starting precursor materials, i.e., the amount and
type of oxygen functional groups is of vital importance and will likely have a large influence on the
final state of the rGO films and their functional properties. Therefore, we have investigated the
fabrication of GO/Ag nanocomposite thin films by MAPLE from two different GO precursor materials.
We tuned the degree of reduction and nitrogen doping of rGO by modifying the amount of Ag
nanoparticles, the irradiation processing parameters and the irradiation environment. Furthermore, we
prove the ability of MAPLE technique for the versatile fabrication of energy storage electrodes with

significant volumetric capacitance.

2. MATERIALS AND METHODS
GO dispersions were synthesized by mixing GO powder [nanosheets with approximately 15-20 layers
and ca. 25% degree of oxidation from Sigma Aldrich (SA) and nanosheets with 1-4 layers with about

55% degree of oxidation from Nanolnnova (NInn)] with deionized water. The ratio between GO powder



and water was set to obtain a dispersion with a GO content of 3 wt% (GO-SA) and 6 wt% (GO-NInn),
respectively, in order to get films with similar final thicknesses of around 40-150 nm. Silver
nanoparticles (Ag NPs) with sizes below 100 nm from Sigma-Aldrich were added into the dispersions
with different amounts to achieve Ag/GO ratios of 0, 1/3, and 1 for each precursor, i.e., the Ag content
was 1 and 3 wt%, and 2 and 6 wt% for GO-SA and GO-NInn precursors, respectively. The dispersions
were stirred and sonicated for 30 min. Immediately after, MAPLE targets were prepared by filling a
target holder with the homogeneous dispersion and flash frozen at 77 K by immersing the target holder

in liquid N,.

MAPLE experiments were carried out at room temperature in a stainless steel chamber by irradiating
the frozen targets with a Quantel Brilliant B Nd:YAG laser (A=266 nm, t~5 ns, v=10 Hz). The chamber
was brought to a residual pressure of 10° Pa before the laser irradiation. Comparative sets of
experiments were done in Ar (2 Pa) and N, (20 Pa). During the experiments, the incident laser beam
scanned the target surface at an angle of 45° and a constant velocity of 1.5 mm s™ over an area of
approximately 1x1 cm?. A number of 10* laser pulses at a fixed fluence of 0.2 J cm™ were applied for
the deposition of each sample. Quartz and silicon substrates of 1x1 cm?were placed parallel to the target

at a separation distance of 5 cm.

The surface morphology of the GO films was investigated with a QUANTA FEI 200 FEG-ESEM
scanning electron microscope (SEM). The chemical composition of the precursors and as-deposited GO
samples was analyzed by X-ray photoelectron spectroscopy (XPS) with a SPECS XPS spectrometer
based on a Phoibos 150 electron energy analyzer. The equipment used a monochromatic X-ray emitter
of AIMg Ka (186.74 eV). The electron energy analyzer was operated in the constant energy mode.
Extended spectra, over wide ranges of binding energies (1200 eV), were acquired using an analyzer pass
energy of 50 eV. High resolution spectra were acquired over smaller ranges (20 eV) at 10 eV pass
energy with an energy resolution of 0.7 eV (FWHM of the Ag 3d5/2 line). All the measurements were

carried out in ultra-high vacuum (~107 Pa). The C (1s) line (284.6 eV) corresponding to the surface



adventitious carbon (C-C line bond) was used as reference binding energy. The thickness of GO films
was determined with a Stylus Profiler XP-2 profilometer with a vertical resolution of 1.5 A from
Ambios Technology. Optical measurements of the deposited films were carried out using a Shimadzu
UV-2600 spectrophotometer with a slit width of 2 nm and were used to calculate the absorption
coefficient a. Then, the optical bandgap was obtained applying the Tauc plot method by assuming direct
transitions (n=1/2) [56, 57]. The electrochemical properties of the GO-Ag nanocomposite electrodes
were studied by means of cyclic voltammetry (CV) in a 1 M Na,SO, aqueous solution using a
potentionstat/galvanostat (AutoLab, PGSTAT30, USA). All experiments were carried out in a three-
electrode cell at 25°C in the dark. An Ag/AgCI electrode (3 M KCI internal solution) and a Pt-ring
electrode were used as the reference and counter electrode, respectively. The working electrode was a
sample of GO-Ag composite which was contacted through the silicon substrate with the current
collector from the electrochemical cell using a microwave soldering system. The geometrical area of the

working electrode was set to a constant value of 0.57 cm?.

3. RESULTS AND DISCUSSION

3.1. Compositional and structural analysis of GO/Ag nanocomposite films

Deposited graphene oxide/silver nanocomposite films either from SA or NInn precursors possess similar
irregular morphologies. The Ag free GO films have thicknesses of 40-60 nm and RMS roughnesses of
3.5-4.5 nm. Instead, Ag/GO nanocomposite films are thicker with thickenesses ranging from 80 to 150
nm and RMS roughnesses between 5 and 7.5 nm. Figure 1a,b shows SEM images of the films grown
from SA precursors in N, with a ratio Ag/GO of 0 and 1/3, respectively. Equivalent images for NInn
precursors can be found in Figure S1. The GO platelets have sizes ranging from approximately 250 nm
to 1 um and are distributed rather homogeneously. Thick aggregates, caused by the accumulation of
several GO platelets, are also observed. Backscattered SEM images show that the Ag NPs are randomly

distributed on the films (Figure S2) and, in some cases, can have sizes over 200 nm due to the



coarsening experienced during the deposition process (Figure S1), whereas the initial NPs dimensions
are below 100 nm. The Ag NPs, which initially are larger than the film thickness in some cases, appear
to be flattened. This would be caused by the melting of the Ag NPs induced by the laser radiation. Then,
the molten Ag NPs crash into the substrate and remain in that form after solidifying. Figure 1c illustrates

the surface of a GO film grown in Ar ambience. The lesser amount of GO platelets is likely caused by

the lower gas pressure of 2 Pa used during the experiments which leads to a broader and lighter plume.

Figure 1. SEM images of (a) GO and (b) GO/Ag nanocomposite films prepared from SA precursors on
Si substrates with an Ag/GO ratio of 1/3 in N, (20 Pa) atmosphere. Inset: zoomed area of the SEM

image showing the Ag NPs. (c) Equivalent GO film grown in Ar (2 Pa) atmosphere.

XPS analyses have been used to investigate the composition of GO-Ag nanocomposite films. Figure 2a
and S3a illustrate the C1s spectrum of the GO powder and dropcasted samples from both SA and Ninn
precursors, respectively. The spectra have been deconvoluted in five Gaussian peaks: Cl, CllI, Clll, CIV
and CV, centered at 284.6, 285.6, 286.5, 288 eV and 291 eV. The CI peak corresponds to the sp’
graphitic carbon-carbon bonds (C=C). The remaining peaks can be associated to carbon-oxygen
functional groups. The CIlI peak corresponds to single-bonded carbon and oxygen atoms such as epoxy
(C-0-C) and hydroxyl (C-OH), while CIIl and CIV peaks can be respectively correlated to carbonyl
(C=0) and carboxyl (COOH) groups [58, 59]. The CV peak is generally identified as a shake-up

satellite related to m-m* transition [60]. This peak is not detected in the NInn GO dropcasted sample.



Both powder C1s spectra show that the starting amount of oxygen functional groups is completely

different, with a larger content of oxygen groups in the NInn GO precursors.

Figure 2b shows the deconvolution of XPS N1s spectra for the same samples. The spectra can be
deconvoluted in two peaks: NI located at 399.7 eV which is associated to amine groups and NIl at 402
eV which corresponds to pyridinic N-O groups [61, 62]. The latter peak is the less intense in both cases.
This indicates that there is already a small amount of nitrogen functional groups in the precursor
materials. These N-bearing aliphatic moieties may either be bonded to carbon atoms at graphene
backbone or to the O-containing groups. Unfortunately, the carbon-nitrogen groups have binding
energies at 285.9 and 287.3 eV which are superposed with those of carbon-oxygen bonds in the Cls
signal (peaks CII and CIII). Hence, it is not possible to discern between them [61, 63]. XPS C1s spectra
are presented in Figure 3a and 3b for the films with an Ag/GO ratio of 1 and, respectively, in Ar and N,
ambience for both SA and NInn precursors. The XPS spectra for GO and Ag/GO films with 1/3 ratio are
reported in Figure S4 and S5 for SA and NInn precursors, respectively. Apparently, the C1s spectra
using SA precursors seem quite similar to those of dropcasted samples. On the other hand, the C-O
peaks are much less intense in the Cls spectra using NInn precursors, indicating a large reduction
process. It is worth noticing the disappearance of the CV peak related to m-m* transition for SA
precursors after MAPLE deposition. However, NInn GO samples show the presence of additional peaks
at ~293 eV (CVI) and ~295 eV (CVII) which can be associated to n-n* transition, or to the presence of
quaternary N atoms on zigzag edges of graphene [64, 65] (Figure 3 and S5). The observed reduction of
GO is caused by the energy deposited by the laser radiation. The photon energy (4.7 eV) is larger than
the dissociation energy of the oxygen functional groups, hence, direct photo-dissociation or
photochemical reduction is anticipated. In addition, the GO films heat due to the absorption of the laser

radiation leading to a photothermal reduction [55, 66].



Figure 3c shows the N1s XPS spectra of the GO-Ag nanocomposite films in which we can identify
more intense NI (399.7 eV) and NIl (402 eV) peaks. In this case the NI and NIl peaks may also show
the contribution of pyrrolic and quaternary N groups, respectively [67]. In addition, we observe the
appearance of an additional peak (NIII) at 406 eV which may be associated to the presence of NOy
bonds or m excitations [68, 69]. Figure S6 shows the Ag3d XPS spectra for a sample deposited in Ar.
We can identify a doublet with peaks at approximately 368.2 and 375 eV (Agl and Agll, respectively).
These peaks are associated with the electrons of the Ag3ds, and Ag3ds;, bands which demonstrates the
presence of silver in the films [70]. In some samples, there is presence of small satellite peaks that are
linked to loss features as reported in the literature [70]. The only appreciable change in the Ag XPS
peaks between the different films is the increase of the intensity of the peaks with the amount of Ag.
The films obtained in Ar are slightly thinner than those grown in N, which leads to less material and a
slightly lower XPS signal. In contrast, we have a larger Ag signal in the film while increasing the
amount of Ag in the target for each N, and Ar series, as it is observed in Figure S8. The analysis of the
O1s XPS spectra (Figure S7 and S8) shows that it can be deconvoluted in 3 peaks corresponding to the
C-O and C=0 bonds at 532 and 533.5 eV [71], respectively, and an additional peak at 531.6 eV which

can be attributed to Ag,0 [72, 73]. Therefore, this indicates that the Ag is partially oxidized.
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Figure 2. High resolution (a) C1s and (b) N1s XPS spectra of GO powder for Sigma-Aldrich (SA) and

Nanolnnova (NInn) precursors as indicated.
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Figure 3. High resolution C1s XPS spectra of GO/Ag nanocomposite films with a ratio Ag/GO of 1 (3

and 6 %wt Ag for SA and NInn precursors, respectively) grown in

(a) Ar (2 Pa) and (b) N, (20 Pa)

ambience. (c) N1s XPS spectra for equivalent films grown in N; (20 Pa).

Table 1 shows the quantified atomic percentage of Ag present in the samples calculated from the wide

scan XPS spectra (not shown). We can see that the amount of Ag increases with the Ag/GO ratio in the

target as expected. The fluctuations in the values are likely due

to small variations in the target

composition caused by aggregation, local variation of the concentration, etc.

Quantified Atomic Ag%

SA
Ratio Ag/GO

NInn

Ar N, Ar

N>
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0 0 0 0 0

1/3 7 7 14 7

1 22 10 20 12

Table 1. Quantified atomic percentages of Ag and N, extracted from XPS measurements.

A qualitative study of the evolution of the different chemical groups present in GO material was
performed by calculating the integrated area of the deconvoluted components in the C1s peaks (Figures
4a, b). We observe a decrease of the integrated area of the CI peak between the powder and dropcasted
samples from approximately 77 to 59 % (SA) and from 35 to 25 % (NInn), while the carbon-oxygen
peaks grow. Therefore, the powder has a higher degree of reduction compared to the dropcasted one.
Thus, the GO precursor seems to oxidize due to the addition of water during the preparation of the
dispersions. Graphene oxide is a highly hydrophilic material and is prone to hydrolysis, this would
explain the increase of the CIl peak intensity, due to the formation of C-OH groups. It has also been
reported in the literature that the reaction of GO with water due to heating gives rise to an increase of C-
O-C groups (CII) [74]. In our case, the dispersions were kept at room temperature all the time. The
photo-oxidation of graphene has also been reported during Raman spectroscopy measurements with
visible laser irradiation [75]. Moreover, the photoreaction of GO and water due to the interaction with
natural UV light can be discarded since it would lead to a decrease of the carbon-oxygen peaks [76].
Instead, the GO-Ag samples prepared by MAPLE present an increase of the Cl peak with the amount of
silver from around 62 to 70 % (SA) and from 50 to 72 % (NInn), i.e., the C-O peaks (CII-CIV) decrease
in intensity. This is independent of the deposition atmosphere. Basically, this means that the C-O bonds
are broken due to the interaction of laser photons with the GO sheets contained in the MAPLE target,
achieving a partial reduction of the GO in the deposited samples. The most probable reason for the
increase of the CI peak with Ag could be caused by the absorption of the UV radiation by Ag NPs

which heat and contribute to the chemical reduction of GO [77]. It has also been reported that UV lasers
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produce photochemical effects on the GO due to the absorption of the radiation. This leads to a larger
heating and reduction due to photothermal effects [55, 66, 78]. Moreover, the reduction of GO has also
been demonstrated by thermal treatments [79, 80]. For SA precursors, this phenomenon is particularly
important for the CII peaks which are associated to epoxy (C-O-C) and hydroxyl (C-OH) groups.
Instead, for NInn precursors, the reduction is more prominent for the peaks ClIl and CIV associated to
carbonyl (C=0) and carboxyl (COOH) groups. Interestingly, the C-O peaks that present a higher degree
of reduction are those having a major signal in the dropcasted samples. The use of N, during deposition

improves the reduction of CIl peaks for the films produced with both precursors.

Ratio Ag/GO

(b)
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Dropcast
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1
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Figure 4. Integrated area of the deconvoluted peaks of GO/Ag nanocomposite films. XPS C1s spectra

for (@) SA and (b) NInn precursors.

Figures 5a, b illustrate the integrated area of the deconvoluted components corresponding to the N1s
XPS peaks. We can see that the powder and dropcasted GO samples have equivalent ratios for the NI
and NII peaks between ~60/40 and 70/30 for GO SA and NInn, respectively. Nevertheless, there is a
large difference between the integrated areas of deposited Ag-GO SA and NInn precursors (Figure 5a
and 5b). Figure 5a shows that the GO SA sample has a very large integrated area of the NI peak, while
the areas of the NII and NIII peaks are much less significant. This indicates that the amount of pyridinic
NOy groups is low and mostly amine groups are present. Interestingly, the NI peak (amine / pyrrolic N
groups) significantly augments when the amount of silver increases. In addition, the NII peak disappears
in the sample with a ratio Ag/GO of 1/3, and the NIII peak area becomes the main contribution. On the
other hand, the sample with a ratio Ag/GO of 1 shows similar distribution than GO SA, though the
relative contribution of NIII is increased relative to NI. Conversely to GO SA, in the GO films prepared
from NInn precursors the NI peak has much smaller integrated area than that of the NII peak. This
indicates an increase of pyridinic NOy / graphitic (NI1) with respect to amine / pyrrolic (NI) groups [81].
The addition of Ag NPs leads to a shift in the intensity of NI and NII peaks, indicating a larger presence
of amine / pyrrolic groups with respect to pyridinic NOy / graphitic ones. Although typically a mixture
of N-containing groups is observed [67], the doping of GO with graphitic N groups is very interesting to
improve its functional properties for fuel cells and electrochemical sensors [82], whereas doping with
pyrrolic N has shown good properties for supercapacitors [83, 84]. In addition, the amount of N-O
groups (NI+NIII) decreases with the Ag content. This behavior is completely opposite to the one
observed with SA precursors and could be caused by the clearly different chemical structure of the
starting GO precursors. It is interesting to elucidate why the reduction of GO and the nitrogen doping
seem to increase with the amount of Ag NPs. One of the factors that may contribute to this phenomenon

could be related with photothermal interactions. As mentioned before, due to the absorption of UV
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radiation by Ag NPs, their photoactivation leads to an increase of the temperature around them. Hence,
they are likely to contribute to the chemical reduction reactions, as well as the N doping. A similar

behavior has been observed in graphene oxide/Ag NPs nanocomposites where GO was reduced under

visible light irradiation due to surface plasmon resonance [85].

Ratio Ag/GO

Ratio Ag/GO

0 20 40 60 80 100
Integrated area (%)

Figure 5. Integrated area of the deconvoluted peaks of GO/Ag nanocomposite films. XPS N1s spectra

for (a) SA and (b) NInn precursors.
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Figure 6a and 6b illustrate the ratio between the integrated area of C-O peaks and the total area of the
C1s spectra, i.e. C-C and C-O peaks, for the SA and NInn precursors respectively. The ratio for the GO
powder sample from the SA precursor is very low at around 0.19, while it is around 0.65 for the NInn
precursors. As mentioned before, this indicates that the SA starting precursor is highly reduced, i.e., it is
mostly graphene. Instead, the NInn precursor is more oxidized. In both cases, the ratio C-O/(C-O+C-C)
increases after mixing with water and performing the dropcast to 0.38 and 0.75 for SA and Ninn
precursors, respectively. As we mentioned earlier, the rise in the oxidation state could be linked to the
reaction of the GO precursor powders with water given the high water affinity of GO. To the extent of
our knowledge, this is the first time that this behavior has been reported without any other additional
treatment such as thermal annealing or intense illumination [74, 75]. Analyzing the C-O/(C-O+C-C)
ratio for the GO samples grown in Ar, we can observe that it decreases from ~0.38 to 0.27 (SA) and
from ~0.5 to 0.4 (NInn) as the amount of silver increases. Also, both precursors experience an
equivalent reduction by increasing the amount of Ag. Interestingly, the GO samples grown in N, present
lower degree of reduction using SA precursors (0.37 to 0.32) as compared to NInn precursors (0.5 to
0.28). Figure 6¢ and 6d present the ratio between the N1s spectra and the C1s spectra for SA and NInn
precursors, respectively. The N/C ratio is around 0.01 for the GO dropcasted samples from both
precursors. This indicates that there is already a slight amount of N functional groups in the precursor
materials, as stated previously. Moreover, the amount of nitrogen incorporated in the samples deposited
with a 20 Pa N, ambience increases up to 0.03-0.04 for those prepared from SA precursors. Instead, a
larger increase from 0.06 to 0.09 is achieved for the samples prepared from NInn precursors. In
summary, GO samples prepared from SA precursors possess rather equivalent C-O bonds under Ar or
N>. In contrast, the samples prepared from NInn precursors in N, have less C-O bonds than those grown
on Ar. Furthermore, the ratio N/C is around twice than for SA precursors. The incorporation of nitrogen
into the structure of GO takes place by interacting with oxygen containing groups [86]. Therefore, more
oxygen is lost and more nitrogen is incorporated in the GO NInn samples grown in N,. Despite the

amount of oxygen in GO NInn precursors is larger than for SA precursors, the final oxygen
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concentration is similar. This indicates that the structure of GO NInn experiences larger changes in its

structure. In addition, the overall N/C ratio grows with the amount of silver.
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Figure 6. Ratio between the area of XPS C-O peaks and the total area of XPS C1s peaks (C-O+C-C) of
GO/Ag nanocomposite films grown from (a) SA and (b) NInn precursors in Ar (2 Pa) and N; (20 Pa)
ambience as indicated. Powder and dropcast samples are plotted for comparison. Ratio between the total
area of N1s and C1s peaks of GO/Ag nanocomposite films grown (c) SA and (d) NInn precursors in Ny

(20 Pa) ambience.

\3.2. Functional properties of GO/Ag nanocomposite films

The optical bandgap of the GO-Ag nanocomposite films has been assessed from Tauc plots (Figure 7).

The Tauc plots are for the films prepared from SA and NInn precursors in Ar (Figure 7a and 7b) and N
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(Figure 7c and 7d) ambience. The plots were obtained from transmittance spectra reported in Figure S9
and taking into account the film thickness. The films are rather transparent with a transmission in the
visible that goes from 15 to 100 % depending on the film thickness and composition. We can see that
there is a range of band gaps which is likely related to the non-stoichiometric nature of GO films, i.e.,
the functional groups present in the platelets are randomly distributed and also every platelet is different
from the rest. The band gap range, initially ca. 2.5 - 3 eV, becomes broader and expands to lower values
as the Ag/GO ratio increases. Furthermore, it seems that the deposition ambience has no noticeable
effect on the band gap. It is known that graphene is a zero band gap material although a small one can
be opened by doping its structure or through the introduction of structural defects [87, 88]. On the other
hand, the existence of a range of bandgaps (i.e. from 3 to 4.4 eV) in graphene oxide has been attributed
to m-n* transitions of C=C groups and n-n* transitions of C=0 groups [11]. Moreover, it has been also
reported that the optical properties of GO highly depend on the ratios of the different oxygen containing
functional groups, as well as the oxygen density [89-92]. Consequently, and in concordance with the
XPS results, the measured optical properties of the deposited films would indicate the restitution of the
graphene domains. Despite that, it should be taken into account that structural defects also increase the
absorption at lower energies, which lead to a decrease of the band gap. Therefore, the larger extension
of the band gap range to lower energies for GO NInn would be caused by the presence of larger
graphitic domains, and the higher concentration of structural defects and nitrogen functional groups. In
addition, the concentration of Ag NPs has been directly correlated to an increase of the absorption at

higher wavelengths which would explain the lower bandgap values at higher Ag NPs content [77, 93].
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Figure 7. Tauc plots of GO and GO/Ag nanocomposite films grown on quartz substrates by MAPLE in

(a) and (b) Ar (2 Pa), and (c) and (d) N, (20 Pa) ambience from SA and NInn precursors as indicated.

We evaluated the electrochemical performance of Ag/GO nanocomposite films deposited on silicon
substrates. Figure 8a presents cyclic voltammetry measurements for films grown from SA precursors.
The GO films present resistive behavior and do not show effective charge carrier storage, i.e., the closed
area is negligible. This could be caused by a reduced contact between the deposited rGO and the
electrolyte, leading to the formation of a poor electric double layer on the GO surface. Instead, we
observed a capacitive effect when Ag is added with a ratio of 1. The films containing lower Ag amounts
exhibited unstable behavior during the measurements, probably due to irreversible interactions with the
electrolyte, so they are not shown. Probably, the greater inclusion of Ag nanoclusters between rGO

sheets leads to their separation and opening of pathways to the electrolyte for reaching much higher
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effective area and, consequently, greater charge accumulation. Recently, Tran et al. also observed an
increase of the capacitive response of rGO membranes when decorated with silver nanoparticles [73]. In
this work, notable silver oxidation and reduction peaks were present in the voltammograms between 0.2
and 0.5 V. Conversely, our results do not show these oxidation-reduction peaks, possibly confirming the
enhancement of the electric double layer formation or pointing to a much greater contribution of the
rGO functional groups to the electrochemical performance. It has to be noted that the Ag NPs in Tran et
al. work were oxidized to Ag,O, similarly to our samples (Figure S7 and S8). Figure 8b shows the
dependence of the films’ volumetric capacitance with the voltage scan rate. The average volumetric

capacitance of the electrodes was calculated using equation (1) as follows:

_ qa+|—qcl
€= 24dAV @

where gq and g. are the anodic and cathodic charges, respectively, C is the volumetric capacitance, A is
the geometrical area of the sample in contact with the electrolyte, d is the film thickness, and AV the
voltage range. As observed, the volumetric capacitance decreases with the scan rate, being the
maximum value around 12 F cm™ (at 10 mV s™ scan rate). Due to the rather instability and low
volumetric capacitance, it can be concluded that GO (SA) precursor is not the best choice for the

fabrication of electrodes.
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Figure 8. (a) Cyclic voltammograms of GO and Ag/GO films grown from SA precursors with a ratio of
1 deposited in N, and A, respectively. (b) Volumetric capacitance of the film with a ratio Ag/GO of 1

deposited in Ar gas.

Figure 9 shows the cyclic voltammograms and calculated volumetric capacitance of Ag/GO films
deposited on silicon substrates using NInn precursors. As compared to the films obtained from SA
precursors, the NInn-samples reveal higher electrochemical activity and stability. Thus, even the rGO
films (without Ag) show electrochemical storage with a volumetric capacitance similar to the best one
obtained with Ag/GO (SA) precursors (ratio of 1). The results clearly point out to an enhancement of the

storage capacity with the increase of silver content and, more evidently, nitrogen doping. A maximum
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volumetric capacitance of 70 F cm™ at 10 mV s is obtained in Ag/GO films with a ratio of 1 obtained
in N, ambience, corresponding to the maximum nitrogen incorporation and oxygen reduction in rGO
structure. Our experimental values are in the same order of magnitude as the ones reported in the
literature for rGO (~100 F cm™®) [94]. Essentially, surface redox events that take place at the nitrogen
functional groups create a pseudocapacitive mechanism which increases the charge storage. This
behavior completely aligns with previous works revealing the enhancement of electrochemical storage
performance of graphene-based materials caused by nitrogen doping [63, 95-97]. In summary, with
these proof-of-concept experiments, it has been demonstrated the feasibility of MAPLE deposition
technique for the fabrication of graphene-based hybrid systems for energy storage applications. Since
the deposition process is performed at room temperature, this kind of electrodes could be fabricated on

polymers for the development of thin and flexible micro-supercapacitors.
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Figure 9. Cyclic voltammograms of (a) GO and Ag/GO films with 1/3 ratio grown from NInn
precursors, (b) Ag/GO films with 1 ratio, deposited in Ar and N,. Volumetric capacitance of GO and

Ag/GO films with with (c) 1/3 and (d) 1 ratios in N, and Ar.

4. CONCLUSIONS

MAPLE deposition of GO and Ag/GO nanocomposite films has been achieved from water-based frozen
targets. It has been demonstrated that Ag/GO films can be deposited on different types of substrates at
room temperature. The gas ambience is an experimental parameter which allow versatile tuning of the
chemical nature, structure, thickness and functional properties of the films. The interaction between the
UV laser photons and the GO nanosheets induce their reduction in all cases. The absorption of laser

photon energy by the Ag NPs stands behind the enhanced reduction reactions at larger Ag amounts. The
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degree of GO reduction depends on the precursors material employed. While a strong reduction occurs
on epoxy and hydroxyl groups for highly reduced (SA) precursors, the reduction is more prominent for
carbonyl and carboxyl groups when highly oxidized (NInn) precursors are used. In addition, irradiation
in N, improves the reduction of epoxy and hydroxyl groups for both precursors. Nitrogen doping shows
completely opposite behaviors between both precursors, i.e., amine / pyrrolic groups dominate in films
from SA precursors, while besides amine / pyrrolic, graphitic functionalities are more prominent in GO
NInn films. The GO NInn precursors experience a larger degree of reduction and N-doping as compared
to SA precursors. The addition of Ag shifts the ratio between nitrogen peaks, allowing great tunability
of the films properties for applications such as supercapacitors or fuel cells. A range of band gaps is
found in our films and this range expands to lower photon energies with the amount of Ag. This is
attributed to the restitution of graphene domains through the elimination of oxygen containing groups,
as well as the absorption of Ag nanoparticles and the introduction of structural defects in rGO which
increase the absorption at lower energies. The electrochemical characterization of the obtained samples
shows better performance of the samples fabricated with NInn precursors, revealing an increase of the

volumetric capacitance with the content of silver and N-doping.
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