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ABSTRACT: Nanowires of silver-based metal—organic framework
(MOF) (AgBTC, BTC = 1,3,5-benzenetricarboxylate) were grown
onto graphene oxide layers to generate GO-AgBTC nano-
composites. Thermal treatment of these composites in inert
atmosphere produced reduced graphene oxide (rGO) decorated
with well-dispersed and homogeneous silver nanoparticles (rGO@
Ag). The easy and scalable synthesis of AgNPs via MOF-mediated
synthesis was achieved by the thermal decomposition of the AgBTC
directly onto the rGO surface. The structure, morphology, and
electrochemical properties of this novel material were investigated
by XRD, Raman, TGA, FE-SEM, TEM, cyclic voltammetry, and
galvanostatic charge and discharge experimental techniques. The
results showed improved capacitive features for rGO@Ag. Specific
gravimetric capacitance measured by galvanostatic charge—
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discharge yielded a value of 151.97 F/g at the current density of 0.5 A/g, pointing out that MOF-mediated synthesis offers a
facile method to generate rGO electrodes decorated by uniformly distributed nanoparticles for energy storage devices.
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B INTRODUCTION

In recent years, many efforts have been made to overcome the
current environmental problems generated by the excessive use
of fossil fuels. The search for sustainable and renewable energy
systems has become a priority today.'

Currently, due to their long life cycle, high power density,
high capacity, and fast charge/discharge rate,*”® super-
capacitors have emerged as an alternative or complement to
other electrochemical devices such as fuel cells or batteries for
storing or supplying electrical energy, mainly in systems that
require high power."”

Supercapacitors can be classified as electrostatic double-layer
capacitors (EDLCs) and electrochemical pseudocapacitors
according to the different charge storage mechanisms.'"’
The energy storage mechanism of EDLCs is based on a non-
Faradaic process in which charges are stored electrostatically at
the interfaces of electrode/electrolyte.'” Instead pseudocapa-
citors store energy through a Faradaic mechanism in which
charges are stored by redox reactions on the electrode
surface.”"? Compared to EDLCs, pseudocapacitors have a
greater energy density and specific capacitance, whereas
EDLCs usually offer higher power density.'*™'® Electrode
materials are the key factor in electrochemical device
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performance, so an accurate selection and optimization of
them is essential to achieve functional supercapacitors.
Graphene is an excellent candidate for supercapacitor
electrodes owing to its outstanding properties, such as high
specific surface area,’ superior electrical conductivity,18
tunable porous structure,’”” and surface chemistry provided
by functional groups anchored onto the graphene struc-
20,21 . . . N
Various studies on supercapacitor applications of
graphene-based materials have been developed, including
. . . 22
composite graphene aerogel doped with metal oxides,” porous

23 . 24 .
carbon,™ conducting polymers,” or pristine graphene aerogels
26

ture.

with different structural® or chemical modifications.

Metal—organic frameworks (MOFs) are a subclass of porous
coordination polymers formed by linking metal centers with
organic ligands to build crystalline and porous structures.””
Their high specific surface area and tunable size of pores”®
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have attracted considerable attention in recent years amon
several research fields like gas storage and separation,””’
proton conducting membr;ines,31’32 catalysis,33_35 sensing,36 or
energy storage and conversion.”” MOFs can provide the
supercapacitor electrodes with pseudocapacitive redox centers.
Besides, they are capable of storing charge by a non-Faradaic
mechanism through their internal porosity.”*~*' The syner-
gistic effect obtained by combining the properties of graphene
with those of MOFs for supercapacitor electrode applications
have already been explored,*”** offering promising results. In
that context metal—organic frameworks supported on a
graphene surface prevent the restacking of graphene sheets
during the reduction process™* as well as it provides porosity to
the composite in the micropore region, where usually graphene
oxide shows a poor porosity.* In addition, graphene oxide
offers a suitable structure to accommodate the MOF
crystallites and, due to their intrinsically high electronic
conductivity, can also facilitate the electron transfer process
at the electrode surface,*® thus enhancing the low electro-
catalytic features showed by the MOF."

Alternatively, MOFs can be used as precursors of high
specific surface area carbons or metal oxide materials by means
of their pyrolysis or calcination.**™>° In this sense, MOF-
mediated synthesis becomes an effective and simple method to
achieve high dispersion and homogeneous deposition of
supported metal nanoparticles.”'

Silver nanoparticles (AgNPs) are potential candidates to
incorporate on an electrode material because of their excellent
conductivity, which reduces the electrical resistivity of the
electrode and improves its electron transfer rate.’”>” In
addition, the intercalation of the silver nanoparticles among
the graphene oxide sheets prevents the restacking of the
graphene layers during the reduction process, enhancing the
electroactive surface area of the graphene-based electrode
material.”* So, different approaches have been used to prepare
graphene—silver nanoparticles materials.”> >’

Herein, a novel nanocomposite based on a silver—metal—
organic framework (Ag-BTC) grown onto graphene oxide
surface was thermally treated in order to generate a reduced
graphene oxide decorated with silver nanoparticles (rGO@Ag)
via MOF-mediated synthesis.

2. EXPERIMENTAL PART

2.1. Materials. All of the chemicals were reagent grade (Alfa
Aesar, Sigma-Aldrich, Valencia, Spain) and used as received.

2.2. GO Synthesis. GO was synthesized from natural graphite by
means of the improved Hummer’s method.*® Concentrated H,SO,
and concentrated H;PO, were mixed in a 9:1 (v:v) proportion. Next,
this solution was added to graphite powder and KMnO, (1:6 (wt %))
in an ice bath and then stirred for 12 h at 50 °C. Then, it was cooled
to room temperature and poured into an ice water with H,0, (30%).
The mixture was sifted through a testing sieve (250 pm) and
recovered by centrifugation (4000 rpm for 4 h), discarding the
supernatant. The centrifugated solid was then rinsed twice with 200
mL of water, 200 mL of 30% HCI, and 200 mL of ethanol. Finally, the
remaining material was coagulated with 200 mL of ether and filtered
through a 0.45 pum pore size membrane. The product obtained was
collected with deionized water and subsequently dried by
lyophilization.

2.3. MOF Synthesis. AgBTC MOF was prepared using a “green”
aqueous synthesis procedure described by Nowacka et al.>” with slight
modifications. Briefly, 20 mL of aqueous solution of 0.1 M Na;BTC
(trisodium-1,3,5-benzenetricarboxylate) was added to silver nitrate (3
mmol) under vigorous stirring with a magnetic stirrer. After that, 10
mL of ethanol was added to promote precipitation. The mixture was

left stirring at ambient temperature for 15 min. The obtained white
solid was recovered by centrifugation and washed with Milli-Q water
and ethanol. Finally, the resulting powdered material was dried at
ambient temperature during 24 h under dark conditions.

2.4. GO-MOF Nanocomposite Synthesis. GO-AgBTC nano-
composites with different GO-Ag" ratios were prepared according to
the following procedure (exemplified for a S:1 ratio): 0.1 mL of
aqueous AgNO; solution (37.8 mg/mL) was added dropwise to 24
mL of aqueous GO dispersion (0.5 mg/mL) under vigorous magnetic
stirring. Subsequently, 0.15 mL of 0.1 M Na;BTC aqueous solution
and 0.075 mL of ethanol were added dropwise, thus affording the
formation of AgBTC in situ. Then, the mixture was left for 15 min
under stirring at ambient temperature. Finally, the resulting material
was dried by lyophilization to obtain powdered GO-AgBTC
nanocomposite. In this way, three composites were prepared with
GO-Ag" weight ratios of 0.5:1, 1:1, and 5:1.

2.5. rGO@Ag Synthesis. rtGO@Ag was prepared from GO-
AgBTC by thermal treatment. An amount of 39.68 mg of GO-AgBTC
5:1 was placed in an alumina crucible and subjected to 600 °C for 2 h
in a tube furnace, with a heating rate of 5 °C/min under a nitrogen
atmosphere. The obtained material was thoroughly washed with
deionized water and dried at 80 °C for 24 h in an oven.

2.6. Characterization. X-ray powder diffraction (XRD) measure-
ments were performed with Cu Ka radiation on either a Panalytic
Cubix’Pro diffractometer or a Bruker D2 Phaser instrument.
Thermogravimetric analyses (TGA) were performed on a TA
Instruments TGA QS0 analyzer. Samples (5—10 mg) were weighed
in titanium crucibles and heated under nitrogen atmosphere from 50
to 800 °C at a heating rate of 10 °C min™". The surface morphologies
were obtained by field emission scanning electron microscope (FE-
SEM), a Zeiss, Ultra SS instrument equipped with energy dispersive
X-ray spectrometer (EDS, Oxford Instruments) for elemental
composition measurements. The structure and composition of the
samples were studied by X-ray photoelectron spectroscopy (XPS)
with a Thermo Fisher Scientific VG-Microtech Multilab 3000
photoelectron spectrometer. Raman spectroscopy studies were
performed on a Xplora spectroscope using a 532 nm laser (Horiba).
Electrochemical measurements were performed in an Autolab
PGSTAT 302 (ECO-CHEMIE) potentiostat at room temperature.
A typical three-electrodes cell was used to evaluate the electro-
chemical properties of the different materials. Ag/AgCl (3 M KCl)
electrode and a platinum foil were employed as the reference and
counter electrodes, respectively. A mixture of active material,
conductive carbon black Super P (99+%), and poly(vinylidene
fluoride) (PVDF) binder in the weight ratio of (80:10:10) were
diluted in a certain amount of N-methylpyrrolidone (NMP) to
achieve a homogeneous dispersion of 1 mg/mL. Then, the mixture
was drop-cast onto a stainless-steel electrode with an active material
mass loading of 0.08 mg/cm’. As-prepared electrodes were dried at 80
°C overnight in an oven.

Cyclic voltammograms (CVs) were obtained at different scan rates
(2—200 mV/s). The specific capacitance, C, (F/g), was calculated by
eq I:

- fIdV

ST 2umAV (1)

where [ IdV is the area bounded by the CV curves, m represents the
mass of active material, v is the scan rate, and AV is the potential
range employed in the measurement.

Galvanostatic charge—discharge (GCD) curves were recorded at
the current densities of 0.5, 1, 2, and 5 A/g, and gravimetric specific
capacitance was obtained by eq 2:

IAt

S mAV ()

where I and ¢ are the discharge current and the discharge time,
respectively. The mass of active material is m, and AV is the voltage
range of the measurement.

https://doi.org/10.1021/acsaem.2c03872
ACS Appl. Energy Mater. XXXX, XXX, XXX—XXX


www.acsaem.org?ref=pdf
https://doi.org/10.1021/acsaem.2c03872?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Energy Materials

www.acsaem.org

Forum Article

(002)

(008)

b)

AgBTC rGO@Ag
m
GO-AgBTC 1:1
(002) GO-AgBTC 0.5:1
rGO
GO Wikpupti N
T T T T T T T T T T T T T T T T : T T T
10 20 30 40 50 10 20 30 40 50 60 70 80

Diffraction angle (26)

Diffraction angle (20)

Figure 1. XRD patterns (Cu Ka radiation) of (a) GO, AgBTC, and GO-AgBTC nanocomposites with GO-Ag" ratios of 0.5:1, 1:1, and 5:1 and (b)

rGO and rGO@Ag.

3. RESULTS AND DISCUSSION

3.1. Synthesis of GO-AgBTC Composites. GO-AgBTC
nanocomposites with different GO-Ag" ratios, prepared as
described in the Experimental Part, were first characterized by
XRD and electron microscopy.

The presence of a sharp diffraction peak at 26 = 10.3° in the
XRD pattern of GO (Figure la, bottom line), assigned to the
(002) planes, reflects the good grade of oxidation achieved
with the chemical process employed to convert the graphite
precursor to graphene oxide.

The XRD pattern of as-synthesized AgBTC (Figure 1a, top
line) is analogous to the phase previously described by Morris
et al, although some minor additional peaks are also visible
in our diffractogram, most likely belonging to AgBTC
compounds with different structure (as also described in the
work by Morris et al.”’). According to the single-crystal X-ray
analysis reported by Morris’ group, this MOF crystallizes in the
triclinic space group, P1. The asymmetric unit contains 14 Ag*
ions, four molecules of BTC, and two hydroxyl groups, giving
an overall chemical formula of Ag,(CoH;04),(OH),. This
structure can be described as infinite zigzag chains of Ag"
clusters running along the b-axis and connected by trimesate
anions forming a three-dimensional framework with small
pores along the g-axis. The FE-SEM images of AgBTC and
GO-AgBTC nanocomposites are shown in Figure 2. It can be
observed that AgBTC crystallizes in the form of large,
micrometer sized plates, which tend to break down into rods
and, eventually, into thin long wires (see Figure 2).

GO-AgBTC0.5:1

GO-AgBTC5:1

Figure 2. FE-SEM images of AgBTC and GO_AgBTC composites
with 0.5:1, 1:1, and S:1 GO-Ag" ratios. The inset in the image of
AgBTC evidences the presence of some individual nanowires, as well
as the tendency of the plates to break down lengthwise (indicated by
an arrow).

When AgBTC was prepared in situ in the presence of GO,
the morphology of the MOF changed drastically, depending on
the GO-Ag" ratio used. When a 1:1 ratio was used, the large
AgBTC plate crystals observed for the parent MOFs were no
longer formed, but AgBTC tended to crystallize into thick
bundles of nanowires decorating the whole surface of the GO,
along with a small fraction of small flake crystals (Figure 2).
This clearly indicates that the presence of GO during the MOF
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synthesis largely prevents the formation of plate crystals by the
aggregation of the wires into three dimensions. Thus, in sample
1:1 GO-AgBTC, GO becomes a support onto which AgBTC
nanowires are dispersed. Accordingly, important changes are
also observed in the XRD pattern of 1:1 GO-AgBTC with
respect to the parent MOF. In the diffractogram of pure
AgBTC, main peaks are observed at 26 = 9.36°, 18.67°, 28.1°,
and 37.7°. These peaks correspond to planes (0 0 2), (0 0 4),
(006), and (0 0 8), respectively, which are parallel to the faces
of the plate crystals. Their relative intensities are high due to
preferred orientation during the acquisition of the powder
XRD. This phenomenon results from a nonrandom orientation
of the crystals when the powder is compacted in the X-ray
sample holder, which tends to be oriented preferentially in the
crystallographic direction corresponding to the extended flat
faces. In the case of AgBTC, this preferred orientation
produces an increase of the relative intensities of planes with
Miller indices (0 0 2I). However, these peaks almost disappear
in the XRD pattern of 1:1 GO-AgBTC, which reflects the
change of morphology from plates to nanowires, which now
produce a different preferred orientation, exposing preferen-
tially the planes with Miller indices (h h 0); i.e., peak (1 1 0) at
10.2° 26 in the diffractogram of sample 1:1 GO-AgBTC. When
the amount of GO in the composite is further increased to a
GO-Ag" ratio of 5:1, these AgBTC nanowires decorating the
GO surface become much thinner (Figure 2), while the XRD
pattern is largely dominated by a broad peak at ca. 10—15° 26
due the GO support. The intensities of the diffraction peaks
associated with the AgBTC MOF are much lower (worse
signal-to-noise ratio) than in sample GO-AgBTC 1:1 due to
the lower content of the Ag MOF in the composite, but they
can still be clearly distinguished in the diffractogram as broad
bands. The presence of these diffraction peaks demonstrates
that the same (or a similar) MOF structure is formed also in
the most diluted sample, which is supported by the fact that
the same nanowires morphology is observed for both 1:1 GO-
AgBTC and 5:1 GO-AgBTC samples. Conversely, when the
GO-Ag" ratio in the composite decreases to 0.5:1, GO is no
longer able to exert the role of support for the MOF nanowires.
Therefore, large AgBTC plate crystals similar to those in the
pure material are formed in 0.5:1 GO-AgBTC, so the XRD
patterns are also very similar, with only small variations of
relative intensities of some peaks. Note also that in none of the
GO-AgBTC samples it is observed the presence of diffraction
peaks at ca. 38° 20, which would reflect the presence of
metallic silver nanoparticles.

It is therefore clear that the GO-Ag" ratio is a key controlling
factor determining the morphology of AgBTC crystals in the
composite system. According to our XRD and electron
microscopy analyses, the lowest limit to obtain well-dispersed
AgBTC wires wetting the GO surface is a 1:1 GO-Ag" ratio,
although a S:1 ratio affords thinner wires and better
dispersions of the MOF. Therefore, we selected the GO-
AgBTC 5:1 composite to carry out further studies, as described
below.

3.2. Preparation of rGO@Ag Composite by Thermal
Reduction. Upon thermal reduction of pure GO, the
diffraction peak initially displayed at 10.3° 26 is shifted to
22.3° (Figure 1b) and broaden for the rGO material. As a
consequence of the restoration of graphitic structure due to the
reduction of the functional oxygen groups on the material
surface during the thermal treatment applied, restacking of the
material is also promoted during the reduction process,

decreasing the intersheet distance from 0.86 nm obtained for
GO to 0.35 nm calculated for rGO.

In the case of 5:1 GO-AgBTC, thermal reduction brings
about dramatic chemical and morphologic changes, which are
associated with the reduction of the GO support accompanied
by the decomposition of the AgBTC nanowires to generate
silver nanoparticles (AgNPs). Prominent, sharp diffraction
peaks are observed at 26 = 38.1°, 44.3°, 64.5°, and 77.5°,
corresponding to crystallographic planes of face-centered cubic
(fcc) AgNPs (111),(200),(220),and (31 1), respectively
[JCPDS Card No. 07-0783]. Therefore, this composite will be
hereafter referred to as rGO@Ag, which reflects the chemical
changes undergone during the thermal reduction process on
both the support and the silver MOF.

Raman spectra of GO, rGO and rGO@Ag compounds were
further employed to analyze the structural changes in the GO-
based materials promoted by the thermal treatment and to
study the graphitization degree of the graphene oxide materials
(see Figure 3). Characteristic bands around 1345 and 1579
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Figure 3. Raman spectra of rGO (black), tGO@Ag (red), and GO
(inset).

cm™! associated with D and G first order modes in graphene
compounds were found in all cases, together with additional
broader second order modes assigned to 2D (2690 cm ') and
D + G combination band (2924 cm ~').°" Raman spectroscopy
can be used to study the graphitization degree of graphene
oxide materials. The D band is caused by the sp* carbon atoms
vibrations and is related with defects introduced in the
material. Conversely, G band is due to the stretching vibrations
of the sp® carbon atoms present in the hexagonal graphite
domains. The ratio between the intensities of the D and G
band (Ip/I;) is a useful parameter to evaluate the crystallinity
grade of the sample.62 The values obtained for GO, rGO, and
rGO@Ag were 1.07, 0.97, and 0.98, respectively. The lower
values obtained for rGO and rGO@Ag compared to the value
obtained for GO indicate the partial recovery of the graphitic
order after the thermal treatment is carried out. Moreover,
there is not significant difference among the values obtained
for rtGO and rGO@Ag, indicating the predominant effect of
the thermal treatment on the structure of the material
compared to the effect produced by its decoration with the
silver nanoparticles obtained from the decomposition of the
AgBTC MOF. This fact also suggests that no covalent bonds
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Figure 5. FE-SEM images at different magnifications (a, b), and TEM micrograph (c) of -GO@Ag. (d) AgNPs particle size histogram obtained

from the TEM analysis.

exist between the graphene surface and the deposited AgNPs,
but they should rather interact by weak van der Waal forces.®®

Thermogravimetric analysis was conducted to evaluate the
thermal properties of the materials studied. Samples (5—10
mg) were heated under nitrogen atmosphere from 50 to 800
°C at a heating rate of 10 °C min~". GO-based compounds
present three stages of mass loss. (Figure 4a). The first one
occurs at temperatures under 150 °C, and it is related with the
evaporation of the adsorbed and structural water.”* The
second weight loss, between 200 and 300 °C, is associated with
the decomposition of the more labile oxygen-containing
functional groups attached to the material structure.”> Above
this point, the more stable oxygen functionalities were
removed.”® AgBTC presents a slight loss weight at temper-
atures below 100 °C due to the elimination of the adsorbed
water on its surface and a pronounced step around 324 °C

related with the decomposition of the MOF structure.
Concerning the 5:1 GO-AgBTC composite, the TG curve
shows higher thermal stability compared with pure GO, with
an additional weight loss in the range of 324 and 600 °C
caused by the presence of AgBTC in the material. The TG
curves obtained for both materials after the reduction process
(Figure 4b) confirm the restoration of the original graphitic
order. There is not significant mass loss up to temperatures
above 540 °C for rGO and 595 °C for —tGO@Ag. These results
support the success of the reduction process as well as the
improvement effect on the thermal properties of the rGO
material achieved by the thermal decomposition of the AgBTC
precursor onto the rGO surface providing rGO@Ag with a
uniformly dispersed thermally stable layer of carbon-
AgNPs”® coming from the carbonization of the organic
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Figure 6. XPS spectra of rtGO@Ag: (a) survey, (b) C 1s, (c) O 1s, and (d) Ag 3d.

ligand of the MOF as well as from the reduction of inorganic
silver nodes which generate silver nanoparticles on its surface.

Figure 5 shows FE-SEM micrographs corresponding to the
reduced material, rGO@Ag, with different magnifications.
Uniformly distributed AgNPs provided by the decomposition
of AgBTC nanowires decorate the rGO sheets in the porous
structure of the rtGO@Ag material. Color mapping shown in
Supporting Information Figure Sla reveals the distribution of
the C, O, and Ag on the rGO@Ag sheets. Transmission
electron microscopy was further employed to evaluate the
shape and distribution of the resulting AgNPs obtained upon
thermal decomposition of the AgBTC MOF. According to the
TEM micrographs and histogram shown in Figure 5¢,d, rtGO@
Ag displays homogeneous and well-dispersed sphere-like silver
nanoparticles with a mean size around 10 nm covering the
rGO sheets. A small fraction of larger particles (about 5% of
the total; see Figure S1b) are also present in the sample, which
would be responsible for the narrowing of the XRD peaks in
Figure 1b (mean particle size calculated with the Scherrer
equation is 35—40 nm). Interestingly, the stabilizing role of the
GO support and the capping effect of the benzene tricarboxylic
acid linker of the MOF largely prevent the formation of
micrometer sized silver nanoparticles aggregates. The excellent
dispersion of the AgNPs achieved on the rGO surface is clearly
a consequence of the formation of well-defined thin fibers of
the AgBTC precursor, thus evidencing the importance of
controlling the morphology of the MOF by properly selecting
the GO-Ag" ratio used during the synthesis of the composites.

Finally, XPS analysis was used to characterize the evolution
of the surface composition of materials throughout the
synthesis process. Deconvolution of the C 1s spectra for
graphene oxide (Figure S2b) depicts several peaks at 284.60,
285.12, 286.84, and 288.49 eV, attributed to the C—C/C=C,
C-0, C—0-C, and O—C=0 groups, respectively.”” The
intensity of the C=C peak increased upon the GO-AgBTC

synthesis due to the presence of the BTC linker used to
generate the MOF (Figure S3b). However, the intensity of
other peaks corresponding to carbon oxygenated groups of GO
material was practically unchanged after incorporation of
AgBTC. (Figure S3b). Moreover, signals at 368.3 and 374.3 eV
corresponding to Ag 3d;,, and Ag 3ds), (Figure S3a,d)”’ were
also detected in GO-AgBTC nanocomposite. These results
confirm the successful AgBTC formation onto the GO surface.

The XPS spectra of rGO are presented in Figure S4. In the
C 1s region, a great decrease of intensity of peaks associated
with carbon oxygenated groups was observed, indicating
successful reduction of graphene oxide (Figure S4a,b) The
results obtained for rGO@Ag survey spectra (Figure 6a)
confirm the presence of silver in the material, and the relative
intensity ratio between C 1s and O 1s peaks suggest the high
degree of reduction achieved upon the thermal treatment
employed. C 1s spectra of -tGO@Ag (Figure 6b) reflect results
similar to those of rGO with a prominent peak associated with
C=C and a weak presence of the bands corresponding to
oxygenated groups. Peaks at 368.2 and 374.3 eV attributed to
Ag 3d;/, and Ag 3ds,, were assigned to metallic silver. These
results confirmed the successful reduction of GO-AgBTC
nanocomposite by pyrolysis under N, atmosphere, generating
reduced graphene oxide decorated with silver nanoparticles
rGO@Ag.

3.3. Electrochemical Properties. The electrochemical
properties of AgBTC, GO, GO-AgBTC, rGO, and rGO@Ag
were analyzed by cyclic voltammetry using the three-electrode
configuration in 1 M Na,SO, aqueous electrolyte in the
potential window that ranged from —1 to 0 V versus Ag/AgCl,
where silver nanoparticles were stable from oxidation reactions
(Figure S6). First, we confirmed that both AgBTC and GO-
AgBTC samples were stable under the aqueous electrolyte
solution used for electrochemical measurements (see Figure
S6e). Subsequently, a more complete study including charge—
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discharge curves were performed for the rGO and rGO@Ag
materials, which provided better specific gravimetric capaci-
tance values from the cyclic voltammetry results. Figure S6
depicts the voltametric curves measured for GO, AgBTC, and
GOAgBTC. The charge enclosed in the CV curves increase
along with the increasing of the scan rate for all materials
studied. Moreover, GO (Figure S6a) presents a distorted
rectangle shape without any redox peaks, suggesting the typical
double layer capacitive charge storage mechanism.”' Other-
wise, AgBTC (Figure S6b) shows several peaks in the anodic
and cathodic sweeps associated with a pseudocapacitive charge
storage mechanism provided to the redox centers present in
the material.”” In the case of GO-AgBTC (Figure S6c), the
voltametric curves showed features from both GO and AgBTC
behavior. Plots of the specific capacitance calculated from the
voltametric curves as a function of the scan rate are depicted in
Figure S6d. Capacitance values are lower for the unreduced
materials, as was expected due to their lack of conductivity. For
AgBTC and GO-AgBTC, the values are slightly higher than
those of GO, probably due to the pseudocapacitive effect
provided by AgBTC. In addition, better results obtained for
AgBTC-based materials suggest that their porosities are more
accessible than that of GO. Note that when the scan rate is
very low (2 mV/s) and the charge storage mechanism is not
limited by the diffusion process, the capacitance value of GO
exceeds those of AgBTC and GO-AgBTC. However, when the
scan rate increases above 2 mV/s, capacitance values of GO
suffer a pronounced fall due to diffusion limitations.

Figures 7 and S7 show cyclic voltammetry curves for rGO
(a) and rGO@Ag (b). The charges enclosed by the
voltammetric curves decrease when the scan rate increases
from 2 to 200 mV/s. Specific gravimetric capacitance values
obtained by eq 1 for -tGO@Ag and rGO are plotted against the
scan rate (v) in Figure 7c. The specific gravimetric capacitance
decreases when the scan rate increases since, at low scan rates,
both internal and external surface porosity of the sample can
take part in the charge storage mechanism, while at high scan

rates only the external surface porosity of the electrode is
disposable to the charge transfer process. -tGO@Ag displayed
values above those of rGO for the range of all scan rates
studied, yielding the best value of 174.11 F/g at 2 mV/s,
compared with a best value of 142.65 F/g obtained for rGO.
Thus, the enhancement of the charge storage capacity achieved
with the incorporation of the silver nanoparticles onto the GO-
based material is remarkable.

Charge—discharge curves for both materials were also
recorded (Figure 8), and specific gravimetric capacitances
were calculated by eq 2 at different current densities of 0.5, 1,
2, and S A/g in the voltage range from 0.00 to —1.00 V. As it
can be observed in Figure 8, when the current density was
increased, the specific gravimetric capacitance was decreased
for both materials. However, the values obtained for rtGO@Ag
were higher than those obtained for rGO at all current
densities. The best value of 151.97 F/g was achieved for
rGO@Ag at 0.5 A/g versus 105.30 F/g reached for rGO at the
same current density. A comparison of the specific capacitance
obtained for -tGO@Ag composite with other reported rGO-Ag-
based materials is summarized in Table S1, showing the good
performance achieved for the synthesized rGO@Ag material as
supercapacitor electrode. Capacity retention at 1000 cycles was
evaluated at the current density of S A/g (Figure 8 insets in
parts a and b). rGO@Ag showed a capacity retention of
77.08% with a more pronounced decrease of its retention at
the first 400 cycles. Meanwhile, rGO presents a lower capacity
retention of 74.48% at 1000 cycles but it could maintain an
excellent retention capacity of 90.01% up to 800 cycles

To understand the charge storage mechanism of these
materials, a Trasatti’s analysis’> was carried out for ~GO@Ag
and rGO. The total charge stored in an electrode (g,) can be
expressed as a sum of two contributions. The charge stored by
its inner surface (q;), which depends on the diffusion of the
species in the electrode, and the charge stored by the outer
surface (qy) of the electrode, which depends on the scan rate
and is not limited by the diffusion process.
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9, =4, + ¢ (3)

So, a higher value of g, is related with a faster ion charge
transfer kinetics and a more accessible surface porosity.

The total charge stored for the electrode can be expressed as
a function of the scan rate used in a cyclic voltammetry
measurement (v) by eq 4:

9, = g, + kv'"? @)
where k is a constant value determined from the slope of the
plot.

Figure 9a depicts the specific gravimetric capacitance of
rGO@Ag and rGO materials plotted versus v~/ Different
slopes can be distinguished in this graph, which are associated
with different scan rate regions. When the scan rate is below 50
mV/s, the charge storage mechanism is not controlled by
diffusion since ions have enough time to access the inner
porosity of the sample. Therefore, external charge transfer
dominates the charge storage mechanism. Otherwise, when the
scan rate is above 50 mV/s, the ions have no time to reach all
of the inner pores of the sample. In this case, the charge
storage mechanism is controlled by the ions diffusion in the
sample.”"”* Then, the value of g, in eq 4 can be obtained from
the linear extrapolation of the g, plot versus v™/% in this range
of scan rates when the v~/ tends to infinite. On the other
hand, from the plot of the reciprocal of g, versus v'/* shown in
Figure 9b, the value of g, can be obtained by the linear
extrapolation when '/ tends to zero. The value of the qo/q: is
a useful index to evaluate the contribution to the total
capacitance from the external surface of the sample. Values of
45.24 and 73.66% were calculated for rGO and rGO@Ag,
respectively, pointing out to the superior ion accessible surface
for rGO@Ag with respect to rGO.

4. CONCLUSIONS

Herein we have described a method for the in situ synthesis of
silver-containing AgBTC MOF in the presence of GO. We
have found that the GO-Ag" ratio used is of paramount
importance to determine the morphology of the resulting
MOF crystallites. In particular, by adopting a GO-Ag" ratio of
at least 1:1, or preferably S:1, it is possible to prepare GO-
AgBTC composites in which the MOF crystallizes in the form
of individual thin nanowires decorating the whole GO surface.
These GO-AgBTC composites can then be used as precursors
to prepare small (10 nm) and well-dispersed silver nano-
particles incorporated onto a reduced graphene oxide surface
via MOF-mediated synthesis. The presence of AgNPs

prevented the stacking of rGO during the reduction process,
thus improving the electrochemical active surface area of the
electrode materials. Trasatti’s analysis of the charge storage
mechanism offered a 73.66% capacitive charge storage
mechanism for rGO@Ag versus the value of 45.24% obtained
by the same method for rGO. rGO@Ag material showed an
enhanced specific gravimetric capacitance of 151.97 F/g
calculated by galvanostatic charge—discharge curves at 0.5 A/
g, and 174.11 F/g obtained by cyclic voltammetry at the scan
rate of 2 mV/s. From these results, MOF-mediated synthesis
represents an alternative and efficient method to generate
nanoparticles decorated graphene electrodes for their applica-
tion in energy storage field.
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