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Enhancing the stability of supported noble metal catalysts emerges is a major challenge in both science
and industry. Herein, a heterogeneous Pd catalyst (Pd/NCF) was prepared by supporting Pd ultrafine
metal nanoparticles (NPs) on nitrogen-doped carbon; synthesized by using F127 as a stabilizer, as well
as chitosan as a carbon and nitrogen source. The Pd/NCF catalyst was efficient and recyclable for oxidative
carbonylation of phenol to diphenyl carbonate, exhibiting higher stability than Pd/NC prepared without
F127 addition. The hydrogen bond between chitosan (CTS) and F127 was enhanced by F127, which
anchored the N in the free amino group, increasing the N content of the carbon material and ensuring
that the support could provide sufficient N sites for the deposition of Pd NPs. This process helped to
improve metal dispersion. The increased metal-support interaction, which limits the leaching and coars-
ening of Pd NPs, improves the stability of the Pd/NCF catalyst. Furthermore, density functional theory cal-
culations indicated that pyridine N stabilized the Pd?* species, significantly inhibiting the loss of Pd?* in
Pd/NCF during the reaction process. This work provides a promising avenue towards enhancing the sta-
bility of nitrogen-doped carbon-supported metal catalysts.
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1. Introduction

Ultrafine metal nanoparticles (NPs) have been widely used in
heterogeneous catalysis due to their high activity [1-3]. However,
the stability of noble metal NP catalysts is hampered by agglomer-
ation and leaching of NPs, or valence-state changes of the active
species [4,5]. A typical reaction is oxidative carbonylation of phe-
nol (OCP) to synthesize diphenyl carbonate (DPC). DPC is an essen-
tial chemical intermediate in fine chemical industry [6]. OCP is a
multi-step electron transfer reaction and usually catalyzed by Pd
compounds along with various co-catalysts. As research has
advanced, the catalytic efficiency for OCP has been improved to
some extent, whereas the recoverable performance of the catalyst
is unsatisfactory [7,8]. The catalyst often undergoes rapid deactiva-
tion after only one use, which is mainly because of reduction of Pd
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(I) active species as well as leaching and aggregation of Pd NPs
[9-11]. Generally, it is desirable to improve the stability of Pd
NPs by loading them on a heteroatom-doped support [12,13].
Therefore, design and synthesis of a functionalized support are
essential to improve the stability of Pd-based catalysts in OCP.
Carbon-based materials possess the advantages of high surface
area, controllable morphology and availability of chemical modifi-
cations, which have been widely employed in the heterogeneous
catalysts as a support material [14]. Song et al. [15] indicated that
activated carbon-supported Pd catalysts exhibited a higher DPC
yield than the best homogeneous system for the same amount of
Pd, owing to the better Pd dispersion on the activated carbon sup-
port. However, he discovered that the Pd-based catalyst tended to
sinter in the enriched reducing CO atmosphere, resulting in inferior
reusability. Atomic nitrogen, a typical heteroatom, has been intro-
duced into the carbon framework by various methods as an anchor
to improve the dispersion and stabilization of metal NPs [16].
Furthermore, the quantity of N-dopant and various N species are
crucial for understanding the support effects on the coordination
structure of the metal species, and thus the catalytic behavior
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[5,17-20]. Mao et al. [21] remarked that graphitic N might facilitate
nucleation and dispersion, rather than serve as an anchor; whereas
pyridinic N serves as anchors and dispersants. Accordingly,
nitrogen-rich doped carbon materials with well-defined functional
groups are ideal supports for anchoring metal NPs. Chitosan (CTS),
the second-most-abundant biomass after cellulose, consists of
~40% carbon and ~8% nitrogen [22,23]. Because of the —NH, and
—OH as functional groups, CTS exhibits excellent chelating proper-
ties and electrostatic attraction to metals, and can be utilized for
adsorption as well as stabilization of metallic ions. The amino
groups are protonated such that CTS is converted into cationic
alkaline polysaccharides that exhibit a positive charge in dilute
acid. Therefore, there is hydrogen bonding as well as electrostatic
interactions between CTS and amphiphilic triblock copolymers
(e.g., Pluronic F127) with strongly electronegative atoms; this fact
plays an important role in preparing stable and ideal catalysts [24].
Moreover, F127 can be used as a template for preparing nitrogen-
doped mesoporous carbon materials, enhancing the accessibility of
the active site of Pd NPs [25,26]. However, so far, there is no liter-
ature report on preparing CTS-derived, nitrogen-doped carbon-
supported Pd catalysts for OCP.

Herein, nitrogen-doped carbon (NCF) was prepared by using an
amphiphilic triblock copolymer (Pluronic F127) as the stabilizer, as
well as chitosan as a carbon and nitrogen source. Then the Pd/NCF
catalyst was prepared by wet impregnation. A control experiment
was carried out by not adding F127; defined as Pd/NC. The Pd/NCF
was first used for catalytic OCP to DPC and exhibited excellent
activity as well as stability. Compared with Pd/NC, Pd/NCF exhib-
ited higher stability. After the second cycle, the DPC yield was
91.3% of the initial yield. The high stability of Pd/NCF was investi-
gated by a series of characterizations and density functional theory
(DFT) calculations.

2. Experimental
2.1. Catalyst preparation

Typically, N-doped carbon was produced by hydrothermal
treatment and high-temperature pyrolysis with using F127 as sta-
bilizer. An ethanol solution containing F127 (0.01 g-ml~!, 100 ml)
was mixed with HCI solution (0.1 mol-L™!) containing chitosan
(0.02 g-ml~!, 150 ml), and heated to 50 °C and stirred vigorously
until a homogeneous viscous solution was obtained. Then, the vis-
cous solution was transferred into a Teflon-lined stainless auto-
clave and reacted at 200 °C for 15 h. The precipitation was
collected by centrifugation and washed three times with H,O and
ethanol, respectively, and dried at 80 °C under vacuum to get the
prepolymer labeled as pre-NCF. The prepolymer pre-NC was pre-
pared through the same procedure only without using F127. The
pre-NCF or pre-NC were transferred into a crucible and calcined
under a flow of nitrogen, and the products were denoted as NCF
and NC, respectively. Calcination procedure: the temperature was
raised to 410 °C at the rate of 2 °C-min~' and maintained for 2 h,
and then heated to 800 °C at the rate of 5 °C-min~"' for 3 h.

The Pd/NCF catalyst was prepared by the conventional wet
impregnation method. An aqueous solution of Na,PdCl,; was pre-
pared using a PdCl, to NaCl molar ratio of 1:2. A 700 mg quantity
of the presynthesized NCF support was dispersed in 30 ml of ultra-
pure water with sonicating, after which the Na,PdCl, solution was
added and the mixture under continuous stirring for 12 h. The pre-
cipitation was collected by centrifugation and dried at 80 °C for
12 h. Finally, the precipitation was calcined at 150 °C for 4 h under
N, flow, the product was denoted as Pd/NCF. Pd/NC was prepared
using NC as support by the same method. The nominal Pd loading
in the two catalysts was 1% (mass).

2.2. Catalyst characterization

X-ray diffraction (XRD) patterns were carried out through a
Bruker D8 FOCUS X-ray diffractometer with Cu K, radiation (1 =
0.15406 nm). Raman spectra were measured on a Renishaw inVia
Raman Microscope. The N, adsorption-desorption isotherms were
measured on a Micromeritics ASAP 2020 instrument. The specific
surface area was calculated using the Brunauer-Emmett-Teller
(BET) method. The pore size distribution was determined through
the Barrett-Joyner-Halenda (BJH) model. The Fourier transform
infrared (FTIR) spectra was conducted with the TENSOR 27 FT-IR
spectrometer. The valence of the elements present in samples were
studied via X-ray photoelectron spectroscopy (XPS) with Al K,
X-ray source. Transmission electron microscope (TEM) images
and high angle annular dark field scanning (HAADF-STEM) images
were recorded on a FEI Talos F200s microscope. The Pd content
was measured by a Thermo ICAP PRO 7300 inductively coupled
plasma (ICP)-optimal emission spectrometry (OES). The content
of nitrogen element was determined using elemental analysis
(Thermo Flash, EA 1112). The metal dispersion of catalysts was
determined by CO pulse chemisorption, which was conducted on
a fully automated chemisorption analyzer (Micromeritics,
Autochem II 2920).

2.3. Catalytic activity evaluation

Typically, the Pd/NCF or Pd/NC catalyst, Cu(OAc),, tetrabuty-
lammonium bromide (TBAB), hydroquinone (H,BQ), desiccant
(4A molecular sieve), phenol and CH,Cl, were added into the
stainless-steel autoclave of Amtech® Slurry Phase Reactor Systems,
and sealed and purged with N, and filled with O, and CO [8]. The
temperature was raised to 100 °C for 6 h reaction. After the reac-
tion, the reactor was cooled and vented in a fume hood. Then the
insoluble precipitates were removed by centrifugation, and the
yield of DPC was measured by high performance liquid chromatog-
raphy (HPLC).

A K2600 liquid chromatograph (Waters, America) was
employed to conduct quantitative analysis of DPC and phenol, uti-
lizing an external standard method. The chromatographic column
was a Venusil XBP C18 (5 pm, 4.6 mm x 150 mm) with a flow rate
of 0.6 ml-min~"! and a detection wavelength of 254 nm. The mobile
phase was CH30H/H,0 (65/35, volume fraction) and the injection
volume was 20 . The column temperature was set to 30 °C.

2.4. Recycling test

The reusability of the catalysts was evaluated. After the first
reaction, the catalysts were collected by centrifugation and washed
three times with ethanol. After heat treatment at 150 °C for 4 h,
and reused in the next subsequent run.

2.5. Theoretical calculations

Theoretical models including pyridinic N (N-6), pyrrolic N (N-5),
graphitic N (N-Q), oxidized N (N-0), Pd(II)-N-6, Pd(II)-N-5, Pd(II)-
N-Q and Pd(II)-N-O were established for density functional theory
(DFT) calculation. All the DFT calculations have been carried out by
using the Vienna ab initio simulation package (VASP) [27]. The
electron exchange correlation interaction employed the method
of the generalized gradient approximation (GGA) with Perdew-
Burke-Ernzerhof (PBE) functional [28]. The Brillouin zone integra-
tion was applied with a Monkhorst-Pack scheme with k-points grid
of 2 x 2 x 1 and a 400 eV plane-wave energy cut-off. The
convergence criteria were set to 1.0 x 107> eV for the energy
and maximum force of 0.5 eV.nm!, respectively. The adsorption
energy of Pd(Il) with different types of nitrogen-doped carbon
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fragments was calculated as E,qs = E(model) — E(Pd) — E(fragment),
where E(model), E(Pd) and E(fragment) are the energy of the
model, the single Pd(II) and isolated initial different types of
nitrogen-doped carbon fragments, respectively. All of the electron
energies are adjusted using zero-point energy.

3. Results and Discussion
3.1. Activity of catalysts

The catalytic activity of Pd/NCF and Pd/NC catalysts for OCP was
investigated, and the results were shown in Table 1. The phenol
conversion of Pd/NCF was 45.9%, which was slightly less than that
of Pd/NC (60.4%). The DPC selectivity of Pd/NCF was similar to that
of Pd/NC.

The effect of F127 on the catalysts was then investigated by the
characterization of Pd/NCF and Pd/NC. XRD patterns (Fig. 1(a))
indicate that Pd/NC exhibited two broad peaks centered at 22.9°
and 43.0°, which are attributed to the (0 0 2) plane of disordered
amorphous carbon and the (1 0 0) plane of graphite-like carbon,
respectively [31]. After F127 was added, these two peaks in the
Pd/NCF sample exhibited a slight positive shift to 23.8° and
43.8°, respectively, indicating that introducing F127 increased the
graphitization of the obtained carbon material [32]. The diffraction
peaks of Pd compounds were not detected by XRD, which possibly
indicates that the supported Pd NPs had ultrasmall particle sizes
and were highly dispersed on the support.

Raman spectroscopy is a fast and nondestructive characteriza-
tion technique to characterize the structure and quality of carbon
materials [33]. Fig. 1(b) showed the Raman spectra of pre-NCF,
pre-NC, NCF, NC, Pd/NCF and Pd/NC, exhibiting a G band at ca.
1590 cm ' and a D band at ca. 1350 cm™! [34]. It is known that
the G band resulting from the E,, vibration mode of sp? carbon
domains is indicative of the extent of its graphitization, whereas
the D band is related to structural imperfections and partially dis-
ordered states of the sp?> domains [35,36]. The ratio of D and G
band intensities (Ip/Ig) can be used to evaluate the degree of
graphitization of carbon-based materials [37]. The Raman spectra
of pre-NCF and pre-NC shows that the prepolymers obtained after
hydrothermal treatment had been carbonized to some extent. The
Ip/Ig of the prepolymer pre-NCF was 1.02 and the Ip/Ig of the pro-
duct NCF after carbonization was 1.04, which was merely 2%
increase. In contrast, the Ip/Ig of NC increased by 3.8% after carbon-

Table 1
Comparison of recently reported Pd-based catalysts towards the OCP reaction

ation (from 1.06 to 1.10). This indicates that the structural integrity
of chitosan can be maintained after the addition of F127. Moreover,
Pd/NCF exhibited smaller Ip/Ig values than Pd/NC, implying the
addition of F127 is capable of promoting the graphitization of the
carbon material, which correspond to the XRD results.

FTIR spectra (Fig. 1(c)) indicates that the broad absorption peak
of CTS at 3409.5 cm~! was mainly attributable to the v(O—H)
stretching vibration and some v(N—H) stretching vibration, indica-
tive of intra- or intermolecular hydrogen bonds [38]. However, the
broad characteristic peak of pre-NC was blue-shifted compared
with CTS, suggesting that the intra- or intermolecular hydrogen
bonding of CTS (induced by —OH and —NH,) was weakened after
hydrothermal prepolymerization. In contrast, the red-shift of the
absorption peak of pre-NCF was attributed to the fact that —OH
and —NH, on the CTS molecular segments combined with the ter-
minal —OH on F127 or oxygen on polyethylene oxide in a manner
that formed hydrogen bonds. In addition, the vibration peak of the
free amino group at 1670.0 cm~' in pre-NCF was substantially
enhanced compared with that in pre-NC; indicating that F127
can increase the amino group content in pre-NCF, which provides
an opportunity to increase the N content in nitrogen-doped carbon.
In addition, the spectra of NCF and NC show great similarity,
demonstrating the decomposition of F127 after carbonization. That
is, the presence of F127 enhances the hydrogen bonding between
CTS and F127 and fixes the N in the free amino group.

The specific surface area and pore structure of the supports and
catalysts were calculated by N, adsorption-desorption isotherms.
NC and NCF exhibited type I and type IV isotherms, respectively
(Fig. 1(d)), indicating that NC exhibited microporous properties,
and that NCF exhibited microporous as well as mesoporous prop-
erties [39]. The specific surface area of NC and NCF were calculated
as 330 and 211 m?g ™', respectively. These differences may be due
to the variation of pore structure. Pore size distribution diagram
also indicated that F127 can promote the formation of carbon
materials with mesoporous structures. The mesoporous pores in
the catalyst provide a channel for the rapid transfer of substrate/
product [40,41]. In addition, the surface area of Pd/NCF and Pd/
NC (Table S1 in Supplementary Material) was slightly less than
those of NCF and NC, indicating that the Pd NPs were successfully
loaded on the supports.

The size and shape of Pd NPs on the Pd/NCF and Pd/NC catalysts
were identified by TEM (Fig. 2(a)-(d)). Statistical analysis revealed
that the ultrasmall Pd NPs were uniformly dispersed on NCF and
NC with an average diameter of 4.5 and 3.8 nm, respectively. There

o o
Pd?" catalyst >
2 OH + CO + 112 0, Il + H,0
o

Catalysts Phenol conversion/% DPC selectivity/% DPC yield/% Ref.
Pd/NCF 45.9 87.9 40.3 This work®
Re-Pd/NCF 432 85.3 36.8

Pd/NC 60.4 84.5 51.0 This work®
Re-Pd/NC 29.6 63.9 18.9

Pd/Ce0,-T 53.2 96.7 51.4 [6]
Re-Pd/Ce0,-T 35.6 424 15.1

Pd-0/Ce0,-NT 67.7 93.3 63.2 [10]
Re-Pd-0/Ce0,-NT 293 62.3 183

Pd-Ce-0/SiO, 64.4 83.4 53.7 [11]
Re-Pd-Ce-0/SiO, 24.0 233 5.6

PS-MnCe 345 99.2 34.2 [29]
Re-PS-MnCe 26.7 98.3 26.2

Pd/20%MnAMPVs/MK 24.7 99.1 245 [30]
Re-Pd/20%MnAMPVs/MK 15.9 98.0 15.6

@ Reaction conditions: 0.5 g catalyst (Pd 0.047 mmol), phenol 25.5 mmol, CH,Cl, 20 ml, 4A molecular sieve 4.0 g, TBAB/H,BQ/Cu(OAc),/Pd = 45/45/5/1 in molar ratio, 100 °C,

6 h, CO 6.6 MPa, O, 0.6 MPa.
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Fig. 1. (a) XRD patterns of Pd/NCF and Pd/NC fresh catalysts. (b) Raman spectra of pre-NCF, pre-NC, NCF, NC, Pd/NCF and Pd/NC. (c) FTIR spectra of CTS, F127, pre-NCF, pre-NC,
NCF and NC. (d) Nitrogen sorption isotherms of NCF, NC, Pd/NCF and Pd/NC samples and insets were pore size distribution.

was no substantial change in the particle size of the Pd NPs after
using F127 as a stabilizer. HAADF-STEM (Fig. 2(b)) indicates that
the NCF support consists mainly of C and N elements. The catalytic
activity center, Pd NPs, were well-dispersed on NCF. The quantity
of loading of Pd in Pd/NCF and Pd/NC measured by ICP-OES was
0.92% and 0.84%, respectively, indicating that the Pd/NCF prepared
with F127 as a stabilizer can anchor more palladium compared
with Pd/NC (Table 2). Furthermore, the metal dispersions of
Pd/NCF and Pd/NC were characterized by CO pulse adsorption
analysis. As shown in Table 2, the metal dispersion of Pd/NCF
was 43.8%, which was slightly smaller than that of Pd/NC
(45.3%), which may lead to a slightly lower catalytic activity of
Pd/NCF than that of Pd/NC.

The chemical compositions and valence states of Pd/NCF and
Pd/NC were studied by XPS. Full-range XPS spectra (Fig. S1)
demonstrate the existence of Pd, C, O, and N elements on the
Pd/NCF and Pd/NC surface; the faint Cl 2p peak was derived from
a few unwashed precursors. The high-resolution C 1s spectra were
fitted to three peaks at 284.8, 285.8, and 289.0 eV, which could be
assigned to C=C, C—N/C=N, and O—C=0, respectively (Fig. S2). The
main peak at 284.8 eV originates sp?-hybridized graphitic carbon
atoms [42]. The peaks at 285.8 eV and 289.0 eV are attributed to
C atoms bound to N and O atoms, respectively [43]. This may have
resulted from the partial decomposition of the polysaccharide
structure of the biopolymer. These results confirm that the carbon
structures of the Pd/NCF and Pd/NC catalysts are very similar and
both have a certain degree of graphitization.

The N 1s spectra exhibited four fitted peaks at 398.4, 400.0,
401.1, and 402.8 eV in Fig. 3(a); assigned to pyridinic N (N-6),

pyrrolic N (N-5), graphitic N (N-Q), and oxidized N (N-O), respec-
tively [27,44]. Usually, in N-6 structure the N atom is sp? hybri-
dized with two C atoms whereas N-5 is sp> hybridized in a five-
member ring [45]. In the N-Q structure, an N atom is substituted
for a C atom in the graphite structure [46]. The content of various
nitrogen species was analyzed by XPS (Fig. 3(b) and Table S2). The
content of N-6 in Pd/NCF was larger than that in Pd/NC. N-6 acts as
an anchor and a dispersant in a manner that facilitates loading of
more Pd for the carrier, also confirmed by the ICP results. The N
content of the catalysts was determined by XPS and elemental
analysis (Table 2). The surface N content of Pd/NCF obtained by
XPS was 4.48%, which is less than the bulk N content measured
by elemental analysis (5.99%), indicating that N species were more
enriched in the skeleton structure than on the surface. Addition-
ally, the higher N content in Pd/NCF than Pd/NC was attributed
to the fact that the reaction between F127 and the amino group
of chitosan prevented loss of N, which is compatible with the FTIR
spectra results. The abundance of N species in NCF provides the
basis for anchoring Pd NPs.

In the Pd 3d spectra of Pd/NCF and Pd/NC (Fig. 3(c)), 335.9 and
341.2 eV are attributed to Pd®, and 337.7 and 342.9 eV are attrib-
uted to Pd?*, indicating that Pd® and Pd** species coexist [47]. Com-
pared with known values for PdO compounds (ca. 337.2 and
342.4 eV) [48], a positive shift of the Pd®" peaks was observed in
the Pd 3d spectra of the Pd/NCF and Pd/NC. The reason for this
difference could be the presence of additional chlorine ligands
(chlorine was detected by XPS survey spectra). Furthermore, the
percentage of Pd?* on the surface of Pd/NCF (42.0%) was less than
that of Pd/NC (78.7%), which could be because of the comparatively
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Fig. 2. TEM images of (a) Pd/NCF and (c) Pd/NC fresh catalysts. HAADF-STEM images and corresponding elemental mappings images of (b) Pd/NCF and (d) Pd/NC fresh

catalysts. Insets: size distributions of Pd nanoparticles.

Table 2
Structural parameters of the catalysts

Catalysts N species/% Pd species/% Pd particle size/nm Metal dispersion®/%
N® N® Pd® pd® pd>® Pdo® XRD TEM

Pd/NCF 5.99 4.48 0.92 0.86 42.0 58.0 - 4.5 43.8

Pd/NC 478 3.08 0.84 0.73 78.7 21.3 - 3.8 453

Re-Pd/NCF 4.65 2.81 0.80 0.76 332 66.8 6.1 53 38.1

Re-Pd/NC 2.78 1.42 0.35 0.30 42.0 58.0 13.5 8.0 25.2

Determined from element analysis.

Determined from XPS analysis.

Determined from ICP-OES.

Relative content of Pd calculated from Pd 3d XPS spectra.
Determined by CO pulse adsorption analysis.

[CHCHCCNC]

high nitrogen content of the former. Nitrogen atoms exhibit
electron-donor properties and could transfer some of their electron
density to Pd, thereby increasing the percentage of Pd® [49].
Because of the fact that the active center of DPC synthesized by
OCP is Pd?*, the catalytic activity of Pd/NC is superior. Thus, the
nitrogen-doped carbon prepared by adding F127 affected the Pd
valence distribution and thus the activity. In addition, the slightly
lower Pd 3d binding energy of Pd/NCF compared to Pd/NC can be
explained by the stronger interaction between Pd NPs and NCF
support owing to the Pd-N coordination [50]. The high affinity of
Pd toward forming ¢ or ® bonds with N-containing ligands has
been reported in Ref. [51]. The strong interactions between Pd
and N can facilitate dispersion and stability of the metal active
components, and electronic structures are modified.

3.2. Stability of catalysts

The reusability of the Pd/NCF and Pd/NC catalysts were then
evaluated. After four cycles, Pd/NCF maintained 71.3% of the initial
yield, while Pd/NC only held its initial yield of 4.5%, indicating that
the catalytic stability of Pd/NCF was better than that of Pd/NC
(Fig. S3). Notably, the recently reported Pd-based catalysts for
OCP often deactivate rapidly after only one reaction. In our work,
after two cycles, the yield of Pd/NCF was 91.3% of the initial yield,
which is more stable than most of the reported catalysts (Table 1).
In contrast, the Pd/NC catalyst loses about two-thirds of the DPC
yield after two cycles. Considering that the Pd/NC catalyst showed
arapid decrease in activity after two cycles and almost no catalytic
activity after four cycles, a series of characterizations of catalysts
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after the second cycle were performed to clarify the reason for the
enhanced stability after adding F127. The recovered catalysts after
the second cycle were denoted as Re-Pd/NCF and Re-Pd/NC,
respectively.

As aforementioned, the XRD and Raman spectra of fresh cata-
lysts Pd/NCF and Pd/NC indicate that adding F127 increased the
graphitization degree of the carbon materials. The increase in the
graphitization degree of carbon materials increases the number
of 1 sites (which can act as anchoring centers for metal NPs), and
enhances resistance to sintering of Pd NPs in supports [52,53].
Therefore, compared with Pd/NC, the metal-support interaction
in the Pd/NCF catalyst was improved, and the stability of the cata-
lyst was substantially enhanced.

The recovered catalysts Re-Pd/NCF and Re-Pd/NC were charac-
terized to clarify the reason for the enhanced stability after adding
F127. Fig. S4 shows that the carbon peaks of the two recovered cat-
alysts are not significantly different in the XRD patterns. Notably,
the diffraction peaks were observed at 40.0°, 46.5°, and 67.9°, cor-
responding to the characteristics of Pd NPs for (1 1 0), (2 0 0), and
(2 2 0) lattice planes of Pd crystal (PDF#88-2335) with face cen-
tered cubic (fcc) structures, respectively [14]. According to the
Scherrer’s formula D = k//Bcos0 and half-width of Pd (1 1 1) peak,
the calculated average sizes of Pd nanoparticles in Re-Pd/NCF and
was 6.1 nm (Table 2), respectively, obviously smaller than 13.5 nm
of Re-Pd/NC. This indicates that the partial Pd*" is converted to Pd°
and the Pd NPs increase due to an excess of the reducing gas, CO,
filling the reaction system for Pd/NCF and Pd/NC catalysts after
the reaction. However, the Pd nanoparticles of Pd/NCF did not sub-
stantially increase in size after the reaction, whereas Pd/NC did
(Table 2).

The valence states of N as well as Pd content in the Re-Pd/NCF
and Re-Pd/NC recovered catalysts were determined by the XPS.
Fig. S5 showed the presence of Pd, C, N, and O elements in all sam-
ples. Moreover, the N 1s spectra indicate that the surface N content
of Re-Pd/NCF was higher than that of Re-Pd/NC (Fig. 4(a) and
Table 2). The content of N-6 (which acts as an anchor and
dispersant for the Pd NPs) in Re-Pd/NCF (28.1%) exceeded that of

Re-Pd/NC (21.5%), see Fig. 4(b). The most direct result is that the
Pd content of Re-Pd/NCF (0.76%) was substantially higher than that
of Re-Pd/NC (0.30%) (Fig. 4(c) and Table 2). This is a main reason
why the Pd/NCF catalyst was stable and exhibited excellent
reusability. The Pd?* ratio of Pd/NCF decreased from 44.0% (pre-
reaction) to 33.2% (post-reaction), a 10.8% decrease. The Pd?* ratio
of Pd/NC decreased from 78.7% (pre-reaction) to 42.0% (post-
reaction), a 36.7% decrease. The larger decrease in the Pd content
and the relative proportion of Pd?* were the principal reasons for
the deactivation of the Pd/NC catalyst. That is, pyridine N plays a
crucial role in stabilizing Pd** species. Wang et al. [18] reported
that the stability of cationic Pd on a support was improved by con-
structing Pd-N ligands with pyridinic N. Hu et al. [54] also pointed
out thatN-doping stabilizes the oxidized Ru specie.

Fig. 5(a) and (c) shows TEM images of Re-Pd/NCF and Re-Pd/NC,
respectively. The TEM image for Re-Pd/NC (Fig. 5(d)) indicates lar-
ger sizes and broader size distributions of (8.0 + 4.3) nm compared
with Pd/NC ((3.8 + 0.8) nm). However, the dispersion and particle
size distribution of the Pd NPs in Re-Pd/NCF were not much differ-
ent from those in Pd/NCF; the Pd NPs remained homogeneously
dispersed with a small particle size and narrow size distribution
((5.3 £1.3) nm) on the NCF surface in Re-Pd/NCF, further confirmed
by HAADF-STEM image (Fig. 5(b)). This is related to the NCF sup-
port provided a sufficient number of N sites for deposition of
active-center Pd NPs after recovery. This interpretation can be
demonstrated by the previous analysis of the N content. Thus,
the N sites played an important role in stabilizing Pd NPs on the
support, which improved the metal dispersion. In addition, the
metal dispersion of 38.1% for Re-Pd/NCF is much better than that
of 25.2% for Re-Pd/NC (Table 2), in excellent agreement with the
TEM results. The small size and uniform distribution of the Pd
NPs enabled sufficient interactions between the catalytic sites
and facilitated the high performance of the catalyst [55].

Based on ICP analysis, the Pd content of the recovered Re-Pd/
NCF catalyst retained 87% of the Pd content relative to that of the
fresh Pd/NCF catalyst (Table 2). This result can be attributed to a
sufficient quantity of N to firmly anchor the Pd NPs on the
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nitrogen-doped carbon-support as well as to enhance the interac-
tions between Pd and the support; thus, leaching of Pd NPs in the
catalyst was prevented and the stability was drastically enhanced.
In contrast, the Pd content of Re-Pd/NC was less than half that of
Pd/NC, and the content of Pd?* (the active center) was dramatically
reduced; both of which are responsible for the significant
decreased activity of Pd/NC.

The results reveal that N acted as an anchoring point for the Pd
NPs on the support, and in particular, pyridine N was essential for
stabilizing Pd®*. Therefore, the type of N that is responsible for sta-
bilizing Pd?* on the carbon support, thereby enhancing the stability
of the catalyst, is an important question. In general, a Pd atom
readily interacts with two pyridine N atoms; thus, two pyridine
N atoms were included in the N-6 model [44]. Fig. 6 shows adsorp-
tion models of Pd?* on a carbon support of four types of nitrogen:
i.e., N-6, N-5, N-Q, and N-O. The adsorption energy (Ea.qs) of Pd?* on
N-6 (—5.50 eV) was higher than that of N-5 (—4.89 eV) and N-O
(—1.93 eV), indicating that the presence of pyridine N substantially
stabilized the Pd* species on the carbon support. In addition, the
Pd atom located above the graphitic N site in the initial configura-
tion moved to the adjacent carbon sites and formed a bridge above
the C—C bond, indicating that N-Q is not a suitable site for anchor-
ing Pd NPs.

N-6 N-5 N-O

Fig. 6. Optimized structure for Pd?* on (a) pyrrolic (N-5), (b) pyridinic (N-6), (c)
oxidized N (N-0), and (d) graphitic N (N-Q) of the carbon support. Gray, blue, red,
and yellow spheres represent C, N, O, and Pd atoms, respectively.
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Fig. 7. Mechanism of oxidative carbonylation of phenol catalyzed by Pd/NCF.

3.3. Possible reaction mechanism of Pd/NCF

The reaction mechanism of OCP to DPC over Pd/NCF catalyst can
be inferred based on the aforementioned catalyst characterization
results and previous reports [8,10]. Based on the reported reaction
mechanism of the OCP reaction, the role of Pd/NCF catalyst in this
reaction was studied, as shown in Fig. 7.

The OCP reaction is a multi-step electron transfer reaction. At
first, Pd?* is first anchored by pyridine N atoms and then reacts
with PhO~ to form PhO—Pd—Cl, followed by the insertion of CO
into the Pd—O bond to form the intermediate PhOCOPdCI, and
another PhO™ replaces Cl~ to form PhOCOPdOPh, and finally the
product DPC is obtained after the reduction-elimination reaction.
At the same time, active center, Pd?", is converted to Pd° and lost
its catalytic activity. Then Pd°® is converted into Pd** by multi-
stage oxidation of Cu*/Cu?* and benzoquinone (BQ)/hydroquinone
(HQ) and achieves the cyclic conversion of Pd?* and Pd®, so that the
phenol oxidation carbonylation reaction continues. Leaching,
reduction and agglomeration of Pd species are the main causes of
catalyst deactivation, therefore our main aim was to stabilize
Pd?* and ensure uniform dispersion of Pd NPs on the support dur-
ing the reaction. Elemental analysis and XPS results showed that
the addition of F127 increased the N content of the carbon mate-
rial, ensuring that the support could provide sufficient N sites for
the deposition of the active center Pd NPs. Based on ICP analysis,
the loss of Pd species is significantly inhibited in Pd/NCF during
the reaction process. In addition, the high N content and the high
degree of graphitization and mesoporous structure in Pd/NCF cat-
alyst help to maintain the small size and uniform dispersion of
Pd NPs, as demonstrated by TEM results and CO pulse chemisorp-
tion. After the reaction, Pd® was more easily oxidized to Pd?* by the
co-catalyst. Pyridine N in Pd/NCF catalyst stabilized the Pd** spe-
cies and thus improved the stability of the Pd/NCF catalyst. In con-
trast, the reduced N content in the Re-Pd/NC catalyst led to
increased size and aggregation of Pd NPs, so that only the surface
Pd° is re-oxidized while the internal Pd® remains, resulting in the
deactivation of the Pd/NC catalyst.

4. Conclusions

NCF was prepared by using chitosan as the carbon and nitrogen
source, and F127 as the stabilizer; and was used as the support to
prepare a Pd nanoparticle (Pd/NCF) catalyst for OCP. The stability
of the Pd/NCF catalyst was much higher than that of most reported
Pd-based catalysts. There was only an 8.7% decrease of the DPC
yield after recovery of the catalyst. Adding F127 increased the N
content of the carbon material, ensuring firm anchoring of the Pd
nanoparticles on the support, which improved the Pd NP disper-
sion and leaching. Moreover, introducing F127 increased the
graphitization of the carbon material, which drastically decreased
the sintering rate of the metal nanoparticles and enhanced the
metal-support interactions. Furthermore, the interactions of Pd?*
species with the pyridine N atom prevented oxidation of active-
center Pd** and improved the stability. This work provides insight
into enhancing the stability of supported metal catalysts.
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