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In-Situ Synthesis of —P=N-Doped Carbon Nanofibers
for Single-Atom Catalytic Hydrosilylation

Liyuan Zhang,* Hange Zhang, Kairui Liu,* Jing Hou, Bolortuya Badamdorj,
Nadezda V. Tarakina, Mengran Wang, Qiyu Wang, Xiaohan Wang, and Markus Antonietti

Single-atom catalysts have become a popular choice in various catalysis
applications, as they take advantages of both homogeneous catalysis (e.g.,

high efficiency) and heterogeneous catalysis (e.g., easy catalyst recovery). The
atom support plays an indispensable role in anchoring atomic species and
interplaying with them for ultimate catalytic performance. Therefore, develop-
ment of new support materials for superior catalysis is of great importance.

Here the synthesis of carbon nanofibers based on the reaction between phos-
phorus pentoxide (P,Os) and N-methyl-2-pyrrolidone (NMP) is reported. The
underlying reaction process is systematically investigated by Fourier-transform
infrared (FTIR) spectroscopy and nuclear magnetic resonance (NMR) spectros-
copy. The carbon nanofibers have interesting —P=N— units in their chemical
structure, which act as anchoring sites for the single-atom catalyst. The Pt atoms
anchoring carbon nanofibers exhibit high activity for hydrosilylation with a
turnover frequency (TOF) of 9.2 x 10° h™' and a selectivity of >99%. This research

possess  high electric  conductivity,
improved chemical & physical stability,
and ultrahigh mass transfer efficiency.
Therefore, in the past several decades, 1D
carbon nanostructures have been exploited
as robust materials in catalysis,?! either
as active materials or functional matrices
to anchor various metal species.’! To
improve the application potential, intro-
duction of heteroatoms into the 1D carbon
nanostructure is essential as it allows to
effectively engineer the electronic struc-
ture.! P and N are the popular choices
but incorporating these heteroatoms into
1D carbon nanostructures normally needs
multiple synthetic steps. It is important to
develop simple and controllable method to

affords not only a new in situ chemical strategy to synthesize multiatom doped
carbon nanofibers but also presents a potential superior support in catalysis,
which opens a hopeful window in materials chemistry and catalysis applications.

1. Introduction

1D carbon nanostructures have attracted major attention since
their first discovery in 19911 Typically, 1D carbon nanostructures
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synthesize heteroatom-doped 1D carbon
nanostructures with superior abilities in
cutting-edge applications.

Alkene hydrosilylation is the addition
of Si—H to the unsaturated bonds, which
is one of the most important chemical
reactions to produce the organosilicon compounds. Platinum
(Pt) homogeneous catalysts, namely the Speier Pt catalyst and
Karstedt Pt catalyst,’! have been the most popular choice in
alkene hydrosilylation®! and consume nearly 5.6 tons of plat-
inum annually in silicone industry.”) Unfortunately, the side
reactions, including the alkene isomerization and dehydrogena-
tive silylation, normally accompany with the main reaction, and
expensive purification is needed.®l Moreover, the additional
side reactions occur due to the formation of colloidal Pt spe-
cies,”! and the recycling of Pt homogeneous catalyst is a well-
known challenge. This not only increases the production cost
but also introduces impurities to the final product.'¥ In this
context, single-atom catalysts, which contains atomic disper-
sion of active metallic species on a support, have been recently
developed to overcome these challenges. It exhibits an unex-
pected catalytic performance, while it also owns great conveni-
ence in recovery. The synthesis of the atom support is the key
step to obtain this interesting material.

More recently, based on P,05 chemistry, we successfully syn-
thesized metal-free C—O—P functionalized carbon-nanofiber
assemblies.'! This unique carbon nanostructure was proven to
possess exceptional adsorption properties, a useful pre-require-
ment for catalysis. The outcome further inspired us to upgrade
this in situ P,O5 chemistry to introduce novel functional groups
to 1D carbon nanostructure. Unfortunately, the previously
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employed starting product, plant oil, mainly contains C, H,
and O in its chemical structure, based on which it is impos-
sible to achieve in situ chemical synthesis of P,N co-doped
carbon nanofibers. As the amide linkage =O=C—N is related
to the ester linkage of plant oils, =0=C—O0O, we herein per-
formed control experiments where similar carbon nanofibers
assemblies with N and P co-doping were achieved when using
N-methyl-2-pyrrolidone (NMP) as carbon source. The mecha-
nism was investigated by analyzing the intermediates with Fou-
rier-transform infrared (FTIR) and nuclear magnetic resonance
(NMR) techniques. Moreover, the crucial factors affecting the
formation of carbon nanofibers were disclosed. The carbon
nanofibers assemblies include the —N=P unit/group within
their chemical structures and thereby provide many anchoring
sites for single atoms, while keeping them isolated. As such,
the P,N co-doped carbon nanofibers were grafted with Pt atoms
and applied to the hydrosilylation reactions. Super-high activity
(TOF as high as 9.2 x 10° h™}) with high selectivity (>99%) was
achieved by using the catalyst, which can be attributed to the
atomic dispersion of electron deficient Pt; atoms.

2. Results and Discussion

2.1. Synthesis of Carbon Nanofibers

In a typical synthesis, the P,O5 powder was added into NMP
solution, and the mixture was heat-treated in tube furnace
in N, atmosphere following a set program (Figure 1a,b).
After washing and drying, a black carbon powder with N and
P doping was obtained. The products were named as Cyp-x,
where x represents the carbonization temperature (°C). Scan-
ning electron microscopy (SEM) was taken to see the mor-
phology, and the temperature obviously affected the final
morphology of the carbon nanostructures. As shown in
Figure lc—e, the majority of Cyp-500 and Cyp-600 are carbon
nanofiber assemblies. As indicated from the cross-section
image of Cyp-500 (Figure 1d) and Cyp-600 (Figure 1f), the fibers
are assembled together in a relatively loose manner. The carbon
nanofibers assemblies are in addition covered with a secondary
structure — carbon nanosheets forming a sheath. For Cyp-700
(Figure 1g,h), the original carbon nanofibers seem to further
fuse together to form much bigger fiber bundles standing on
thick carbon sheets.

2.2. Possible Reaction Process

To understand the reaction process, the intermediates were
synthesized by selecting different temperatures at 200, 300, and
400 °C. The intermediates are denoted as intermediate-x, where
x represents the reaction temperature (°C). As shown in Figure
S1 (Supporting Information), the intermediate-200 is a hard,
red solid, while the intermediate-300 becomes black, porous,
and brittle. The intermediate-400 is very similar to the final
carbon product. The intermediate-200 is completely soluble in
water. With the increase of temperature, the solubility of the
intermediate in water decreases. This is quite different from
the intermediates prepared by P,Os-plant oil reaction at 200 °C,
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which is nearly insoluble to any solvents. This interesting phe-
nomenon possibly indicates that the oligomerization occurs at
relatively low temperature, while the oligomer gradually polym-
erizes by increasing the reaction temperature.

The structure of the intermediate was investigated by FTIR
and NMR techniques to elucidate the morphology evolution.
Figure 2a provides the FTIR spectra of the intermediates, which
includes the assignment of major functional groups. As seen,
the HC=C—0 and P—O—C (800-1000 cm™) are found in all
intermediates, but the relative content of HC=C—O decreases
with increasing temperature. Noticeably, it is found that there
are C—O—C=C and C—N—P=0 (overlapped between 1000-
1300 cm™) in all intermediates,'? which are absent in P,0s-
plant oil intermediates.'l Moreover, the IR spectrum of inter-
mediate-400 changes obviously after removing the soluble part.
As shown in Figure 2a, the insoluble part of intermediate-400
contains relatively high content of P—O—C and relatively low
content of HC=C—O. Moreover, for the insoluble part, the
C=O0 disappears, and the two peaks are located in the range of
1000-1300 cm™ red shift, which might correspond to the
decreased content of HC=C—O. These data most possibly indi-
cate that the HC=C—O and C=0 mainly existed in the water-
soluble fragment of the intermediates (or oligomers part of
intermediates). Based on the structural fragments from FTIR
analysis, the possible structure of the intermediate is provided
in Figure 2c. As illustrated in Figure 2c, the oligomers, typically
the trimers, were formed due to the cyclization of ketene, which
is also in line with the previous research.¥l The decreased con-
tent of HC=C—O when increasing the reaction temperature is
possibly due to the polymerization through double bond to form
the cross-linked structure. This can also explain the declined sol-
ubility of intermediate-300 and -400 in water. Figure 2b shows
the NMR spectra of intermediate-200. As seen in 'H-NMR

spectrum, the HC—O (=3.6 ppm), O—C=CH (=4.3 ppm),
and C=CH—-CH; (=3.5 ppm) could be found. Moreover,
the C-NMR spectrum demonstrates the O=C (=178 ppm),
C—0 (=63 ppm), and O—C=CH— (=168 ppm and =101 ppm,
respectively) in intermediate-200. In addition, the phosphoric
acid (=0 ppm), O=P—O (=-11.5 ppm), and O=P—N/N=P—-0
(< 20 ppm, P(I1I)) could be found in 3'P-NMR spectrum. Totally
speaking, the NMR analysis matches the FTIR analysis very
well. Interestingly, based on the NMR analysis, a major part of
the P(V) was chemically transformed into P(III), and the phos-
phoric acid is generated by the reaction between residual P,0Os
in the intermediate and D,0. The elemental analysis of the final
product indicates the formula of H,C44N;,40. As compared to
the formula of NMP (HyCsNO), the elimination products can
be accounted as HyCy¢Njg. That means abundant reduction
products are liberated throughout the reaction NMP, and that
P,05 can act under reaction conditions as an oxidation agent,
while being itself reduced from P(V)-oxide to P(III)-nitride. The
formation of the carbon nanofibers is possibly derived from the
“ketene-like polymerization” of the intermediate, followed by
carbonization. Additionally, the effect of the structure of diverse
starting monomers on the carbon morphology was investi-
gated, including different chain length and functional groups.
Results indicated that both the chain length and functional
groups heavily affect the morphology of the carbon materials
(Figures S2 and S3, Supporting Information).
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Figure 1. a,b) Illustration of the synthesis of N, P-doping carbon nanofibers. c—h) SEM images of the carbon materials: ¢,d) Cyp-500, e,f) Cyp-600,

and g,h) Cp-700.
2.3. Characterizations of the Carbon Nanofibers

High-resolution transmission electron microscopy (HRTEM)
was used to investigate the carbon nanofibers assemblies. As
shown in Figure 3a,b, the carbon nanofibers (Cyp-500 and Cyp-
600) assembled with relatively loose contact. However, when
the carbonization temperature increased to 700 °C, the carbon
nanofibers completely fused into much bigger sub-microfibers
(Figure S4, Supporting Information). This is in consistence with
the above SEM results that increasing the temperature would be
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conducive to triggering the fusion of carbon nanofibers. Based
on the elemental mapping (Figure 3c,d; Figure S4, Supporting
Information), the C, N, P, and O could be clearly seen on the
carbon materials, which demonstrates the N and P co-doping
on the carbon nanofibers. Typically, the N and P account for
~4 and =6 at% of the total element, respectively.

Furthermore, X-ray photoelectron spectroscopy (XPS) was
used to see the heteroatoms doping in carbon nanofibers by
taking Cyp-600 as a typical example (Figure 3e-h). As seen in
the survey spectrum in Figure 3e, the carbon materials contain
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Figure 2. Characterization of the P,Os-NMP intermediates: a) FTIR spectra, b) liquid-state NMR spectra of intermediate-200, c) possible reaction

pathways.

C, N, O, and P, which confirms the P,N co-doping in the final
materials. The atomic content of N and P is 4.85 and 754 at%,
respectively. The deconvolution of N, O, and P provides more
information on these heteroatoms. Figure 3f presents the Nis
spectrum of Cyp-600. The well-known components like pyri-
dinic-N (=398.8 eV), pyrrolic-N (=400.5 eV), and graphitic-N
(=401.9 eV) are all found here. However, the peak center
in Figure 3f is at =399.9 eV, which is different from most of
the previous reported spectra. Based on previous empirical
research,I®l the —P=N units with P connecting to electrophiles
such as O-based groups exhibit the peak at =399.8 eV, which
could explain the XPS N1s spectrum. To the best of our knowl-
edge, this interesting —N=P doping is rare in carbon materials.
This kind of doping could be further proved with the deconvo-
lution of O1ls (Figure 3g) and P2p (Figure 3h) spectra. Notice-
ably, another P doping is in the form of P—C bond in carbon
structure. Differing from the carbon nanofibers synthesized
by P,Os-plant oil, the Cyp-600 absorbed a certain amount of
adsorbed oxygen, which might be due to the different, very
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oxyphilic structures in this material. The effect of temperature
(500 and 700 °C, in Figures S5 and S6, Supporting Information
respectively) on the doping conditions was investigated by XPS,
too, which shows no significant difference to Cyp-600.

To further confirm the formation of —N=P- doping, elec-
tron energy loss spectroscopy (EELS) was applied to detect the
electronic structure of Cyp-600. As given in Figure 3i, C—K
edge shows the characteristic maximum at 285 eV induced by
the transitions of the electrons to 7* molecular orbital, and the
second broad peak with onset at 290 eV corresponds to tran-
sitions to o* orbitals.'®l Three peaks at 397, 407, and 419 eV
at N—K edge (Figure 3j) correspond to the 7* and the two
o* peaks, similar to the spectra of pyridine-like nitrogen.[6:17]
Moreover, as referred to the previous study, the P-L2,3 edge at
137 and 145 eV (Figure 3k) suggests the presence of —N=P—0O
in the carbon materials;®l while the P-L2,3 edge at 183 eV
(Figure 3k) is related to the presence of P=N coordination.!’!
Another two different positions were selected to get the EELS
spectra to confirm the uniform distribution of the chemical
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structures (Figure S7, Supporting Information). In summary,
the EELS analysis is in good agreement with the XPS analysis.
In addition, the C—K edge gives us a relative indication of elec-
tron delocalization in the carbon structure, and aromatization
seems to be restricted, as typical for such low synthetic tem-
peratures. This is confirmed by solid-state NMR on the main
product. As seen in Figure 31, m, the carbon material is mainly
made up of all C—C sp? C, so-called graphitic carbon.

Raman was taken to analyze the samples. As shown in
Figure S8 (Supporting Information), the G peak (<1601 cm™)
and D peak (=1372 cm™) could be found in all three samples.
The Ip/I; is =0.99 for these samples, usually related to a rela-
tively good graphitization degree, but we also point to the fact
that both P- and N doping also bring vibrational dissymmetry
and thereby apparent disorder. On the other hand, the thermal
stability of the carbon materials was studied by thermogravi-
metric analysis (TGA). As seen in Figure S9 (Supporting Infor-
mation), an obvious thermal decomposition occurred when
the temperature reached 500 °C, which is in line with the pre-
vious research, but also the tendency towards nanotube fusion
observed for the higher temperature samples. Nevertheless, this
indicates a good performance in thermal stability to plan poten-
tial catalytic experiments, even when compared with carbon
nanotubes (Figure S9, Supporting Information).l! In the X-ray
diffraction (XRD) pattern (Figure S10, Supporting Information),
the samples behave as typical carbons with low long-range
translational order, but as compared with activated carbon, the
carbon nanofibers possess smaller interlayer distance.

The texture properties of the carbon materials were inves-
tigated with N, adsorption-desorption isotherm. As seen in
Figure S11 (Supporting Information), an obvious hysteresis
loop could be found in the isotherm of Cyp-500 and Cyp-600,
which strongly suggests the mesoporous nature of the carbon
materials. The specific surface area of these two materials is
=50 m? gL The relatively low area might be caused by a rela-
tively compact contact between the nanofibers. For example,
the specific surface area of the single-walled carbon nano-
tubes could drop from 1315 to 151 m? g~! when 217 nanotubes
form a bundle, and the surface area would further be smaller
by increasing the number of nanotube units in the bundle.?’!
Moreover, for Cyp-700, the isotherm completely changed to
type II, which is corresponding to the non-porous texture, and
the corresponding specific surface area severely declines to
=7 m? g, In sum, the texture properties match with the results
of SEM and TEM characterizations very well.

2.4. Pt;@ Cyp-600 Catalyst Synthesis and Characterization

With rich heteroatom doping/functional groups, Cyp-600 has
great potential as a carbon support for catching and stabilizing
single atoms. The Cyp-600 was grafted with Pt atoms: H,PtClg
was mixed with ethanol, water, and Cyp-600, and stirred
for 48 h at room temperature. Ethanol was chosen for the

www.advmat.de

reduction of H,PtCls. After that, the catalyst was filtrated,
washed, and vacuum dried at 60 °C for 24 h. Inductively
coupled plasma optical emission spectroscopy shows the
Pt loading is 1 wt%, which is corresponding to the amount of
H,PtClg precursor used.

A visual appearance is obtained by HRTEM. Figure 4a—d
shows high-angle annular dark-field and bright-field scanning
HRTEM images of Pt;@Cyp-600. As manifested by the bright
spots, Pt atoms are found atomically dispersed on Cyp-600,
sometimes some Pt atoms a little close to each other were seen,
which may result from projection overlaps,?!! but no Pt nano-
particles were observed. XRD further shows the absence of any
peak corresponding to Pt nanoparticles, indicating the perfect
dispersion of Pt on Cyp-600 (Figure 4f). Elemental mapping of
energy-dispersive X-ray spectroscopy (EDX) (Figure 4e) further
qualitatively reveals the homogeneous distribution of C/N/O/P/
Pt elements. XPS shows that the Pt; is electron deficient with
the Pt4f;, peak at 73.0 eV (Figure 4g). As shown in Figure 4h
and Figure S12 (Supporting Information), after Pt grafting, all
the XPS peaks (including N1s, Ols, P2p) shift a little, which
may result from the electron transfer between the Cyp-600 (as a
huge ligand) and the Pt; atoms. More importantly, a new prom-
inent peak at 533.4 eV appeared for the OIs spectrum, which
may result from the coordination between O (P=0/C=O0O or
N=P—OH) and Pt; atoms. Note: for Ols, the P=0/C=0 peak
decreases greatly while P-OH disappears compared to that of
Cnp-600. Meanwhile, XPS spectra of Cl2p (Figure S12c, Sup-
porting Information) show that some CI~ may still coordinate
to Pt; atoms in P;@Cyp-600. As far as we know, for the coor-
dination of Cl~ and unsaturated O (C=O), Pt; is not so elec-
tron deficient (Figure 4g).?Z The electron donating ability of
the high valence state P to the specific O (P=O/N=P—OH) is
limited, and more electrons will be donated by Pt; atoms to
O (P=0O/N=P—OH) for the Pt—O—P coordination. Therefore,
the coordination O is from P=0O/N=P—OH.

To gain more information of the electronic and coordination
structures of Pt; atoms in Pt;@Cyp-600, X-ray absorption
near-edge structure (XANES) and Fourier transform-extended
X-ray absorption fine structure (FT-EXAFS) spectra were
measured. The white-line intensity in sample Pt;@ Cyp-600 is
between those of Pt foil and PtO, (Figure 4i), indicating
the Pt single atoms in Pt;@Cyp-600 is electron deficient,
which is consistent with the XPS results (Figure 4g). There
are two prominent peaks at 1.58 and 1.9 A in the FT-EXAFS
results (R space, Figure 4j), which are corresponding to the
Pt—0 and Pt—Cl bonds, respectively.[?’] For the peak at 1.58 A
(Pt—0), it is a little shorter than that for PtO, (=1.65 A, R
space), which may result from the stronger coordination
between Pt and O (P=0O/N=P—OH). Based on the XPS and
FT-EXAFS results, a schematic model of Pt; coordination
environment in 1 wt.% Pt;@Cyp-600 was given in Figure 4k,
and the best curve fitting indicates that Pt; atoms are coordi-
nated by two O and two Cl~ (Figure 4j; Table S1, Supporting
Information).

Figure 3. Characterization of the carbon nanofibers assemblies. a,b) TEM images of the Cy-500 (a) and Cp-600 (b). c,d) TEM mapping of Cyp-500 (c)
and Cyp-600 (d), respectively. e—h) XPS characterizations of the Cy-600: €) survey, f) N1s spectrum, g) Ols spectrum, and h) P2p spectrum. i—k) EELS
characterizations of the Cyyp-600: i) C, j) N and k) P. |,m) Solid-state NMR characterizations of the Cyp-600: I) *C and m) H.
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Figure 4. Characterization of T wt% Pt;@Cyp-600. a—d) High-angle annular dark-field (a,c) and bright-field (b,d) STEM images and e) EDX mapping
of 1 wt% Pt@Cpp-600. f) XRD patterns of Cyp-600, 1 wt% Pt;@Cpp-600 and the catalyst after reaction. g,h) XPS spectra: g) Pt 4f spectrum and
h) O Ts spectrum of 1 wt% Pt;@Cpp-600; i) Pt L3-edge XANES of 1 wt.% Pt;@Cpp-600; and j) FT-EXAFS spectra of 1 wt% Pt;@Cyp-600, Pt foil, and
PtO,. k) Schematic model of Pt coordination environment in 1 wt.% Pt;@Cyp-600. The red, blue, bright blue, magenta, light green, and gray spheres
represent O, Pt, N, P, Cl, and C atoms, respectively.
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2.5. Catalytic Properties of Pt;@C,-600 for Hydrosilylation

The catalytic ability of Pt;@Cyp-600 was evaluated in hydrosi-
lylation reaction for a wide range for both alkenes and silanes
(Table 1). For the benchmark reaction between 1l-octene and
(Me3SiO),MeSiH, Cyp-600 shows no catalytic ability. However,
Pt;@Cnp-600 shows an ultrahigh activity with a high selectivity
(99%) (Entry 4, Table 1), indicating single Pt atoms immobi-
lized on the Cyp-600 should be the real catalytic sites. The TOF
is as high as 9.2 x 10° h™!, which is almost the same to best
performance heterogeneous catalyst Pty @ AHA_U_400 catalyst
(9.7 x 10° h7).22 Compared to a Karstedt Pt catalyst, no spe-
cial activation period was needed, and the solution remained
colorless and transparent after reaction and separation of the
heterogeneous catalyst, indicating high stability of Pt;@Cyp-
600 during the hydrosilylation process.’">? Pt @Cyp-600
showed 100% selectivity for the hydrosilylation of 1,2-epoxy-
4-vinylcyclohexane (Entries 13 and 14, Table 1), where opening/
polymerization of the sensitive epoxide function is observed
when Karstedt catalysts were used.”! Meanwhile, the TOF

Table 1. Hydrosilylation of terminal olefins catalyzed by Pt;@ Cyp-600.

www.advmat.de

values of Pt;@Cyp-600 are 3-10 times higher than that of
Pt@AHA_U_400 in the hydrosilylation of diverse terminal olefins
with functional groups (Entries 5-18, Table 1).22l Meanwhile,
the Pt;@Cyp-600 also shows much higher activities than other
heterogeneous catalysts when (CH3;CH,0);SiH was used as
silane (Entry 6 and 12, Table 1).1102°]

The high activity and selectivity of Pt;@Cyp-600 shows little
change even when the catalyst was recycled for six times (Figure
S13, Supporting Information), indicating the high stability of
the catalyst. STEM images of the spent catalyst show no aggre-
gation of the Pt single atoms (Figure S14, Supporting Informa-
tion). To further evaluate the stability of Pt;@Cyp-600 catalyst,
a Pt leaching test (Entry 3, Table 1) was performed, and the
detected Pt concentration in the crude reaction solution is neg-
ligible (0.06 ppm, corresponding to about 0.9% of the initial Pt
adding amount). At the same time, no conversion was observed
by using the crude reaction solution as catalyst, indicating the
atomically dispersed Pt on Cyp-600 are the real catalytic sites.

The ultrahigh activity of Pt;@Cyp-600 catalyst may be attrib-
uted to the atomic dispersion of isolated Pt atoms, the electron

R' R"
' H Rrm catalyst I .R" R'\l.R"
N T S S Y
R R
Alkene Silane T S
Entry?) Alkene Silane Catalyst t min™ T Yield [%] T selectivity [%] TOF
[mol%]” [h™9
19 CGH13/\ PhMe,SiH 1x1073 1 73 >99 4.4x10°
29) 5x107 1 44 >99 5.3 10°
3 (Me;SiO),MeSiH 1.25x 1073 1 99 99 4.8 x 108
49) 5% 10 1 77 99 9.2 x 108
5 (CH;3CH,0),CH;SiH 1.7 %1072 1 99 >99 4.0 x10°
6 (CH3;CH,0);SiH 5x1073 30 92 92 3.7 % 10*
7 = PhMe,SiH 5x1073 1 90 >99 1.1x10°
8 1.7x1073 1 85 >99 3.4 %100
9 1x1073 1 61 >99 3.7 %108
10 (Me;Si0),MeSiH 1.7 %1072 1 82 82 3.3%10°
n 1x1072 1 45 81 2.7 x10°
129) (CH5CH,0);SiH 5x1073 15 42 >99 3.4x10*
13 N 1.7 %1072 1 >99 >99 1.2x10°
14 (Me;Si0),MeSiH 5% 107 1 33 >99 3.9x10°
(0]
15 o] 1.7 x 1072 1 91 91 3.6 x10°
16 ERCLUEN (MesSiO)aMesiH 5107 1 89 9 11108
17 /\/O\/\OH (Me;Si0),MeSiH 1.7 x 1072 1 82 82 3.3x10°
18 5x1073 1 85 85 1.0 x 108

A Experiments were performed at 4 mmol scale: T wt.% Pt;@Cyp-600 catalyst, silane/olefin = 1.1 (mol mol™), temperature = 70 °C. The products yield and selectivity were
determined by '"H NMR analysis using N,N-dimethylaniline as internal standard; ®Based on olefin substrate; “TOF values were calculated based on T yield, and the cal-
culation method was detailed in Figure S15 (Supporting Information); 9To eliminate the influence of mass transfer, improve solid-liquid contact and easy to weigh the

catalyst, 0.5 wt.% Pt;@Cyp-600 catalyst was used; @ Temperature = 60 °C.
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deficiency of the Pt; atoms and the unique coordination of
Pt..22 It is well known that Pt nanoparticles have almost
no catalytic ability for hydrosilylation reactions owing to
the strong adsorption of silane and olefin reactants on dif-
ferent Pt atoms of Pt nanoparticles.?2l The P,N-doped C ;-
600 provides great number of anchoring sites for Pt single
atoms, while at the same time preventing the aggregation
of Pt; atoms. Meanwhile, strong interactions between the
P,N-doped Cyp-600 (best understood as a heterogeneous P,
N-ligand) and the Pt; atoms may result in the high electron
deficiency of Pt; atom with the electron withdrawn of the
support (XPS and XANES results). It has been reported that
only moderate coordination strength is beneficial for rapid
hydrosilylation, and too strong or too weak interactions both
decrease the reactivity.l®l The electron-deficient Pt; atoms of
Pt;@Cyp-600 may provide moderate adsorption for reactants
or intermediates compared to Pt(0), while the electron defi-
ciency of the Pt; center may be beneficial for lowering energy
barrier by optimizing the electron structure of the transition
state.[’2l Meanwhile, the Cl ligand can be easily replaced by
the reactants (olefin and silane), which may result in the
absence of activation period.

3. Conclusion

We have successfully synthesized carbon nanofibers with the
—P=N— unit in their chemical structure based on the reac-
tion between P,0s5 and NMP. Building on the characteriza-
tion of the intermediates by FTIR and NMR, the possible
reaction mechanism involves the formation of oligomers
due to the cyclization of ketene species and subsequently the
polymerization at elevating temperature. The —P=N— doped
carbon nanofibers were functioned as functional support for
Pt atom to build a single-atom catalyst for hydrosilylation.
The catalyst displays exceptional performance in the hydrosi-
lylation that the TOF can reach as high as 9.2 x 10® h™%
Moreover, the selectivity of this material is higher than 99%,
which promises effective synthesis of targeted product. It
is expected that such carbon nanofibers potentially possess
superior prospect in other catalysis application, but not lim-
ited to hydrosilylation.

4. Experimental Section

The relevant information can be found in Supporting Information.
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