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Abstract

The importance of electronic and chemical properties of nitrogen-doped reduced
graphene oxide (NRGO) has attracted more attention in recent years. Various car-
bon-nitrogen bonds with different chemical properties are formed in the process of
nitrogen doping (N-doping) of reduced graphene oxide, such as pyrrolic-N, pyri-
dinic-N, and graphitic-N. These types of carbon—nitrogen bonds in the structure are
distinctly effective when they are used as catalyst support. This study reveals that
various types of carbon—nitrogen bonds of the support affect activity and selectivity
of hydrogenation of cinnamaldehyde to hydrocinnamaldehyde reaction differently
by palladium active phase. The catalyst supports were synthesized with thermal
treatment at three different heat treatment and atmosphere procedures, i.e., 500 and
900 °C, in the presence of ammonia diluted with argon. Various procedures led to
different types of carbon—nitrogen bond and different quantity of nitrogen doping
of the support. Following the support synthesis, palladium active phase was depos-
ited on the support by an incipient wetness impregnation method. The catalysts were
characterized by ICP-OES, XPS, elemental analysis, Raman spectroscopy, FESEM,
BET, TPD, TPR, CO chemisorption, and HRTEM. The characterization results
showed that Pd dispersion and its size distribution were affected by the quantity and
the type of carbon—nitrogen species of the support. The pyridinic nitrogen, as elec-
tron acceptor species, seems to have a positive impact on a more uniform distribu-
tion of Pd. The catalytic activity was evaluated in a high-pressure bubble column
reactor. In this work, the catalyst containing 4.5 wt% Pd supported on NRGO with
2.4% nitrogen and treated at 500 °C showed a maximum conversion of about 98%
with high selectivity (96%) for the reaction.

Keywords Reduced graphene oxide - N-doping - Palladium - Cinnamaldehyde -
Hydrogenation

< Yadollah Mortazavi
mortazav @ut.ac.ir

Catalysis and Nanostructured Materials Research Laboratory, School of Chemical Engineering,
College of Engineering, University of Tehran, P.O. Box 11155/4563, Tehran, Iran

@ Springer


http://orcid.org/0000-0002-7581-5023
http://crossmark.crossref.org/dialog/?doi=10.1007/s11164-020-04372-9&domain=pdf

1430 R. K. Abasabadi et al.

Introduction

Selective hydrogenation of a, f-unsaturated aldehydes is one of the most critical
and challenging reactions among the research groups both in academia and indus-
tries [1, 2]. Cinnamaldehyde (CMA) hydrogenation is reported as a typical model
for selective hydrogenation of C=C and C=O0 [3]. In recent years, many stud-
ies have reported that CMA hydrogenation produces fine chemicals using vari-
ous catalysts under different conditions [4]. Hydrogenation of C=C to produce
hydrocinnamaldehyde (HCMA) is an essential process in the pharmaceutical
industries, especially producing HIV medicine [5]. The main goal in the reaction
is to achieve a high selectivity of the desired product, i.e., HCMA [6].

Several factors, such as supports properties, the electronic and surface chem-
istry, the nature of the metallic phases, and size of metal active phase, can sig-
nificantly affect the catalytic performance. Therefore, choosing a suitable metal,
support, and a proper synthesis method can considerably increase both activity
and selectivity of the reaction [6, 7]. Many noble metals have been used as active
phases to activate the double bonds in CMA. The selectivity of the reaction has
been studied by various research groups using different metals. It has been shown
that the selectivity of metal active phase for hydrogenation of C=C bond toward
formation of HCMA follows the sequence of Os <Ir<Pt<Ru<Pd. Palladium
catalyst is recognized as the most prevalent metal in this process [8, 9]. Further-
more, supports with increased specific surface area and appropriate dispersion of
the active metal play a vital role in the activity and selectivity of hydrogenation,
which is related to the interaction between the metal particles and the support
[10, 11].

Graphene is considered as a suitable supporting substance for noble metal cata-
lysts owing to its two-dimensional nanosheet structure. Presenting a large surface
area, high electric conductivity, and high mechanical strength make it a proper can-
didate for dispersion of metal nanoparticles [12]. Nevertheless, weak interaction
between graphene and metal may lead to less-uniform dispersion of metal active
sites and aggregation of metal particles which in turn results in weak catalytic
performance in the course of reaction [13]. Therefore, some factors related to the
structure of graphene may be tuned in such a way that the metal-support interac-
tion modified. Nitrogen doping (N-doping) is considered one of the feasible routes
for modification of graphene properties. This route has received more attention in
recent studies [14, 15]. N-graphene is not the same as pristine graphene with respect
to different properties. The nitrogen-containing functional groups can take part in
catalytic reactions, including the oxygen reduction reaction or anchoring the metal
nanoparticles used in the catalytic reaction [16, 17]. The usual bonding of N-doping
in a specific carbon matrix includes pyrrolic-N, pyridinic-N, and graphitic-N forms.
Graphitic-N atoms substitute carbon atoms in carbon planes, while pyridinic-N
atoms are situated at the edges in vacant spaces of the graphitic carbon layers, and
pyrrolic-N atoms are placed in the pentagonal ring structures [18, 19].

In the present study, Pd nanoparticles were prepared through an incipient wet-
ness impregnation method and were immobilized onto nitrogen-doped reduced
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graphene oxide (NRGO), which was synthesized by a common source of nitro-
gen, namely ammonia (NHj;), and tested for the selective hydrogenation of CMA.
The results of this study demonstrate the effects of N species on dispersion of the
metal and consequently on catalytic performance, i.e., activity and selectivity, for
this hydrogenation reaction.

Experiments
Materials

Materials including graphite microparticles (<50 pm), sulfuric acid (98%), phos-
phoric acid (85%), potassium permanganate (98%), hydrogen peroxide (30%),
hydrochloric acid (37%), ethanol (99.9%), palladium (II) chloride (99%), sodium
borohydride (96%), cyclohexane (99%), and cinnamaldehyde (95%) were purchased
from Merck (Darmstadt, Germany).

Catalyst preparation
Supports synthesis

According to the improved hummers’ method for preparing graphene oxide (GO)
[20], a mixture of concentrated H,SO,:H;PO, (45:5 mL) was added to a mixture
of graphite flakes (1.0 g) and KMnO, (6.0 g). First, the reaction temperature was
increased to 40 °C, and the mixture was stirred for 48 h. Afterward, it was cooled
down, and 10% H,0, was added dropwise at ice bath temperature. The mixture was
then centrifuged (4500 rpm for 4 h), and the supernatant liquid was discarded. Then,
400 mL of deionized water and 50 mL of ethanol were used consecutively to wash
the pellet. The vacuum drying process was carried out on the collected solid on the
filter at 40 °C, yielding 1.7 g of the product.

According to the Staudenmaier method to prepare reduced graphene oxide
(RGO), thermal expansion was applied to synthesize RGO followed by the heat
treatment at 600 °C for 30 s [21]. NRGO was synthesized by exposing RGO to high-
purity ammonia diluted with argon (10% NH,/Ar) at 500 °C (NRGO500) and 900 °C
(NRGO900) for 2 h followed by cooling to room temperature, by disconnecting the
heating source and under argon atmosphere. Annealing NRGO900 (ANRGO900)
sample was obtained with the same procedure used for NRGO900 sample except the
annealing step under argon atmosphere at 900 °C for 4 more hours.

Deposition of Pd on the support
First, 300 mg of the support and 300 mL of deionized water were mixed in a beaker
and were further sonicated for 15 min (support slurry). Moreover, the solution of

H,PdCl, (4 mM) was prepared by dissolving 35.4 mg PdCl, in 50 mL of § mM
HCL in a water bath at 70 °C. Then, 37 mL of H,PdCl, solution was added to the
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support slurry at ice bath temperature, and the resultant mixture was later subjected
to the ultrasonic probe (100 W) for 15 min [22]. NaBH, solution (C=1 mg/mL)
was then added in order to reduce and deposit the Pd-containing slurry in the form
of metallic Pd nanoparticles on the supports. Eventually, the catalyst was filtered,
washed with deionized water several times, and dried at 70 °C overnight. Induc-
tively coupled plasma optical emission spectrometry (ICP-OES, VISTA-PRO, Aus-
tralia) was used to measure the loading amount of Pd on NRGO equaled 4.5 wt%.

Catalyst characterizations

The specific surface areas of the samples were determined by
Brunauer—-Emmett-Teller (BET) method using a CHEMBET-3000 device. The
morphology of support was observed by field emission scanning electron micros-
copy (FESEM) on an FEI Nova NanoSEM 450. High-resolution transmission elec-
tron microscope (HRTEM) was used in an FEI Tecnai G2 F20 working at 200 kV.
The sample was prepared by adding catalyst solution dropwise to 2-propanol on a
copper-coated carbon TEM grid. To obtain the particle size distribution and esti-
mate the average particle size, at least 150 particles were manually measured. The
palladium loading in the catalysts was determined by an inductively coupled plasma
optical emission spectrometry (ICP-OES, VISTA-PRO, Australia). The amount of
nitrogen in the support structure was measured by an elemental analysis system
(Eager 300 for EA1112). The X-ray photoelectron spectroscopy (XPS) was per-
formed by a Gamma data-scienta ESCA200 hemispherical analyzer equipped with
an AlIK, X-ray source (1486.6 V). The Raman spectra were obtained on a Texan
Raman spectrometer by DPSS Nd: YAG (W) laser.

The temperature-programmed desorption (TPD) technique was employed to
measure the oxygen-containing groups on the surface of NRGO samples. First,
50 mg of the sample was degassed at 100 °C for 1 h under 20 mL/min of helium
flow and let to cool. Then, TPD was performed starting from 50 up to 1000 °C at a
ramp rate of 10 °C/min under 20 mL/min of helium flow. The desorbed gases were
analyzed using an online Fourier transform infrared (FTIR) instrument.

Pulsed carbon monoxide chemisorption was performed to measure the disper-
sion of Pd on the support surface. Prior to chemisorption experiments, the following
steps were taken;

(1) the samples were degassed at 100 °C by 20 mL/min of O, trapped-purified Ar
and let to cool to room temperature,

(2) the degassed samples were heated from room temperature to 250 °C for 2 h under
20 mL/min of hydrogen flow to ensure the metallic state of palladium, let to cool
to 100 °C under hydrogen flow, and cool to room temperature under 20 mL/min
of O, trapped-purified Ar,

(3) subsequently, the sample treated as such was exposed to consecutive pulses of
0.2 mL 5.0 vol% of CO in Ar mixture and the effluent from the chemisorption
rector was analyzed.

@ Springer



Effects of nitrogen-containing functional groups of reduced... 1433

To analyze the effluent of the chemisorption reactor continuously and accurately,
a flame ionization detector (FID) was used. Prior to FID, a methanizer was used to
convert carbon monoxide to methane in order to be detected and measured by FID
which is much more sensitive than the thermal conductivity detector (TCD).

The temperature-programmed reduction (TPR) tests were conducted on 15 mg
of the samples under 8 mL/min of 7.0% H, in Ar. Before reduction, samples were
degassed in 10 mL/min N, flow at 100 °C for 2 h and left to cool. In the last step,
the temperature was increased from 50 to 1000 °C with a heating rate of 10 °C/min.

Catalyst testing

The selective hydrogenation of CMA, leading to the production of the major prod-
ucts of HCMA, cinnamyl alcohol (CMO), and hydrocinnamyl alcohol (HCMO),
has been investigated in comparison with the graphene supported Pd catalysts.
Hydrogenation reaction was performed in a 50 mL stainless Bubble Column Reac-
tor. 50 mg of catalysts was reduced under H, flow (20 mL/min) at 250 °C for 2 h.
Catalytic reaction was performed with 0.5 mL (4 mmol) of CMA added to 20 mL of
cyclohexane (constant CAL primary concentration of 0.2 mol/L) [23]. The reactor
was first pressurized with H, up to 2 Mpa and then heated up to 90 °C. The reaction
took place at these conditions for 1 h. After that, the heating source was discon-
nected and let it cool to room temperature which was then followed by depressur-
izing the reactor.

Gas chromatography (PerkinElmer 8410) was used to analyze the effluent of the
reactor. The GC analyzer consisted of the following parts: FID detector, 1.5 m, and
2.2 mm ID column packed with SE-30 on 25/100 Chromosorb P [24]. For the evalu-
ation of catalytic activity and selectivity to HCMA [25], the following parameters
were calculated according to Eqgs. (1) and (2):

Aeal, — N
CAL conversion(mol%) = Al e 100 (1)
ncaL,
. MHCAL,,,
Selectivity to HCMA(mol%) = ———— x 100 2)

fcaL, — McaL,

‘out

Also, the reaction rates were measured at lower CMA conversions (reacting in a
short time) in order to avoid a noticeable change in the reactant concentration. At
these conditions, turnover frequency (TOF) was calculated according to the follow-
ing equation:

nCOTIV
TOF = —— (3)

ny Xt

where n,, is the number of moles of the active sites measured by CO chemisorption,

Ngony 15 the number of moles of CAL converted, and t is the reaction time in second.
The catalyst reusability was evaluated using the following procedure: after

the reaction was stopped, the reactor was cooled to room temperature and then
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depressurized, and the catalyst was collected carefully, drained, washed with acetone
3 times, and dried at ambient temperature. Finally, the next batch of the reaction was
performed with the catalyst prepared as such. This procedure was repeated 4 times.

Results and discussion
Structural characterization of the supports and Pd-containing samples
Elemental analysis

The nitrogen-containing functional groups of the catalyst were determined by ele-
mental analysis (Table 1). N-doping at different temperatures showed that NRGO500
sample had lower nitrogen content than the NRGO900 sample; thus, nitrogen dop-
ing at higher temperature led to the formation of higher nitrogen-containing func-
tional groups. Due to the reduction of GO and the removal of more oxygen-con-
taining groups, the N-doping process at 900 °C results in more carbon—oxygen or
carbon—carbon bonds to break as compared to N-doping at 500 °C, suggesting more
nitrogen replacement are more likely [26].

In addition, nitrogen content in the ANRGO900 decreased from 4.4 to 1.5% due
to longer exposure, i.e., 4 h, of NRGO900 to 900 °C. According to the previous stud-
ies, pyrrolic-N and pyridinic-N are removed or converted to more stable nitrogens
(graphitic-N) in the process, i.e., the nitrogen bonds are broken and combined with
residual oxygen-containing groups [27]. Therefore, by performing various treatment
on graphene oxide, three types of NRGO with different types of nitrogen species
(pyrrolic, pyridinic, and graphitic types nitrogen) are synthesized. These samples
along with the RGO were considered for further investigation.

N, adsorption—desorption

The BET surface area of the samples is presented in Table 1. GO showed a low
BET surface area (65 m%/g). GO sheets which were synthesized by the improved

Table 1 ' Physicochemica} Samples N (Wt%) BET (m%gr)

properties of the synthesized

materials RGO _ 399
NRGO500 2.4 465
NRGO900 44 545
ANRGO900 1.5 527
RGO900 - 505
Pd/RGO - 263
Pd/NRGO500 2.4 333
Pd/NRGO900 4.4 412
Pd/ANRGO900 1.5 390
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hummers’ method are aggregated when water is removed during pretreatment under
vacuum conditions. Also, with the thermal expansion of GO, RGO surface area (399
m?%/g) increased because of the larger spacing between layers and smaller number of
graphene layers on top of each other. In addition, according to the results, the spe-
cific surface area of the supports improves with increased nitrogen content, due to
higher temperature doping, which is attributed to the formation of three-dimensional
structure of NRGO [28].

As reported in Table 1, the highest BET surface area (545 m?/g) was obtained
for NRGO900 sample. In order to investigate the contribution of N-doping and tem-
perature, RGO900 was synthesized according to the NRGO900 synthesis method
without having ammonia gas atmosphere in the furnace. RGO900 showed a lower
specific surface area as compared to NRGO900. Therefore, according to the results,
both temperature and N-doping have contributions on enhancing the specific surface
area of the samples [29].

Also, the specific surface area of catalysts decreases in the course of their synthe-
sis within the aqueous solution. As was mentioned earlier, the supports are synthe-
sized in the gaseous phase and lose most of their oxygen-containing groups. When
they are located in the aqueous solution for deposition of active phase, they became
hydrophobic to some extent, and therefore, some graphene sheets stack on top of
each other that results in a reduction in surface area up to about 35% [30].

FESEM

FESEM imaging was performed on RGO and NRGO samples to elaborate on their
morphology. As is observed in Fig. 1, the two-dimensional sheets are enclosed in
graphene oxide, but they are disintegrated and wrinkled after expansion. By N-dop-
ing at different temperatures, more porosity is induced due to heat treatment and
presence of nitrogen. One of the challenges in graphene applications in heterogene-
ous catalysts is the low surface area which is mostly due to shrinking and stacking
of the sheets. Based on the results of this study, this challenge may be overcome to
some extent is to apply heat treatment along with N-doping in order to synthesis
three-dimensional structures.

Figure 1 reveals that NRGO samples have three-dimensional structures, whereas
in the RGO sample synthesized under similar conditions the graphene sheets are not
expanded so much [31]. Therefore, the presence of nitrogen in the structure leads to
better expansion, which in turn contributes to larger specific surface area.

Raman

Raman spectra of the RGO and NRGO samples are presented in Fig. 2. RGO sam-
ple shows two evident peaks at 1350 and 1585 cm™!, which are attributed to D- and
G-band, respectively [32]. It is believed the G-band is indicative of sp? hybridization
and D-band shows structural defects of the samples [28]. The spectra reveal that the
structural defects increase upon N-doping, i.e., I/l increases. This increase is more
obvious for NRGO900 and ANRG900 samples.
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500 nm
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Fig. 1 FESEM images of RGO (a), (b) NRGO500, (¢) NRGO900, and (d) ANRGO900
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Fig.2 Raman spectra of (a) RGO, (b) NRGO500, (¢) ANRGO900, and (d) NRGO900
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XPS

According to Fig. 3, the N1s peaks around 398 (pyridinic-N), 400 (pyrrolic-N), and
401 eV (graphitic-N) are related to the main types of nitrogen. These results are
consistent with previous reports concerning the XPS analysis of N-doping. Since the
catalyst support was annealed, the ratio of pyridinic to graphitic nitrogen appears to
decrease. It is because the pyridinic-N is not stable at high temperature and is con-
verted to other forms of nitrogen groups. The Np/Ng is about 9 for NRGO500 sam-
ple. This ratio is suppressed to 1.8 after annealing for ANRGO900. The high ratio
of Np/Ng is thought to be responsible for enhancement of the catalytic activity [33].

Temperature-programmed desorption (TPD)

The TPD spectra of various nitrogen-doped samples are shown in Fig. 4. The efflu-
ent from the TPD reactor was analyzed continuously by a FTIR equipment. These
gases are products of decomposition and elimination of oxygen-containing groups
of the samples. The strength of carbon—oxygen bond is larger than that of car-
bon—carbon; therefore, the samples, i.e., NRGO500, NRGO900, and ANRGO900,
were heated in the presence of helium gas and abstraction of the oxygen-containing
groups mostly from the carbon side led to the formation of CO, and CO2 [34].
According to the previous reports [35, 36], the amount of effluent gases during
TPD experiment is proportional to the amount of oxygen-containing groups and
the oxygen-containing groups leading to CO2 production have lower thermal sta-
bility than the groups that are converted to CO. According to the results presented
in Fig. 4, the amount of oxygen functional groups in NRGO500 was higher than

NPyridlnic NRGOSOO
NPyrro[ic
El
e
b NGraphltic
‘®
S >
IS N
N Np, ANRGO900
Pyridinic Pyrrolic
NGraphitic

356 368 4(I)0 462 4(|)4 466
Binding Energy (eV)

Fig.3 XPS spectra of N1s for NRGO500 and ANRGO900 samples
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Fig.4 (a) CO and (b) CO2 variation during desorption of NRGO500, NRGO900, and ANRGO900

NRGO900 and ANRGO900. Also, due to the longer exposure to high temperature,
the amount of oxygen functional groups in ANRGO900 was lower than NRGO900.

Temperature-programmed reduction (TPR)

The acquired TPR spectra for the support and Pd-containing catalysts are presented
in Fig. 5, 6. As is evident in Fig. 5, the TPR spectrum for the NRGO, the high-
temperature peak (higher than 350 °C) may be attributed to the support. It should be
noted that the effluent from the TPR analyzer was sent to FTIR. This way, CO, CO,,
and CH, are detected for the TPR experiments of the supports. These products are
formed due to the surface detachment and decomposition of function groups, e.g.,
OH groups and carbon-containing groups [37, 38].

The TPR spectrum of Pd/NRGOS500 shows a sharp and strong reduction peak
at 143 °C (Fig. 6). For the other samples, various broad peaks are observed due to
broad size distribution of palladium species. The results present a reduction peak
between 100 and 200 °C, which is ascribed to the reduction of small PdO species.

568°C 520°C

H2 consumption
H2 consumption

L L
100 200 300 400 500 600 700 800 900 100 200 300 400 500 600 700 800 900
Tempreture (°C) Tempreture (°C)

Fig.5 TPR patterns of (a) NRGO900, and (b) PA/NRGO900
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Fig.6 TPR profiles of (a) Pd/RGO, (b) Pd/NRGO500, (¢) PA/NRGO900, and (d) Pd/ANRGO900

Another reduction peak observed in the temperature range of 200-350 °C is attrib-
uted to the reduction of PdO particles strongly interacting with the surface of the
support [39].

Total hydrogen consumption for the catalysts was calculated by integrating the
area under the whole spectrum and also for the peaks centered in a designated tem-
perature. The results are reported in Table 2. Based on the Pd loading of the sam-
ples and the required hydrogen for its reduction to metallic Pd, the H, consumption
is higher than expected for the reduction of palladium oxide. This could be due to
spillover of hydrogen to the support species located very close to the active phase
[40, 41]. As was described, the H, consumption was calculated separately for each
peak. It is evident that the PdA/NRGOS500 catalyst was much more uniform than other
catalysts due to the H, consumption at a single temperature, i.e., 143 °C.

According to the TPR results, the catalysts were reduced at different temperatures
of 100, 250, and 400 °C for 2 h under H, flow, and their activities were evaluated for
the hydrogenation of CMA under similar conditions. Catalyst reduction at 100 and
400 °C showed lower conversion than those reduced at 250 °C. Therefore, 250 °C
was selected as the optimum temperature for reduction in order to measure the cata-
lytic performance of the catalysts.

CO chemisorption

The results of CO chemisorption are presented as dispersion and Pd average particle
size in Table 3. Owing to the significant aggregation of Pd/RGO, a notably small Pd

Table 2 Reduction temperatures

. Samples H, consumption (mmol H,/g)

and H, consumption amounts

for Pd-containing catalysts with Total 143 °C 250 °C 300 °C

4.5 wt% Pd loading
Pd/RGO 0.76 0.09 0.37 0.24
Pd/NRGO500 0.75 0.66 0.14 -
Pd/NRGO900 0.82 0.27 0.51 -
Pd/ANRGO900 0.62 0.17 0.3 0.13
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Table 3 Pd average particle size

S 1 Total CO uptak D (% dj

and dispersions of Pd NPs ampres (r?lriol CC;J /I;)a € %) p (nm)
Pd/RGO 0.00653 2.5 44
Pd/NRGO500 0.0523 20 6
Pd/NRGO900 0.0133 5.1 22
Pd/ANRGO900 0.00627 2.4 46

dispersion of 2.5% is observed. One of the main purposes of N-doping in the struc-
ture of RGO is to stabilize the palladium particles which in turn prevents their size
to increase. This way the dispersion of palladium particles remains relatively high.
Although Pd/ANRGO900 sample has 1.5% nitrogen in its structure, its Pd disper-
sion is almost similar to that of PdA/RGO catalyst. It seems that the long exposure of
this sample to high temperature, i.e., 900 °C, and reduction of oxygen-containing
groups are the main causes of size increase in the Pd particles. Upon long exposure
to high temperatures, nitrogen atoms in the structure of RGO are changed mostly to
N-graphitic structure, in which each nitrogen atom is attached to three carbon atoms.
This way the nitrogen atoms are more stable and therefore cannot stabilize the Pd
particles to a large extent [42].

As is shown in Table 3, the CO uptake and dispersion of Pd particles in Pd/
NRGO500 are higher than those for PA/NRGO900 particles. It appears that the pres-
ence of oxygen-containing groups adjacent to the nitrogen groups and formation of
more pyridinic nitrogens than graphitic nitrogen, formed at lower temperatures, is
the reason for Pd particles deposited on NRGOS500 surface to be more stable and
therefore less prone to sintering [43, 44].

Graphitic nitrogen in graphene structure uses four valence electrons to form o
and z bonds, and the fifth electron is in the higher energy z* state, leading to the
electron donor behavior of the support. Due to the synthesis method, i.e., incipient
wetness impregnation, and the use of H,PdCl, precursor, the palladium source was
presented in the synthesis solution in the form of [PdCl,]*~. Pyridinic nitrogen with
electron acceptor properties can probably cause the adsorption of charged metal
ions [PdC1,]*~ which are deposited following the addition of NaBH, during synthe-
sis. As a result, due to the higher ratio of pyridinic nitrogen to graphitic nitrogen in
NRGO500, palladium dispersion occurs more efficiently in PA/NRGOS500 [45].

HRTEM

The HRTEM micrographs of Pd/NRGOS500 catalyst are presented in Fig. 7. In
Fig. 7, the morphology of graphene, Pd distribution on the surface, the lattice fringe
of Pd, and distribution of Pd particle size are shown. Figure 7b indicates the proper
dispersion of the Pd particles onto NRGO surface. Figure 7c shows a high-resolu-
tion TEM image of Pd particles on graphene sheets. In order to measure the parti-
cle size distribution, a population of particles was considered in different parts of
the image, the size of particles was measured, and the size distribution was attained
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Fig.7 HRTEM micrographs of graphene sheets (a), Pd particles on NRGO500 (b), images with increas-
ing magnifications (lattice fringe) (c), particle size distribution (d)

accordingly (Fig. 7d). As is evident from Fig. 7d, the Pd nanoparticle sizes are in
the range of 5-9, nm in a fairly good agreement with the CO chemisorption results
(Table 3).

Catalytic activity

The detailed results of hydrogenation of CMA are presented in Table 4. Conversion
and selectivity of the reaction for formation of HCMA demonstrate the effectiveness
of nitrogen-containing functional groups in the graphene structure. In order to com-
pare the effects of different nitrogen species in the support structure, three different
catalysts were investigated, i.e., PA/NRG500, PA/NRGO900, and Pd/ANRGO900.
The Pd/NRGS500 catalyst showed the best performance among the catalysts with
98% conversion and 96% selectivity into HCMA under optimum conditions. The
Pd/NRGO900 catalyst, although had nitrogen content of about twice of the corre-
sponding content of PA/NRGOS500 catalyst, showed much less conversion, i.e., 59%.
Furthermore, PdA/ANRGO900 catalyst showed similar activity to Pd/RGO despite
the fact that it had 1.5% nitrogen in its structure. Therefore, the presence of nitrogen
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Table 4 Comparison of the catalytic activities in hydrogenation of CMA

Catalyst Nwt%) D (%) H,pres- Tempera- Time (hr) Conv (%) HCMA
sure (MPa) ture (°C) selectivity
(%)

NRGO500 2.4 - 2 90 1 0 0
Pd/RGO - 2.5 2 90 1 12 89
Pd/ANRGO900 1.5 2.4 2 90 1 12 94
Pd/NRGO900 4.2 5.1 2 90 1 59 94
Pd/NRGO500 2.4 20 2 90 1 98 96
Pd/NRGOS500 2 80 1 71 94
Pd/NRGO500 2 70 1 43 92
Pd/NRGO500? 2 90 1 90 94
Pd/NRGO500 2 90 1.5 99> 92

“The fourth run was performed to test the reusability of catalyst

or even more nitrogen in the graphene structure does not guarantee the improvement
in the catalytic performance. It appears that in addition to the nitrogen presence, the
type of nitrogen species in the graphene structure may have more contribution in
improving the catalytic hydrogenation performance of the catalyst [46].

As explained in Sect. 2.1.6, the PA/NRGOS500 catalyst had higher H, consump-
tion for reduction at lower temperatures compared to the other two catalysts. The
peak of H, consumption designated to 143 °C in Table 2 was directly related to the
performance of the catalysts. H, consumption at higher temperatures is indicative
of a strong interaction between Pd and the support, and thus, the active phase shows
less catalytic activity [39]. Since the deposition of the active phase on the support
was carried out with the same method, the effect of the type of support in these cata-
lysts is quite substantial. Therefore, it may be concluded that the improvement in the
catalytic performance arises mostly due to the presence of nitrogen in the support
structure and more importantly due to the type of nitrogen species of the support.

It has been reported that the catalyst activity and selectivity for C=C bond hydro-
genation depend on the size of catalyst active phase to a large extent [9]. According
to the results reported [47, 48], the CMA conversion increased with the decrease in
the palladium particle size. As is shown in Table 4, the catalytic activity improves
significantly with an increase in Pd dispersion. In order to compare the catalysts
more precisely, the TOF for formation of HCMA under the same operating condi-
tions, i.e., T and P, was calculated (Fig. 8). The PA/NRGO500 catalyst performed
much better than the other catalysts (TOF=2 S7!. Similar results have been
reported by other research group [49].

As described earlier, nitrogen present in the graphene structure has an important
role in performance of the catalysts, i.e., activity and selectivity. The catalysts doped
with nitrogen showed selectivity to HCMA well above 90%. According to previous
studies [50], the interaction between C=0 group and N species on support surface
in the course of reaction leads to the C=0 group of CMA to stay away from Pd par-
ticles on the surface, and this way C=0 hydrogenation does not occur significantly.
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25

0.5

Pd/RGO Pd/NRGO500 Pd/NRGO900 Pd/ANRGO900
Catalyst

Fig.8 Comparison of TOF of Pd-based catalysts (4.5 wt%) for hydrogenation reaction. Operating condi-
tions: T: 90 °C, H, Pressure: 2 Mpa, catalyst amount: 50 mg, CAL: 4 mmol

However, increased reaction time from 1 to 1.5 h decreased the selectivity into
HCMA. This seems to longer presence of HCMA in the reaction medium, which
leads to the reduction of the C=0 group and conversion of HCMA to HCMO.

In addition, the hydrogenation of CMA was performed at 70, 80, and 90 °C and
2 MPa hydrogen pressure on the PA/NRGOS500 catalyst. The other reaction condi-
tions remained unchanged (Table 4). The higher temperature (90 °C) led to higher
conversions and selectivity in this reaction. According to the results reported, C=C
is more active than C=0 at higher temperatures, i.e., thermodynamically more
favorable, to account for the higher selectivity to HCMA [51]. In order to deter-
mine the activation energy of the hydrogenation reaction, a set of experiments was
performed over PA/NRGOS500. By plotting the Arrhenius plot, the activation energy
was calculated to be 59 kJ/mol, indicating that the results obtained were in the
absence of mass transfer limitation and in the range of reported values [52].

The stability of the PA/NRGO500 catalyst was studied through four consecutive
tests at the same operating conditions. The results are presented in Fig. 9. The con-
version of CMA declined slightly from 98 to 90%, while the selectivity to HCMA
remained constant at a very high level of 94%, demonstrating that PdA/NRGO500
presents relatively high stability. The loss of catalytic activity is generally attributed
to the interaction between Pd and supports and the aggregation of Pd nanoparticles
[53].
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Fig.9 Catalytic activity in four consecutive runs over PA/NRGOS500 catalyst. Reaction condition: 90 °C,
H, pressure 2 Mpa, 1 h, catalyst amount 50 mg, CAL 4 mmol

Conclusion

Graphene supports were synthesized and exposed to nitrogen at different tempera-
tures in order to dope the graphene with various nitrogen species in the structure of
the support. The supports were impregnated with palladium and characterized with
various methods. The catalysts were used for selective hydrogenation of CMA to
HCMA. The results showed that the N-doping at different temperatures affects not
only on the nitrogen content but also the type of nitrogen species of the support.
The results of CO chemisorption, H,-TPR, and catalytic activity indicated that Pd/
NRGOS500 (2.4% N) was more active than NRGO900 (4.4% N). This observation
led us to conclude that the higher ratio of pyridinic nitrogen to graphitic nitrogen in
Pd/NRGOS500 plays the crucial role in enhanced dispersion of Pd NPs, which in turn
results in high catalytic activity of CMA, high selectivity to HCMA, and more sta-
bility of palladium without significant loss in catalytic activity with time on stream.
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