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Abstract Upon oxidation, a graphyne-like porous carbon-rich network (GYLPC),
which is a two-dimensional carbon material consisting of sp- and sp>-hybridized
carbon atoms synthesized via alkyne metathesis reactions, yielded GYLPC oxide
(GYLPCO). The highly electron-rich conjugated structure provides this new
material GYLPC and its oxide GYLPCO with low reduction potentials, which are
found to be able to serve as reductants and stabilizers for electroless deposition of
well-dispersed Pd metal nanoparticles. The unique PA/GYLPCO showed extremely
high catalytic activity for a broad scope of nitrobenzene reduction reactions with
short reaction time and good yields, even in aqueous media under aerobic condi-
tions. We expect that our approach will further boost research on the design and
application of graphyne-like functional materials for catalysis.
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Introduction

Extensive interests have been drawn to metal nanoparticles because of their
numerous applications in various biologically and chemically significant fields
[1-3]. And a number of metal nanocatalysts, including Pd, Pt, Au, Cu, Fe, Ni, Ag,
Zn and Mn have been developed to catalyze huge numbers of processes in the
chemical industry, materials science, nanotechnology, molecular electronics and
pharmaceutical sciences [4-6]. To synthesize stable and reactive metal catalysts on
the nano scale, metal particles must be produced as small as possible with a high
accessible surface area. However, the surface energy increases with decreasing
particle size, which usually leads to serious aggregation [7]. To solve this problem,
depositing metal nanoparticles onto inert supports is a possible strategy. Besides
easier separation and stabilization of metal nanoparticles, the support also plays a
key role in promoting catalytic activity by supplying suitable microenvironments of
active sites including surface chemistry, coordination models and electron-
configuration, etc. [8, 9].

Recently, developing highly efficient and stable supported metal catalysts has
become one of the increasingly important goals in chemistry and materials science
owing to both economic and environmental reasons [10, 11]. For this purpose, a
tremendous amount of researches have been focused upon the uses of sp*-
hybridized carbon materials as the carrier materials, because they have lower
reduction potentials than some kinds of metal ions and could be applied as reductant
and stabilizer for electroless deposition of dispersed metal nanoparticles [12, 13].
Electroless deposition is a simple technique that can avoid the use of surfactants or
extra reductants or catalysts but have the capability for large-scale production. They
could be applied as both the reductant and stabilizer for electroless deposition of
metal nanoparticles with high dispersion. As a new carbon allotrope, the graphyne
family has been theoretically proposed to possibly feature as assembled layers of sp-
and sp’-hybridized carbon atoms with striking applications in device and energy
materials [14—17]. Recently, a graphyne-like porous carbon-rich network (GYLPC)
is synthesized through alkyne metathesis from 1,3,5-tripropynylbenzene [18].
GYLPC comprises benzene rings together with carbon—carbon triple bonds in the
structure. Each benzene ring is connected to three adjacent benzene rings through
carbon—carbon triple bonds, resulting in a flat porous structure. Carbon—carbon
triple bonds with more delocalized m-electrons in GYLPC can result in materials
with enriched electron cloud density and enhanced reaction activity. It can be
applied as an ideal supporting substrate for depositing metal nanocatalysts [19].

For centuries, Pd-based catalysts have become a hot topic of interest because of
their excellent performance in comparison with other catalysts. In general,
supported palladium catalysts are prepared by immersing supports in the solution
containing palladium ions, followed by reduction into Pd nanoparticles and
depositing them into the pore channels and/or onto the surfaces of the supports.
Unfortunately, there are many drawbacks which significantly decline the activity of
the catalysts. Most of all, the Pd nanoparticles are easy to agglomerate and to be
washed away during reaction processing due to the weak Pd-support interaction,
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leading to poor catalyst durability. Both the experimental results and theoretical
predictions demonstrate that Pd could interact with and bind more strongly to
graphdiyne because more interaction states and transmission channels are generated
between them [19-21]. Qi et al. [19] investigated electroless deposition to attach
palladium nanoparticles into graphdiyne oxide so that the interaction between Pd
particles and the support was believed to be stronger.

In this communication, we demonstrate that GYLPC oxide (GYLPCO) can be
used for electroless deposition of Pd nanoparticles (NPs) through the direct redox
reaction between GYLPCO and PdC142_, in which GYLPCO acts as the reductant
and stabilizer. The as-formed Pd/GYLPCO nanocomposite shows extremely high
catalytic activity and selectivity toward the reduction of 4-nitrophenol (4-NP) with
sodium borohydride (NaBH,) in aqueous solution at room temperature. Meanwhile,
this catalyst displays good tolerance to a variety of different functional groups.
Furthermore, various kinds of substituted nitroarenes could also be reduced with
very high activities and selectivities.

Results and discussion

The GYLPC used here was synthesized via alkyne metathesis polymerization
reaction as reported in our early study [18]. This GYLPC is a novel two-dimensional
carbon allotrope consisting of sp- and sp*-hybridized carbon atoms. Oxidation of
GYLPC was performed by acid-oxidation treatment. Briefly, GYLPC powder
(20 mg) was first mixed carefully with HNO5; (6.0 mL), H,SO, (18 mL) and
KMnO, (60 mg). Then, the mixture was stirred vigorously for 24 h in an oil bath of
80 °C. After being cooled to room temperature, the mixture was subjected to mild
ultrasonication for a few minutes, and the pH was adjusted to 8.0 with saturated
NaOH solution in water in an ice-bath. The suspension was centrifuged at 9000 rpm
for 15 min and washed with deionized water for three times. The resulting
precipitate was well-dispersed into water, and the solution was dialyzed (cutoff,
3500) in water for 3 days to give the pure GYLPCO. For comparison, the graphene-
oxide supported Pd (Pd/GO), thermally reduced GO supported Pd (Pd/TRGO) and
multi-walled carbon nanotube supported Pd (PdA/MWNT) were also prepared.
Briefly, 2 mL of aqueous solution containing 0.5 mg/mL dispersed GO, TRGO or
MWNTs was mixed with 0.2 mL of aqueous solution containing 10 mM K,PdCl, in
an ice-bath and stirred vigorously for 30 min [19]. The resulting catalyst was
collected by centrifugation and washing with pure water for several times. Detailed
experimental descriptions can be found in the Supporting Information. The Pd/C
catalyst was commercially purchased and used without further treatment.

To explore the direct redox reaction property of GYLPCO with PdCl,*~ ion,
E.uofr values of GYLPCO were calculated based on ultraviolet photoelectron
spectra (UPS, Fig. 1b). The E . value of GYLPCO was determined as 2.49 eV.
The work function (@) is calculated from the equation of @ = hv — Erermi + Ecutofs
where hv, Egermi, and E.of refer to the photo energy of the excitation light
(21.22 V), the Fermi level edge (19.85 €V in this case), and the inelastic secondary
electron cutoff measured in Fig. 1b, respectively. Meanwhile, the reduction
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Fig. 1 a Schematic reduction potential of PdCI*~ onto GYLPCO, b UPS spectra of GYLPCO, ¢ XPS
spectra of Pd 3d of Pd/GYLPCO

potential was obtained from the equation of ®/e = E  syp + 4.44 V, where @ is the
work functions, E is the reduction potential versus standard hydrogen electrode
(SHE). The reduction potential of GYLPCO was estimated to be around — 0.58 V
versus SHE as shown in Fig. 1a, which was close to that of graphdiyne oxide but
lower than that of other carbon allotropes such as carbon nanotubes (+ 0.50 V vs.
SHE) and graphene oxides (+ 0.48 V vs. SCE), suggesting that GYLPCO was an
excellent reducing agent for electroless deposition of metals from the corresponding
metallic ions as shown in Fig. la.

To demonstrate the electroless deposition of Pd onto GYLPCO, homogeneous
suspension of GYLPCO was mixed with an aqueous solution of PdCl,>". Then, the
mixture was put into an ice bath for 30 min with vigorous stirring. The resulting
sample was collected by centrifugation and washing with water for several times.
X-ray photoelectron spectroscopy (XPS) spectra demonstrated the presence of Pd,
corresponding to the peaks with binding energies around 336.8 and 341.9 eV in 3ds,
» and 3ds), levels (Fig. 1c). In comparison with the Pd deposited on graphdiyne
oxide with Pd 3ds,, and Pd 3ds, of 337.4 and 342.7 eV [19], negative shift of
binding energies in Pd/GYLPCO was observed. However, the Pd/GYLPCO
exhibited positive shift of binding energies compared to Pd deposited on graphene
oxide with binding energies of 335.2 and 341.0 eV [22], possibly due to the surface
dipole generated by the GYLPCO. Meanwhile, the GYLPCO network of the Pd/
GYLPCO was confirmed by the powder X-ray diffraction (XRD) pattern. As shown
in Figure S1, the peak (20 = 20.2°) moved to a smaller angle compared with that in
the pure GYLPCO. The d-spacing was increased possibly owing to the existence of
C=0 and the bonding between Pd NPs and C=C. It did not exhibit any additional
peaks indicating that the Pd metal was highly dispersed on the supporting materials
[23].

Transmission electron microscopy [24] images in Fig. 2a, b revealed that the as-
formed Pd NPs were well dispersed on the surface of GYLPCO with the uniform
size of 4.5 £ 0.5 nm. High-resolution transmission electron microscopy (HRTEM)
image (Fig. 2b, inset) shows that the interplanar spacing of the Pd particle lattice is
0.221 nm, which agrees well with the (111) lattice spacing of face-centered cubic
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Fig. 2 TEM (a) and HRTEM (b) images of PdA/GYLPCO

Pd (0.224 nm), further confirming the successful electroless deposition of Pd NPs
onto the GYLPCO support. Moreover, the results demonstrated here also suggest
that GYLPCO could act as stabilizer for Pd NPs, which may be attributed to a strong
interaction between Pd nanoparticles and GYLPCO support, presumably owing to
the presence of the more active sp-hybridized C atoms in the GYLPCO. Such
hybridization enables the in-plane p,—p, m/n* orbitals to rotate in any direction
perpendicular to the C=C bonds [21]. And it possible for the n/n* orbitals of the
C=C bonds at a given acetylenic ring to point toward the Pd NPs [21], which was
similar to the case of graphyne [20] and graphdiyne [25].

The catalytic reduction of nitroarenes to the corresponding amine is popular in
organic synthesis because it is one of the atomic-efficient methods for producing
intermediates or the key precursors of pharmaceuticals, polymers, pesticides,
explosives, fibers, dyes and cosmetics [26, 27]. The reduction of 4-nitrophenol (4-
NP) by NaBH, was used as a model reaction to investigate the catalytic
performance [24, 28]. The aqueous solution of 4-NP itself exhibits a strong
absorption peak at 316 nm (Figure S2A). Upon the addition of NaBH, into the
solution, the absorption peak at 316 nm disappeared along with the appearance of a
new peak at 400 nm (Figure S2B) indicative of 4-nitrophenolate ion resulting from
4-NP reduction. And the color of the solution changed from light yellow to bright
yellow, which was consistent with the previous report [29, 30]. Upon the addition of
Pd/GYLPCO into the mixture of 4-NP and NaBH,, the absorption peak at 400 nm
decreased rapidly. Meanwhile, a new peak appears at 300 nm characteristic of
4-aminophenol resulted from 4-NP reduction (Figure S2C) [31, 32]. Since the
concentration of NaBH, was in large excess of 4-NP in the reduction (Figure S3),
the reaction was considered as pseudo-first-order with regard to 4-NP only. The
determination of the reaction rate was given in Supporting Information (Figure S4).
The absorbance was proportional to the concentration of 4-NP in this system, and
the value of In(A/Aq) reflects that of In(C/Cy), where C, and C, are the
concentrations of 4-NP at time ¢ and 0O, respectively. Therefore, the reaction rate
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Fig. 3 The reduction of 4-nitrophenol (4-NP) by NaBH, catalyzed by five different catalysts of Pd/
GYLPCO, Pd/GO, Pd/TRGO (blue), Pd/CNT and commercial Pd/C (cyan). a Absorbance (400 nm)
versus time, b In[C/Cy] as a function of absorbance (400 nm) versus time, ¢ percentage conversion of
4-NP over the course of the reaction (15 min). All the experimental data were repeated five times

constant k was calculated from the rate equation, In[C,/Cy] = kt [33]. To follow the
kinetics of the reaction, UV—-vis spectra of the reaction mixture were monitored at
3 s intervals regularly. Figure 3a shows the time-dependent UV—vis spectra of 4-NP
during its reduction by NaBH, on the PdA/GYLPCO catalyst. The rate constant k was
calculated to be 0.01266 s~ according to the slope of the fitted line (Fig. 3b, black
line). To further investigate into the influence of the supporting materials on the
catalytic activity for the reduction of 4-NP, we deposited Pd NPs spontaneously on
the surface of other kinds of carbon materials including graphene oxide (GO,
C ~ 46 wt%), thermal reduced graphene oxide (TRGO, C ~ 85 wt%) and multi-
walled carbon nanotubes (MWNTs) through the redox reaction between PdCI*>~ ion
and carbon materials. The rate constant £ values were calculated to be 0.00393,
0.00105, 0.00003 and 0.00007 min~" for the Pd/GO, Pd/TRGO, PA/MWNT, and the
commercial Pd/C catalysts, respectively. The rate constant on Pd/GYLPCO was
about 3.2-fold higher than that of Pd/GO, 12-fold higher than that of Pd/TRGO,
422-fold higher than that of PA/MWNT, and 180-fold higher than the commercial
Pd/C within 120 s. This difference can be more clearly seen in Fig. 3c. Such
excellent catalytic performance of the Pd/GYLPCO could be mainly attributed to
synergistic effects from the highly dispersed and surfactant-free nature of Pd
clusters benefited from the electroless deposition method and the unique structure of
the GYLPCO. These results suggest that smaller size of Pd clusters and larger n-
conjugated structure of GYLPCO are mainly responsible for the more efficient
catalysis during 4-NP reduction as compared with those of Pd/GO, PA/MWNT, and
commercial Pd/C.

The preliminary studies on the screening showed that the catalyst dosage,
temperature and time of reaction had a significant effect on the yields, as shown in
Table 1. After optimizations of reaction conditions, the catalytic reduction of
nitrobenzene can be finished in a short time (10 min) with excellent yield (> 99%)
at room temperature in air using only 0.1 mol% of Pd/GYLPCO catalyst. Also, we
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Table 1 Catalytic conditions test of Pd/GYLPCO in the reduction of nitrobenzene

Pd/GYLPCO
NO, = NH,
NaBH,, H,0, RT

Entry Catalyst dosage (Pd mol%) Time (min) Yield (%)
1 0.50 10 > 99
2 0.25 10 > 99
3 0.10 10 > 99
4 0.05 10 70.4
5 0.10 5 92.3

Reaction conditions: catalyst (Pd 0.50, 0.25, 0.10 or 0.05 mol%), nitroarenes (0.5 mM), NaBH, (5
equiv.), water (4 mL), r.t., in air. Yields were determined by LC analysis with mesitylene as internal
standard

have further extended the Pd/GYLPCO catalyst to various nitroarenes to examine
the generality of the reaction. The reaction time and yield of the Pd/GYLPCO-
catalyzed reduction of nitroarenes into amines by NaBH, in water are summarized
in Table 2. For nitrobenzene, aniline is formed with above 99% yield (entry 1). The
reactions of substrates bearing an electron-donating group (ortho-, meta- or para-
substitution site) produce the corresponding products in excellent yields (entries
2-10). In fact, some of the nitroarenes with a strong electron-donating group
completed in just a few minutes (entries 4-5). In addition, electron-withdrawing
groups like carbonyl functionalities in nitroarenes remain intact when using the Pd/
GYLPCO catalyst (entry 11-12). And the intermediate N-hydroxylaniline is clearly
observed with a certain amount of PdA/GYLPCO catalysts in our case (Figure S5).
According to the observations described above, we propose a general mechanistic
pathway for the Pd-catalyzed reduction of nitroarenes (Scheme 1) [34-36]. The
reduction of nitroarenes by NaBH, with other supported metal catalysts could yield
aromatic amines [37, 38] through different intermediate processes [39-41]. While in
our case, the reduction of nitroarenes into amines on our Pd/GYLPCO catalysts is
close to nearly 99%. Even in the presence of some other substrates, we also got
relatively high activities and yields. It can be attributed to the strong metal-support
interaction (SMSI) [42], the d—m conjunctions [43] and the unique interfacial
electronic effect [44], which derive from in-plane n/n* orbitals to rotate in any
direction perpendicular to the line of the C=C bonds in the GYLPCO. The
electron-rich Pd/GYLPCO surface could possibly alter the electron state of
nitrobenzenes thus to enhance the activity.
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Table 2 Catalytic reduction of nitroarenes into amines by NaBH, catalyzed by Pd/GYLPCO

R
R—=— Pd/GYLPCO (Pd 0.1mol%) \
A -
NI/ A\
NaBH,4, H,0, RT
entry Reactant Product Time (min) Yield (%)

NO, NH, 10 >99

Y
J

s
.

NO, H, 10 >99

5 o—<i>—No2 0—@—NH2 5 >99
/ /
HO HO
6 10 >99
Do pm
OH OH
10 >99
e Sy €
8 0|—<i>—No2 CI—@—NHz 10 >99
cl cl
9 10 95.8
oo G
10 |—<i>—No2 I—@—NHZ 20 78.6
(o) (o)
11 >\—<i>—No2 }—@—NHZ 20 90.3
(o] (0]
12 >—<i>—No2 >—®—an 20 86.4
HO HO

Reaction conditions: catalyst (Pd 0.1 mol%), nitroarenes (0.5 mM), NaBH, (5 equiv.), water (4 mL), r.t.,
in air. Yields were determined by LC analysis with mesitylene as internal standard
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A direct pathway:
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Scheme 1 Proposed mechanism for the reduction of nitroarenes using NaBH, catalyzed by Pd/GYLPCO

Conclusion

In summary, we have demonstrated for the first time that GYLPCO can be used as
the reductant and stabilizer for electroless deposition of highly dispersed and
surfactant-free Pd clusters owing to its low reduction potential and highly
conjugated electronic structure. Further, GYLPCO, the oxidation form of GYLPC,
is observed to be an even excellent substrate for depositing ultrafine Pd clusters to
form Pd/GYLPCO nanocomposite which shows a high catalytic performance
toward the reduction of nitroarenes. The high performance could be considered to
arise from synergetic effects that occur at the PA/GYLPCO nanocomposite. This
work is believed to be significantly beneficial to the design and development of
active supported metal catalysts, which could serve as advanced catalytic systems
for practical applications.
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