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Abstract

Reduced graphene oxide (rGO) was synthesized and impregnated with silver and silver/copper for in situ DRIFTS inves-
tigation of ethylene oxidation. The catalysts were characterized using different techniques. SEM micrographs showed that
the metals are dispersed on the rGO surface. XPS results showed the presence of the metallic silver and copper as CuO and
Cu,0 oxides. The in situ DRIFTS showed that in both catalysts the total oxidation of ethylene reaction prevails besides the
intermediate formation of acetaldehyde. The presence of Cu ions or CuO and Cu,O at the surface indicate the presence of
electronic structure, which may enhance the oxidation reaction.
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1 Introduction

Ethylene oxide (EO) is one of the major derivatives of ethyl-
ene. Characterized by a special reactivity, ethylene oxide can
generate a series of fine chemicals for a wide range of appli-
cations. The main use of ethylene oxide is in the produc-
tion of ethylene glycol, the main constituent of engine cool-
ants, and in other diols (or glycols), which are used to make
polyesters [1]. A particularly important class of industrial
reactions involves the selective oxidation of hydrocarbons
over heterogeneous Ag-based catalysts. In terms of scale
and market value, the epoxidation of ethylene to form eth-
ylene oxide is by far the most important industrial catalytic
process performed on Ag catalysts [2]. In the commercial
process for ethylene oxide production, ethylene epoxidation
is performed on silver catalysts. Since the discovery of this
reaction by Lefort, significant efforts have been made to
improve the catalysts used in this process [3]. The unique-
ness of Ag as an ethylene epoxidation catalyst is due to: (i)
Ag-0 bond strength, (ii) chemical nature of adsorbed oxy-
gen species, and (iii) inability of Ag—O to activate the C-H
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bond of ethylene [4]. Studies showed that atomic oxygen is
the active species for the partial oxidation of ethylene. Thus,
the catalyst should be able to dissociate the oxygen mol-
ecule, which can be easily achieved on the transition metals
as well as by Ag and Cu. On metals that do not activate CH
bonds, the surface oxygen has been found to act as a Lewis
base that promotes C—H activation. In the case of ethylene,
it has been proposed that this initiates total combustion [5].

The oxide surfaces are the active phase for the (partial)
oxidation reactions. The presence of subsurface oxygen has
been reported to increase catalyst selectivity even for the
metallic surfaces. The electrophilic nature of bridging oxy-
gen atoms on the Ag,0 surface makes them very selective
for the epoxidation reaction and the possibility of a direct
epoxidation pathway that proceeds through a low activation
energy [2].

Silver and copper exhibit a synergy when alloyed together
and used to catalyze ethylene epoxidation. The addition of a
small amount (< 1%) of Cu to Ag catalysts gives rises to an
increase in epoxide selectivity of about 50%. Metallic AgCu
alloys should be more selective to epoxide because the energy
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barrier to form epoxide should be lower than the barrier to
form the aldehyde (which leads to total combustion) [7]. Bime-
tallic catalysts have been studied and applied in the ethylene
epoxidation, with emphasis on catalysts based on copper and
silver. Jankowiak and Barteau [6] studied the monometal-
lic silver and bimetallic Ag—Cu catalysts, indicating that the
bimetallic catalyst was more selective for the ethylene oxide
formation when compared to pure silver catalyst. Greiner et al.
[7] showed in their work that the unsupported alloy AgCu
with copper (less than 1% by mass) favored the selectivity of
the partial oxidation of ethylene, and that the cooper oxide is
stable, compared to the silver oxide. They observed that cop-
per segregated to form an oxide overlayer. The AgCu alloy
exhibited higher ethylene oxide when compared to the isolated
Ag and Cu.

Several catalysts based on graphene have been developed
and applied in numerous catalytic reactions, such as oxygen
reduction reaction (ORR) [8, 9], Fischer—Tropsch synthesis
(FTS) [10, 11], CO, reduction [12, 13], water splitting [14,
15], selective hydrogenation [16—18], NO, abatement [19-21],
catalytic purification of VOCs [22, 23] and waste water treat-
ment [20, 24]. According to Ramakrishnan et al. [25] because
graphene has high surface area, unique graphitized plane and
high electrical conductivity. Significant is that the addition of
nitrogen atom into reduced graphene oxide (rGO) improves the
catalytic activity because of the high electron-transport kinet-
ics and the ability to prevent the agglomeration of nanoparti-
cles on the substrate. The promising and exciting results make
the graphene-based catalysts to be considered as the future
revolutionary materials in catalysis [26].

Graphene is thus considered as one of the most promising
materials in a wide range of applications [27-30]. Given the
large specific surface area, two-dimensional structure, fac-
ile decoration and high adsorption capacity, its use has been
extensively investigated in catalysis [27, 32]. The graphene
can be used like active phase or as support for metals and
metal oxides [29, 33, 34]. The structure characteristic makes
graphene highly desirable for the potential application to act
as a two-dimensional support for metallic nanoparticles with
high dispersion [26, 35]. In addition, the local conjugate struc-
ture gives the graphene an improved adsorption capacity with
respect to the substrates in the catalytic reaction [36]. In the
present work, we present the synthesis and characterization of
silver and silver/copper supported on graphene and the in situ
DRIFTS analyses of the ethylene oxidation reaction.

2 Experimental Section
2.1 Materials

Graphite powder was supplied by Nacional de Grafite Ltda
(Brazil). Potassium permanganate (KMnO,) was purchased
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from SIGMA-ALDRICH. Concentrated sulfuric acid
(H,SO,), hydrochloric acid (HCI), cupric nitrate tri-hydrate
(Cu(NO3),.3H,0), silver nitrate (AgNO;) and hydrogen
peroxide (30 wt%) were purchased from VETEC Quimica
Fina Ltda. All chemicals were used as received without any
further purification.

2.2 Synthesis of Graphene Oxide

Graphene oxide (GO) was prepared from graphite, according
to modified Hummer’s method [37]. First, 12 g of graphite
powder were dissolved into 280 mL of concentrated sulfuric
acid solution under stirring speed of 500 rpm in ice bath.
Then, 36 g of potassium permanganate was slowly added
into the mixture under stirring, while the temperature was
kept at lower than 20 °C and subsequently heated up to
40 °C for 2 h. Then, 600 mL of distilled water was added
slowly, and the solution was heated to 95 °C under stirring
for 15 min. Next, distilled water (2000 mL) was diluted
to the mixture and then 60 mL of hydrogen peroxide was
slowly added into the suspension under stirring (500 rpm),
turning the color of the solution from dark brown to caramel.
After that, the supernatant was decanted away and the solid
obtained was then washed with water and diluted HCI (10%).
The product GO was collected by centrifugation and washed
with distilled water several times until neutral pH and finally
dried at 60 °C for 24 h to produce the GO.

2.3 Synthesis of Reduced Graphene Oxide

The reduced graphene oxide (rGO) was prepared by the
thermal method. The final GO was thermally treated under
air flow up to 300 °C with a heating rate of 30 °C/min. The
rapid temperature increase makes the oxygen-containing
functional groups attached on carbon plane decompose into
gases (CO, and CO) and water vapor [38]. The rapid release
of these gases increases the internal pressure of the struc-
ture, resulting in exfoliation of graphite oxide, forcing the
layers to separate. After exfoliation, a significant increase in
solid volume occurs. Then, the temperature was increased
up 500 °C under He flow and heating rate of 10 °C/min to
obtain the reduced rGO.

2.4 Synthesis of Supported Ag and Ag-Cu/Reduced
Graphene Oxide Catalysts

The Ag/rGO and Ag—Cu/rGO catalysts were synthesized
by incipient wetness impregnation method. The solution
of AgNO; was prepared and added slowly to the graphene
(rGO) support. After impregnation, the sample was dried
at 110 °C overnight, followed by calcination at 300 °C
in nitrogen for 1 h. The catalyst was named as Ag/rGO.
Subsequently, copper was impregnated over the Ag/rGO
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catalyst, using Cu(NO;),.3H,0 as precursor salt, dried and
calcined similarly. The nominal loadings of silver and cop-
per were 10 and 5 wt%, respectively. The bimetallic cata-
lyst was named as Ag—Cu/rGO.

2.5 Characterizations

X-ray powder diffraction (XRD) analysis was carried out
in Rigaku Miniflex diffractometer in air at ambient condi-
tions using CuK, (A =1.5406 A) as radiation source. The
working voltage was 20 kV and the current of 15 mA.
XRD data were collected in the 20 range from 5 to 90°
with 0.05° a step size and 1 s counting time per point
in continuous scan mode. Crystal phases were identified
by using JCPDS (Joint Committee on Powder Diffraction
Standards) database. The mean crystallite sizes of differ-
ent phases were estimated by using the Scherrer equation.

In order to characterize the thermal stability and the
loading amount of metal dispersed in graphene, the
thermogravimetric analysis (TGA) was carried out on a
Hitachi equipment, model STA7300. TGA curves were
obtained under nitrogen and air gas flow (80 mL/min) at a
heating rate of 10 °C/min from 30 to 1000 °C.

Textural properties were obtained by N, adsorption/
desorption isotherms at liquid nitrogen temperature
(=196 °C), using a Micromeritics ASAP2010 instru-
ment. The samples were previously degassed under high
vacuum at 200 °C overnight in order to remove adsorbed
species. The specific surface area was calculated using
the Brunauer—-Emmett-Teller (BET) method in a relative
pressure range of 0.05-0.3. The pore size distributions
were determined from desorption branches by the Bar-
rett—Joyner—Halenda (BJH) method.

The morphology and microstructure of the catalysts
were examined using a QUANTA FEG 400 scanning
electron microscope (SEM) with acceleration voltage of
30 kV and HELIOS NanoLab DualBeam G3 CX. Elemen-
tal mappings were obtained with energy dispersive X-ray
spectroscopy (EDS) attached to SEM. For sample prepara-
tion, the powders were dispersed on a double-sided adhe-
sive carbon tape, previously adhered in the sample holder.
Scanning transmission electron microscopy (STEM) anal-
ysis were performed on JEOL 2100F at an accelerating
voltage of 200 kV.

The surface chemical state of the atoms and their relative
abundance were evaluated by X-ray photoelectron spectros-
copy (XPS) using Escalab 250Xi Thermo Scientific spec-
trometer with a monochromatic AIK  (1486.6 eV) X-ray
source. The XP spectra were acquired at constant analyzer
energy mode (CAE) with pass energy of 100 eV for survey
and 25 eV for high resolution. The C 1 s signal at 284.6 eV
was the binding energy reference.

2.6 Insitu Diffuse Reflectance Infrared Fourier
Transform Spectroscopy (DRIFTS)

DRIFTS measurements were performed on a Nicolet spec-
trometer (Nexus 470 model) equipped with a MCT detec-
tor cooled by liquid nitrogen. Before the measurement has
been performed, the catalysts were pretreated under flowing
mixture of 5 vol% O,/He (30 ml/min) at 350 °C (for Ag/rGO
catalyst) and 280 °C (for Ag—Cu/rGO catalyst) for 2 h [39].

After cooling down to room temperature, a background
spectrum was collected for spectrum correction. Subse-
quently, the reaction mixture (20 vol% C,H,+5 vol% O, in
He balance) was introduced in the DRIFTS cell at atmos-
pheric pressure. The spectra were collected at 25, 100, 250,
300 and 400 °C (for Ag/rGO catalyst) and 25, 100, 240, 280
and 320 °C (for Ag—Cu/rGO catalyst) in the 3500-600 cm™!
range operating at a resolution of 4 cm™!. Backgrounds were
collected at desired temperatures after 10 min to allow equi-
librium at that temperature. Difference spectra were obtained
by subtracting the background from the subsequent spectra.
KBr beam splitter was used to obtain spectra in the range of
3500-600 cm™".

3 Results and Discussion

Information about crystal structure and phase formation was
obtained by XRD measurements [29, 40]. The XRD patterns
of natural graphite and GO are illustrated in Fig. S1 (sup-
plementary information, SI). The natural graphite exhibited
a high crystalline degree with a strong and sharp peak about
20=26° corresponding to (002) crystal planes with an inter-
layer spacing of 3.36 A, indicating that the spatial arrange-
ment of graphite crystal layers is extremely regular [41].
On the contrary, the crystalline degree of GO is relatively
low with a broad peak about at 20=11°, corresponding to
an interlayer spacing of 8.32 A. This increasing interlayer
spacing is due to introduction of oxygen functional groups
between graphite layers during the oxidation process [42].
XRD diffraction for catalysts and rGO support are shown
in Fig. 1. All patterns showed a broad signal located at
20 =25.5° characteristic to rGO (002) crystalline plane of
the hexagonal structure [43], corresponding to an interlayer
distance of 3.47 A. No remaining peaks of graphene oxide
were observed, confirming successful reduction of GO to
rGO. The Ag/rGO and Ag—Cu/rGO catalysts showed very
similar XRD patterns, with peaks located at 20 =38, 44.2,
64.5, 77.5 and 81.6°, corresponding to the (111), (200),
(220), (311) and (422) crystal planes of face-centered-cubic
structure of Ag (JCPDS card n°. 04 0783), respectively, indi-
cating the formation of metallic Ag on rGO support. Since
diffraction no peaks of copper species were detected, one
can assume that these species are highly dispersed over rGO
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Fig.1 XRD patterns of rGO, Ag/rGO and Ag—Cu/rGO samples

surface. The crystallite size of Ag on rGO was estimated
by the Scherrer equation from the (111) crystalline plane
and was found to be around 16 and 17 nm for Ag/rGO and
Ag—Cu/rGO catalysts, respectively.

Figure 2 displays the N, adsorption—desorption isotherms.
As seen, all cases are characterized by type IV isotherms,
according to IUPAC classification [44], characteristic of sol-
ids containing mesopores. In addition, all hysteresis loops
are similar to type-H3, within P/P, range of 0.3-0.9, and
indicate the formation of mesoporous structures with slit-
shaped pores arising from the loose aggregation of sheet-like
particle and is common for carbonaceous material [43]. The
pronounced hysteresis in case of rGO implies the presence
of a more extensively developed pore network. On the other
hand, the natural graphite (Fig. S2, SI) exhibited type II
isotherms, revealing the no-porous nature of this material.

The textural parameters derived from N, physisorption
are summarized in Table 1. The results demonstrate that
the surface area of rGO increased significantly compared
to graphite precursor (from 12 to 481 m?/g). This increase
is attributed to an increasing disorder caused by the oxida-
tive treatment and its subsequently thermal exfoliation at
high temperatures [43]. Notably, the rGO prepared in the
present work exhibited a high value of BET surface area
(481 m2/g, Table 1), which is comparable to literature [45].
These results are consistent with the XRD analyses. In fact,
the rGO has highly porous structure with defects. The tex-
tural properties of the Ag/rGO and Ag—Cu/rGO catalysts are
presented in Table 1. After impregnation of the metals (Ag
and Cu) there is a substantial decrease of the BET surface
area (Sggr) and of the total pore volume (V,,;), which can
be attributed to the partial pore plugging of rGO mesopores
by larger Ag particles (16 and 17 nm).

The thermal stability of the catalysts and of the support
under air atmosphere was examined by TGA and the results
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Fig.2 Nitrogen adsorption—desorption isotherms of the catalysts and
support

are shown in Fig. 3. A typical TGA curve of graphene with
three events was obtained. The initial weight loss up to
100 °C for rGO is attributed to the removal of adsorbed
water. The small weight loss between 150 and 450 °C can
be ascribed to the decomposition of the oxygenated func-
tional groups (epoxy, carbonyl, hydroxyl, carboxyl) in the
support. It indicates a successful reduction process (func-
tional groups are evidenced by XPS analysis), which are in
accordance with XRD measurements and confirm that the
functional group inserted in graphite structure was efficiently
removed during the reduction process. The weight loss at
around 450 °C in rGO is related to the decomposition of
carbon skeleton [38]. Similar TGA decomposition profile
was obtained for the Ag/rGO catalyst, however the decom-
position of the rGO began at lower temperature (around
400 °C) and its total decomposition was reached at 500 °C,
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Table 1 Textural properties a b d e
obtained by N adzori;tion— Catalyst SB%T -1 Scxi -1 tha%l C—l Vmc§° -1 D Mes-
) 2 (m”g™) (m”g™) (em’g™) (em” g™) (A) oporo-
desorption measurements sity'
(%)

Graphite 12 8 0.04 0.03 133 75
rGO (support) 481 295 1.42 1.33 107 94
Ag/tGO 239 97 0.19 0.13 64 68
Ag—Cu/rGO 153 66 0.15 0.11 81 73

“Derived from the BET model
Derived from the t-plot

“Derived from single point measured at P/P,=0.96

4Determined by total volume minus micropore volume

“Desorption average pore diameter

fPercentage of V.,

to the total pore volume (V.

1004 GO Table 2 Residual mass
— Ag/rGO
— Ag-CwrGO Catalyst Residual mass after TGA (%) Ag
~ 804 loadings
X
< (Wt%)?
2 0
= 60 GO 2.9 -
@) 20 AghGO 12.6 9.7
§ Ag-Cu/rGO 12.8 9.9
201 “Determined by residual mass of catalyst minus residual mass of sup-
port
0

1200 400 600 800
Temperature (°C)

Fig.3 TGA curves and residual mass of the catalysts and support

a difference of approximately 100 °C below that obtained for
pure rGO. In the case of Ag—Cu/rGO catalyst, the decom-
position of the rGO carbon began earlier (at 280 °C) and its
complete decomposition occurs at 400 °C. According to our
results, the decomposition of rGO is much more sensitive
in the presence of copper. These results reveal a significant
effect of the high dispersed Cu species on the decreasing
temperature decomposition of rGO. These observations are
in accordance with those reported in the literature [46].
The Ag contents in the Ag/rGO and Ag—Cu/rGO cata-
lysts were determined by TGA results by the weight loss
difference between support and catalyst (see Table 2)
[47]. The residual mass (a plateaus on the TGA curve) is
related to the metal contents in the catalysts. TGA results
(Fig. 3) showed that the Ag loading over the rGO support
for Ag/rGO and Ag—Cu/rGO catalysts were 9.7 and 9.8 wt%,
respectively, which was very close to the targeted nomi-
nal value of 10 wt% for Ag. However, copper presents an
excess of ~5 wt%, which suggests that the rGO decomposes

at lower temperature due to the catalytic effect of dispersed
Cu on the graphene.

The structural analysis of the catalysts and support were
examined by SEM micrographs, as shown in Fig. 4. SEM
images reveal that the rGO exhibits a typical morphology
with thin sheets structure and highly wrinkled with a few
aggregated randomly layers [48]. Generally, in the absence
of external forces, the individual sheets prefer to stack to
form closed structures in order to decrease the number of
dangling bonds and the total energy of the system. The metal
particles exhibited a poor distribution on rGO surface and
varied sizes for both Ag/rGO and Ag—Cu/rGO catalysts.

EDS elemental mapping confirms the composition and
shows the distribution of various elements on the rGO sup-
port [29-31]. The elemental distribution map of the Ag/rGO
and Ag—Cu/rGO catalysts on the selected area is presented
in Figs. S3 (SI) and S4 (SI), respectively. For the Ag/rGO
catalyst it is possible verify the existence of domains of Ag,
due to its distribution relatively non-uniform. In contrast,
the mapping of Ag—Cu/rGO catalyst revealed that Ag and
Cu elements are uniformly distributed over graphene sheets.
This finding reinforces that Cu is well distributed and was
not detected by XRD (Fig. 1). STEM images of catalysts Ag/
rGO e Ag—Cu/rGO and EDS elemental mapping of the Ag/
rGO are presented in Fig. S5 (SI).
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Fig.4 Representative SEM
images of catalysts and support
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The surface chemical composition and surface electronic
state of the catalysts were evaluated in more details by XPS
measurements [29, 30, 40]. The XP spectrum of the rGO
is shown in Fig. S6 (SI). As seen, the Cls spectrum was
decomposed into four contributions from 280 to 292 eV. The
main peak at 284.8 eV was attributed to the sp? carbon of
the aromatic rings of the rGO structure (C—-C/C=C) [49].
Two other components centered at 286.3 and 288.4 eV were
associated with C-OH and COOH groups, respectively [49].
They could be attributed to the presence of oxygenated func-
tional groups remaining on rGO surface after reduction of
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GO, which is consistent with TGA results shown before. The
other peak located at 291.2 eV was associated to a satellite
peak (n — 7*), indicating the delocalized conjugation &, a
characteristic of the aromatic carbon structure restored dur-
ing the reduction [50]. The survey spectrum and the high-
resolution XP spectra of Ag 3d, Cu 2p and C 1 s regions for
Ag—Cu/rGO catalyst are displayed in Fig. 5. As expected,
the survey scan exhibited clearly the predominant peak of
carbon (C1s) and a minor (O1s), Ag (3d) and Cu (2p) in the
range of 0—1200 eV. No extra peak related with any impuri-
ties was detected.
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Consistently, two peaks are observed for Ag 3d, with
one peak at 368.4 eV corresponding to Ag 3d;,, and the
other peak at 374.4 eV, associating to Ag 3ds,,, as expected
for metallic Ag [51]. Moreover, the energy difference (AE)
of the 3d doublet is 6.0 eV (Fig. 5) and confirms the pres-
ence of metallic silver in the Ag/rGO catalyst [51]. These
findings indicate a similar oxidation state of the atoms on
the surface and in the bulk (as evidenced by XRD analysis)
and exclude the existence of Ag™ and Ag>* species in the
Ag—Cu/rGO catalyst. It is noteworthy that both peaks have a
small shift toward higher energy level compared to the typi-
cal Ag 3d peaks of Ag element, suggesting the interaction
between graphene and Ag particles that leads to a decrease
in the electron density of Ag atoms, probably due to the
conjugation between the d orbital of Ag atom and = bond
of graphene [51].

The spectrum relative to the copper exhibited two pre-
dominant peaks at 934.2 and 954 eV, which is associating
with Cu 2p;,, and Cu 2p,, respectively. These binding
energies are indicative of the existence of Cu species in the
form of bivalent state as CuO [48]. As well, two relatively

S6, SI). The XP spectra of Ag/rGO catalyst are illustrated
in Fig. S7 (SI). No significant differences of these spectra
compared to the XP spectra of the Ag—Cu/rGO catalyst
(Fig. 5) was observed, except in relation to the presence
of copper.

Table 3 summarizes the quantitative analysis of the sur-
face components obtained by XPS analyses. All materials
are composed mainly of carbon (79-82 at.%) since it is
the main constituent element of graphene’s hexagonal net-
work. A significant oxygen amount (17-18 at.%) was also
identified on the surface due to residual oxygen groups
not removed during the reduction process. The C/O ratios
of both catalysts were very similar to those observed for
the rGO support. Both catalysts exhibited a similar Ag
content (see Table 3), which is lower than the obtained by
TGA (bulk analysis), suggesting that metallic Ag is mainly
dispersed in the bulk phase. In contrast, the surface copper
content of the Ag—Cu/rGO is 1.9 at.%, which suggests the

Table 3 Relative percentages of the different elements on the surface

weak peaks are also observed at approximately 932.4 (Cu Catalyst Surface composition (at.%) Molar ration
2ps;,) and +951.9.eV (Cu 2p,,), respectively, being attrib- Ag3d Cuzp Cls Ols CO
uted to Cu™ species as Cu,O [48]. The XPS results confirm
the existence of Cu species (highly dispersed) not detected GO - - 823 177 46
by XRD analysis (Fig. 1). The spectrum of carbon was fit-  Ag/rGO 0.7 - 814 179 45
ted using four peaks very similar to the rGO support (Figs.  Ag-CurGO 0.6 L9 795 1713 46
Fig.5 Survey XP spectrum and _ ” 184
high resolution XP spectra of C Ag-CurGO 5 Cls 818
1's, Ag 3d and Cu 2p for Ag—
Cu/rGO catalyst —~ » —~
=3 ($\31~ — =]
8 5 ? 8
wn o wn
o
S 2 S
I
1200 1000 800 600 400 200 0 296 202 288 284 280
Binding Energy (eV) Binding Energy (eV)
Ag3d 3d,, (368.4) Cu2p 934.2
| 954.0
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3 =
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Fig.7 DRIFT spectra of Ag—Cu/rGO catalyst during ethylene oxida-
tion reaction

Cu species tend to disperse on the surface. This is sup-
ported by XRD and EDS analyses.

3.1 In Situ DRIFT Spectroscopy

The in situ DRIFTS experiments were performed with
oxygen and reactant mixture (C,H, + O,) on the Ag/rGO
and Ag—Cu/rGO catalysts after pretreated at 350 °C (for
Ag/rGO catalyst) and 280 °C (for Ag—Cu/rGO catalyst),
rising the temperature from RT up to 450 °C (for Ag/rGO
catalyst) and 320 °C (for Ag—Cu/rGO catalyst). Figures 6
and 7 displayed the adsorption bands ascribed to different
compounds, according to the literature [52-56].

The reported spectrum for ethylene gas-phase presents
a strong band at 900 cm™' due to the H-C—H out of plane
wagging, a weak absorption band at 1400 cm™! from
H-C—H scissoring and at 3100 cm™!, assigned to the C-H
asymmetric stretching [57]. Our spectra showed a strong
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band at 940 cm~! and weak bands around 3100-2900,
1500-1400 and 1000-890 cm™'. The CO, appears between
2370 and 2330 cm™~!. One band in the same region of gas-
eous CO, (2350 cm™}) is attributed to CO, adsorbed on
Ag atoms.

The spectra of Ag/rGO catalyst show that the band
corresponding to the ethylene gas-phase at 1400 cm™!
that decreases at 250 °C, appearing new bands at 2370
and 2330 cm™! (corresponding to gaseous CO,) and at
2350 cm™!, assigned to CO, adsorbed on silver oxide. No
bands corresponding to the ethylene oxide (1245 cm™')
were observed. The CO, bands disappeared at 300 °C.
However, at higher temperature (400 °C) the CO, bands
reappeared, indicating the degradation of the support
(rGO), in accordance with TGA (Fig. 3) results.

The spectra of the Ag—Cu/rGO catalyst exhibit also the
bands assigned to gaseous CO, (2370 and 2330 cm™") and
CO, adsorbed on silver oxide (2350 cm™"), appearing just
at 240 °C. However, with increasing temperature the band
of the adsorbed CO, decreases, while the band assigned
to gaseous CO, increases, which indicates degradation of
the rGO support, confirming the TGA (Fig. 3) results pre-
sented before.

These results indicate that the consumption of ethylene
favored the formation of CO,, which indicates prevailing
reaction of total oxidation:

C,H, + 30, - CO, + H,0

However, another band was observed at 1043 cm™!

which is assigned to acetaldehyde formation, probably due
to the isomerization of ethylene oxide to acetaldehyde,
occurring predominantly at the surface of the support and
decomposes [27].

According to the literature [10, 35] C,H,O can be
formed on the hydroxyl containing support and is imme-
diately isomerized to acetaldehyde. According to the
FTIR analysis (Fig. 8), the rGO has oxygenated functional
groups in its structure.

The infrared spectrum of the rGO showed a broad and
intense band between 2900 and 3600 cm™! attributed to the
stretching vibrations of the OH group. In this band there
would be superposed OH groups of alcohols, phenols, car-
boxylic acids. Carboxylic acids are also represented by a
small band at 1730 cm™! associated with the stretching of
the C =0 bond. Another band around 1400 cm™! is due to
the angular deformation in the OH connection plane. The
band at 1230 cm™! represents the stretching modes of the
epoxide group (C—-O—C), while the band at 1050 cm™! is
characteristic of vibrations of the alkoxide group (C-O)
[58].

According to the literature [10, 35] C,H,O can
be formed on the hydroxyl containing support and is
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immediately isomerized to acetaldehyde. It seems that the
oxidation of ethylene enables the formation of the interme-
diate acetaldehyde and suggests that if any ethylene oxide
was formed can quickly be isomerized to acetaldehyde
since the rGO contains functional groups at the surface.

Ethylene reacts with hydroxyls and [O] present on the
surface of the support from the rGO synthesis process,
resulting in acetaldehyde as a product. This acetaldehyde is
decomposed to CO, and H,O, products of the total oxidation
of ethylene.

C,H, + [OH] - H,0 + 2C + 2H,
C,H, + 1,0, - CH;CHO - 2CO, + 2H,0

C,H, + [0] » CH,CHO — CO, + H,0

It seems that the oxidation of ethylene enables the forma-
tion of the intermediate acetaldehyde and suggests that if
any ethylene oxide was formed can quickly be isomerized
to acetaldehyde since the rGO contains functional groups
at the surface.

The literature reported high selectivity to ethylene oxide
on Ag supported on alumina and promoted by Cs with low
contents that affects the surface properties of the support.
In general, Ag supported on silica or alumina present poor
activity and high selectivity [33]. The literature affirm that
the metallic Ag is responsible for the epoxidation reaction.
Since graphene is an inert material the metal should be
responsible for the epoxidation reaction. However, XPS
results showed that there are isolated or dispersed ionic
Cu species on graphene and over the metallic Ag. There-
fore, the dispersed Cu ion species indicate the influence

of electronic structure on the reaction, and according the
in situ DRIFTS results enhances the total oxidation reac-
tion with intermediate acetaldehyde formation and then
total oxidation and not the partial oxidation reaction. It
seems that to favor the partial oxidation the support plays
an important role. In fact, our previous work for Ag/Al,O4
showed through DRIFTS results the preferential partial
oxidation reaction, confirming our proposal.

There are possible scenarios for depicting the role of Ag
and with the addition of Cu for the epoxidation reaction.
According to Kokalj et al. [59], there is a stronger O sur-
face bonding to the C surface bond. The transition state of
the intermediate to acetaldehyde is stronger on the Cu—O
than on the C-Cu bond, favoring the epoxide. The O-Ag
bond presents lower barrier to aldehyde and thus favor the
epoxide selectivity. In the Ag—Cu/rGO system the oxygen
atom of the intermediate oxametallacycle intermediate is
bound on both Ag and Cu, and the C atom of this inter-
mediate specie bond only to Ag. On the other hand, since
Cu is dispersed over the surface or coated as segregated
phases Cu,0/CuO, while Ag are isolated atoms, it favors
the total oxidation, because during the decomposition of
C,H, into C and H, these C are linked to the Cu species,
while the dissociated O, over the metallic Ag particles.
The reaction occurs preferentially between the C and the
molecular oxygen and due to the poorer dispersion of Cu
species on bigger Ag particles the epoxidation reaction is
not favored, which explains the lower activation.

It seems that the reaction mechanism on Ag and Ag—Cu
on graphene are different, because the O, dissociation bar-
rier and activation energy for ethylene transformation are
lower for the Ag—Cu than on Ag. Therefore, the adsorption
on Ag—Cu supported on graphene indicate intermediate
species of ethylene adsorbed on Cu species and not on
Ag, as evidenced by IR spectra, through the presence of
ethylene oxide, acetaldehyde and CO,.

From these results we can suggest two possible surface
mechanism (Scheme 1). One, assuming that ethylene is
dissociated on Cu species, with the formation of C, that
reacts with the molecular oxygen, favoring the total oxida-
tion and that Ag is not active. The second possibility, is
that besides the dissociation of ethylene on Cu species, the
oxygen dissociates at the surface of Ag particles and since
Cu species are dispersed on Ag particles, it is that the dis-
sociated oxygen can react with the ethylene intermediate
species, like ethylidene species, as suggested by Somorjai
et al. [60] favoring the epoxidation reaction with the for-
mation of ethylene oxide at temperatures between 200 and
280 °C. Therefore, Cu can promote the epoxidation due
to the higher dispersion on Ag surface over the graphene.
Moreover, graphene is inert and dispersed well the Cu
species at the surface, not interacting with Ag. Bigger Ag
particles on graphene favor the total oxidation. Indeed,
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Scheme 1 Possible reaction C H — 2H _

mechanisms of ethylene oxida- 2712 C2H2 H2

tion at the surface of Ag/rGO 11

and Ag—Cu/RGO catalysts (I) C+ 02 — C02 ( ) e 02 C2H4o

additional experimental work is necessary to identify the
structure giving rise to these spectroscopic results.

4 Conclusion

Defects are observed in the regular hexagonal structure of
the graphene sheet after the oxidation process of graphite
and exfoliation and reduction of graphite oxide. Wet impreg-
nation proved to be an efficient method for the preparation
of the silver and silver—copper supported in the rGO. The
metals were dispersed and varied in size on the rGO surface.
XPS results showed the presence of the metallic silver and
the copper as the CuO and Cu,O oxides, being CuO as major
content. The presence of the metals on the surface of the
rGO reduced its thermal stability in the presence of O,. The
in situ DRIFTS results showed total oxidation of ethylene
and intermediate formation of acetaldehyde that is decom-
posed. The presence of Cu ions or CuO and Cu,O at the
surface indicate the presence of electronic structure, which
may enhance the oxidation reaction and the total oxidation.
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