ARTICLES

SCIENCE CHINA Materials

mater.scichina.com link.springer.com

SPECIAL TOPIC: Single-atom Catalysts

Published online 15 May 2020 | https://doi.org/10.1007/s40843-020-1334-6

Sci China Mater 2020, 63(6): 972-981

( CrossMark

& click for updates

Coordination structure dominated performance of
single-atomic Pt catalyst for anti-Markovnikov

hydroboration of alkenes

Qi Xu'", ChenXi Guo®', Shubo Tian'", Jian Zhangl, Wenxing Chen’, Weng-Chon Cheongl, Lin Gu’,
Lirong Zheng’, Jianping Xiao’, Qiang Liu', Bijie Li', Dingsheng Wang' and Yadong Li'

ABSTRACT The rational design of efficient single-atomic
(SA) catalysts is essential and highly desirable but impeded by
the lack of sufficient acknowledge between structure and
property. To this end, it is critical to clarify the effect of the
coordination structure of active metal centers on the catalytic
activities for the design of such catalysts. Here, we report that
different coordination structures of SA Pt catalysts can dra-
matically influence their activities for anti-Markovnikov hy-
droboration of alkenes. Compared with the other two
coordination structures (Pt-N, and Pt-O,), the SA Pt species
coordinated with three O atoms (Pt-O;) display the highest
turnover number value of 3288 for the hydroboration reaction
to access the important alkylboronic esters. Density functional
theory calculations reveal that a superior catalytic activity can
be expected for alkene hydroboration over the three O co-
ordinated Pt species due to the lowest reaction energy (AG)
limiting step from the reaction phase diagram.

Keywords: single-atomic Pt catalyst, coordination structure,
anti-Markovnikov hydroboration of alkenes, DFT calculations

INTRODUCTION

Single-atomic (SA) catalysts have recently attracted ex-
tensive attention due to their specific activity, ultrahigh
atomic utilization, and uniform active sites [1-14]. In
such catalysts, individual metal atoms are commonly
isolated and stabilized by coordinated atoms from sup-

ports [15-20]. Similar to homogenous catalysts, subtle
differences in species and quantity of coordinated atoms
will exert an important influence on the geometric and
electronic structures of these metal atoms, which can
further affect their catalytic activities [21-26]. Therefore,
it is important to explore the relationship between the
coordination structure and performance of SA catalysts,
which has been scarcely investigated so far [27-29]. To
deeply understand this relationship, clarifying the cata-
lytic performances of a series of SA catalysts with dif-
ferent coordination structures is highly desirable and will
be of great significance for guiding the synthesis of better-
performing SA catalysts.

Alkylboronic esters are key intermediates in organic
synthesis for constructing various C-C, C-O, and C-N
bonds [30,31]. Catalytic hydroboration of alkenes with
good regioselectivity is one of the direct and effective
methods to synthesize such compounds [32,33]. Com-
pared with traditional homogeneous catalysts for this
reaction, the development of corresponding hetero-
geneous catalysts lags far behind, although they are more
promising in practical applications because of the easy
recovery of catalysts for reducing the cost and residual
metal contamination [34]. Moreover, considering the
copious waste in the reaction caused by the widely used
boron source as bis(pinacolato)diboron (B,Pin,) [35], the
hydroboration with pinacolborane (HBPin) is more
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atom-economical and attractive but very challenging be-
cause of the low reactivity of HBPin [36-39]. Therefore,
to realize the heterogeneous catalytic hydroboration of
alkenes with HBPin as the boron source, it is crucial and
imperative to prepare highly efficient heterogeneous
catalysts.

Here, we demonstrate that the coordination structure
of the SA Pt catalyst has a significant influence on its
catalytic behavior for the anti-Markovnikov hydrobora-
tion of alkenes. Through different synthetic strategies,
three SA Pt catalysts with Pt-O;, Pt-O,, and Pt-N, co-
ordination structures are fabricated respectively. The
Pt-O; structure of the SA Pt catalyst exhibits much higher
activity for the hydroboration reaction than the other two
structures (Pt-O, and Pt-N,), producing the important
alkylboronic esters. Further density functional theory
(DFT) calculations reveal that the superior performance
of Pt-O; in SA Pt catalyst is attributed to its adaptive
reactive ability, namely suitable adsorption energies for all
the adsorbates, which results in the lowest limiting reac-
tion energy (AG).

EXPERIMENTAL SECTION

Materials

Iron nitrate nonahydrate (Fe(NO;);-9H,0, AR), cobalt
nitrate hexahydrate (Co(NO,),-6H,0, AR), sodium bor-
ohydride (NaBH,, 98.0%), cetyltrimethylammonium
bromide (CTAB, AR), sodium hydroxide (NaOH, AR),
sodium carbonate (Na,COs;, 99.0%), hydrochloric acid
(HCI, 99.0%), ethylenediaminetetraacetic acid disodium
salt (EDTA-2Na, 99.8%) were purchased from Sinopharm
Chemical Reagent Co. Ltd. (China). 1-Octene (CgHy,
98.0%), tetraammineplatinum(II) chloride monohydrate
(CLH,N,OPt, 99.9%), hexachloroplatinic acid (H,PtCl,,
99.0%) were provided by Alfa Asear (China). Titanium
oxide (99.8%, 5-10 nm) was purchased from Aladdin
(China). Pinacol borane was purchased from Energy
Chemical (China). All reagents were used without further
purification.

Preparation of the catalysts

Synthesis of FeCo oxide nanosheets

The FeCo oxide nanosheets (FeCo ONs) were prepared
according to a method reported in previous reference [40]
with some modifications. 1.0 mmol Fe(NO;);-9H,0,
1.0 mmol Co(NO;),-6H,0 and 0.5g CTAB were dis-
persed into 25 mL deionized water. After continuous
stirring and ultrasonic treatment until all the solutes
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dissolved, freshly prepared NaBH, solution (0.1 g in
10 mL water) was added dropwise slowly. After the re-
action proceeded for some time, the product was cen-
trifuged and washed with ethanol three times and finally
dried under vacuum overnight at room temperature.

Synthesis of SA Pt-O;

In a typical synthesis, 100 mg as-prepared FeCo ONs was
dispersed in 25 mL water under ultrasonic vibration.
Afterwards, a H,PtCl, solution (1.25 mg in 10 mL water)
was added dropwise under stirring at room temperature.
After stirring for 12h, the mixed solution was cen-
trifuged. The recovered solid was washed with deionized
water and ethanol several times. After drying under va-
cuum overnight, the solid was transferred into a porcelain
boat and then kept in a tube furnace maintaining at
100°C under 5% H,/N, atmosphere for 1 h. Finally, the
SA Pt-O; was obtained.

Synthesis of SA Pt-O,

The SA Pt-O, was prepared according to a previously
reported method [41]. In a typical synthesis, the titanium
oxide (1 g) and an aqueous solution of sodium hydroxide
(10 mol L', 30 mL) were stirred to form a suspension.
Afterwards, the mixture was transferred into a 50-mL
Teflon-lined stainless-steel autoclave and hydrothermally
treated at 130°C for 72 h. After cooling down to room
temperature, the precipitate was separated by cen-
trifugation and washed with deionized water until a pH
near 8. The recovered solid was dried at 60°C for 12 h
(marked as titanate nanotubes). Then, tetra-
ammineplatinum(I) chloride monohydrate (1.82 mg) was
dissolved in an aqueous solution of HCl (0.1 mol Lfl,
20 mL) to form a clarified solution. The as-prepared ti-
tanate nanotubes (0.2 g) were added to the above solution
and mixed with ultrasonic treatment for 30 min. The
mixture was continuously stirred for 12 h at room tem-
perature. The precipitate was separated by centrifugation
at 10,000 r min ' for 6 min and washed with deionized
water for three times, then dried under vacuum at 60°C
for 12 h. After being ground, the as-prepared precipitate
was calcined in a muffle furnace at 400°C for 1 h and then
kept in a tube furnace at 160°C under the 5% H,/Ar
atmosphere for 1 h with a heating rate of 2°C min . Fi-
nally, the product, marked as SA Pt-O,, was collected
without any treatment for further use.

Synthesis of SA Pt-N,
The SA Pt-N, catalyst was synthesized based on pre-
viously reported work [42]. In a typical synthesis, 4 g
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EDTA-2Na and 36 mg K,PtClg were dissolved into
100 mL deionized water, and then stirred at 80°C for
12 h. Afterwards, the solution was evaporated and
transferred into a solid mixture of EDTA-2Na-Pt com-
plex. The recovered solid was then thoroughly mixed with
40 g Na,CO; powder through grinding using an agate
mortar. The mixed precursors were placed in a corundum
boat and annealed at 850°C with a heating rate of
3°C min ' under Ar atmosphere for 1h. After cooling
down to room temperature, the resulting powder was
transferred into a diluted hydrochloric acid solution to
remove soluble Na,CO; salt completely. Finally, the SA
Pt-N, was collected by vacuum infiltration and then dried
in oven overnight after washing with distilled water and
anhydrous ethanol for several times.

Catalytic evaluation

All operations were performed with the use of standard
Schlenk techniques. Unless otherwise noted, all the ex-
periments were carried out under N, atmosphere. In a
typical procedure: 1-octene (1.0 mmol), pinacol borane
(2.0 mmol) and the catalysts (SA Pt-O;, SA Pt-O,, SA
Pt-N,, Pt/substrate=0.028%) were placed in a Schlenk
tube. The reactor was sealed and purged three times with
N, at 1 MPa. Then the mixture was heated at 40°C under
vigorously stirring (800 r min ') for 24 h. After the re-
action, the yield was detected by gas chromatography
(GC) using dodecane as the internal standard. The overall
calculated turnover number (TON, =(mole of product 3)/
(mole of Pt)) was measured upon completion of reactions
and the calculation of it was based on the total Pt loading
in the catalysts.

Characterization

X-ray diffraction (XRD) data were obtained from a Ri-
gaku D/max 2500Pc X-ray powder diffractometer (Japan)
using a Cu Ka radiation (1=0.15418 nm). Transmission
electron microscopy (TEM) images were taken on a Hi-
tachi-7700 (Japan) operated at 100 kV. High resolution
TEM (HRTEM) images were recorded on a JEOL JEM-
2100F field emission transmission electron microscope
(Japan) operated at 200 kV. Aberration-corrected high-
angle annular dark-field scanning transmission electron
microscopy (AC HAADF-STEM) images were taken on a
Titan 80-300 scanning/transmission electron microscope
(FEIL, USA) operated at 300 kV, equipped with a probe
spherical aberration corrector. Inductively coupled plas-
ma optical emission spectrometry (ICP-OES) measure-
ments were carried out on a Thermo Fisher iCAP™ 7000
Series ICP-OES analyzer (USA). The product was iden-
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tified by gas chromatography-mass spectrometry (GC-
MS, Thermo Fisher Scientific-TXQ Quntum XLS, USA),
and was quantitatively analyzed by GC (Shimadzu, GC-
2010 Plus, Japan), equipped with FID using a capillary
column (TR-5MS, from Thermo Scientific, USA; length
30 m, inner diameter 0.25 mm, film 0.25 pm) employing
n-octanol as an internal standard. 'H and °C NMR data
were acquired from a Bruker Advance III (400 MHz)
spectrometer (Germany).

XAFS analysis and results
The X-ray absorption find structure (XAFS) data of the
sample were collected at 1W1B station in Beijing Syn-
chrotron Radiation Facility (BSRF). The acquired ex-
tended XAFS (EXAFS) data were processed according to
the standard procedures using the ATHENA module
implemented in the IFEFFIT software packages. The
EXAFS spectra were obtained by subtracting the post-
edge background from the overall absorption and then
normalizing with respect to the edge-jump step. Subse-
quently, k’-weighted y(k) data of Pt Ls-edge was Fourier
transformed to real (R) space using a hanning windows
(dk=1.0A™") to separate the EXAFS contributions from
different coordination shells. To obtain the quantitative
structural parameters around central atoms, least-squares
curve parameter fitting was performed using the ARTE-
MIS module of IFEFFIT software packages. The following
EXAFS equation was used:

NS, F(k
) :Z L;()

4 exp[—2k o jz]

J

Xexp

2R,
Tk)j sin[sz ¢ j(k)], (1)

where S, is the amplitude reduction factor, F(k) is the
effective curved-wave backscattering amplitude, N; is the
number of neighbors in the jth atomic shell, R; is the
distance between the X-ray absorbing central atom and
the atoms in the jth atomic shell (backscatterer), A is the
mean free path in A, ¢;(k) is the phase shift (including the
phase shift for each shell and the total central atom phase
shift), o; is the Debye-Waller parameter of the jth atomic
shell (variation of distances around the average R)). The
functions Fj(k), A and ¢,(k) were calculated with the ab
initio code FEFF8.2.

Computational method

The DFT calculations were conducted using the Vienna
Ab initio Simulation Package (VASP) [43,44] applying the
functional of revised Perdew-Burke-Ernzerhof (rPBE)
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[45,46] and generalized gradient approximation (GGA).
The interactions between electrons and atomic cores were
described using the projector augmented wave (PAW)
method. All the structure optimizations were conducted
with a cut-off energy of 400 eV and the force convergency
of 0.05 eV A", The transition states were obtained using
the climbing image nudged elastic band (NEB) [47] with
a same force convergency of 0.05eV A", All the ad-
sorption energies were refered to the gas energies of oc-
tene (CgHy4), hydrogen (H,) and HBPin. The standard
thermodynamic corrections [48,49] were conducted to
correct all the energies to free energy with the condition
of the temperature of 313 K (correction values see
Table S1).

Single atom Pt carried by three different catalysts were
studied in this work, including TiO, (SA Pt-O,), N-doped
graphene (SA Pt-N,) and FeCo oxide (SA Pt-O;). The
anatase TiO, was used as a bulk structure, where a TiO,
(101) surface was applied with a p(2x2) unit cell. A
Monkhorst-Pack k-point 1x3x1 was used in all the sur-
face structure calculations for TiO,(101). A p(6x6) gra-
phene surface was applied with 4 doping N. A
Monkhorst-Pack k-point 2x2x1 was used in all the sur-
face structure calculations for graphene. The spinel bulk
structure CoFe,O, was used to build the surface of FeCo
oxide, where a CoFe,0,(311) surface was used with a
p(1x1) unit cell. A Monkhorst-Pack k-point 1x3x1 was

used in all the surface structure calculations for CoFe,O,
(311).

Five different key adsorbates (ad-1 to ad-5) were con-
sidered based on the catalytic system (Fig. S1a), where the
linear relations, namely the scaling relations (Fig. S2),
were calculated with the descriptor of the adsorption
energies of C8H17* (ad-2). Six elementary reactions
(Fig. S1b) were considered in this work to establish the
reaction phase diagram.

RESULTS AND DISCUSSION

The TEM image illustrates the hierarchical micro-
structure and uniform thickness of the as-prepared
FeCo ONs, and the exclusive observed weak peak in the
XRD pattern reveals the low crystalline of the sample
(Figs S3 and S4). TEM and HAADF-STEM images in-
dicate that the hierarchical microstructure is preserved
after the adsorption of Pt element and simultaneously no
visible Pt nanoparticles formed on the FeCo ONs support
(Fig. la, b). No extra peaks consistent with Pt nano-
particles are found in the XRD pattern as well (Fig. S4).
Energy-dispersive X-ray spectroscopy (EDS) shows that
the Pt element is homogeneously dispersed on the sup-
port (Fig. 1c). The loading of Pt element is measured up
to 0.54 weight percent (wt%) according to the analysis of
ICP-OES. To further confirm the sole existence of Pt
species, we performed the AC HAADF-STEM measure-

Figure 1 (a) TEM image, and (b) HAADF-STEM image of the SA Pt-O; sample. (c) Corresponding EDS elemental maps of Fe, Co, O and Pt. (d) AC
HAADEF-STEM image of the SA Pt-O; sample. (e, f) AC HAADF-STEM images of the SA Pt-O, and SA Pt-N,.
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ments on the catalyst (Fig. 1d). It can be recognized that
there are only isolated bright dots corresponding to the
single Pt atoms appearing on the FeCo ONs, demon-
strating the sole presence of SA Pt species in the SA
Pt-Os.

To get more information about the electronic and co-
ordination structures of the SA Pt catalyst, XAFS analysis
was conducted. Fig. 2b shows the Fourier transformed
EXAFS (FT-EXAFS) spectrum of SA Pt-O; with Pt-foil
and PtO, as references at the Pt L;-edge. There is only one
prominent peak at 1.6 A which can be attributed to the
Pt-O contribution and no peak corresponding to Pt-Pt
contribution at 2.6 A can be observed, confirming that Pt
species exist as isolated atoms stabilized by oxygen atoms.
Besides, the oxidation state of these SA Pt species is also
illustrated by the X-ray absorption near-edge structure
(XANES) spectra (Fig. 2a). In general, the white line in-
tensities are closely related to the oxidation state of Pt. In
Fig. 2a, the white line intensity of SA Pt-O; is located
between that of Pt foil and PtO,, which indicates that the
oxidation state of Pt in SA Pt-O; is situated between 0 and
+4. Further fitting analysis of the FT-EXAFS curve in R
space confirmes that the SA Pt species are coordinated by

three O atoms with a Pt-O bond distance of 1.97 A to
form the Pt-O; structure (Fig. 2c and Table S2). The local
structure of Pt species obtained from DFT simulations is
displayed in Fig. 2d.

The other two SA Pt catalysts with Pt-O, and Pt-N,
coordination structures (denoted as SA Pt-O, and SA Pt-
N,) were synthesized according to different strategies
[41,42]. As revealed by TEM images (Figs S5 and S6) and
XRD patterns (Figs S7 and S8), there are no obvious
peaks matching with Pt nanoparticles. EDS demonstrates
that all elements are uniformly dispersed (Figs S9 and
$10). The contents of Pt element were separately mea-
sured up to 0.51 wt% (SA Pt-O,) and 0.56 wt% (SA Pt-N,)
by ICP-OES. Besides, the HAADF-STEM (Figs S11 and
§12) and AC HAADF-STEM images (Fig. le, f) indicate
that Pt element exists in isolated single atoms for both
samples, which confirms the successful syntheses of the
other two SA Pt catalysts.

We next evaluated the catalytic performance of SA
Pt-Oj; for the hydroboration of alkenes (Fig. 3). Initially,
the hydroboration of 1-octene with the relatively inert
HBPin (1) as the boron source was chosen as the model
reaction. It was delighting that 1-octene (2) was almost

a

Pt L3-edge —Pt-foil b | Pt L3-edge — Pt foil
——SAPt-03 — SA Pt-O3
—PtOs \ —PtO2
o Pt-Pt
i3 s
E w
X k&
11550 11560 11570 11580 11580 11600 0 1 2 3 H 5 8
E (eV)
c s
— SA Pt-O3
Fitting
3
<
-
(1

Figure 2 (a) XANES spectra at the Pt L;-edge of the SA Pt-O; sample, PtO,, and Pt foil. (b) FT-EXAFS spectra at the Pt L;-edge of the SA Pt-O;
sample, PtO,, and Pt foil. (c) Corresponding fits of the EXAFS spectrum of the SA Pt-Oj at the R space. (d) Local structure of Pt species in SA Pt-O;
from DFT simulations. The yellow, red, blue and purple balls represent Pt, O, Co and Fe atoms, respectively.
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Figure 3 A performance comparison of SA Pt-Os, SA Pt-O,, SA Pt-N,,
and pure supports in anti-Markovnikov hydroboration of 1-octene.

completely converted to the target anti-Markovnikov
addition alkylboronic ester (3) (Figs S13 and S14) in 91%
yield and 97% selectivity over the SA Pt-O, without sig-
nificant alkene isomerization. The TON value of SA Pt-
O; was up to 3288. As for the other two SA Pt catalysts,
the yield of the product 3 dropped down to 26% for SA
Pt-O, and 24% for SA Pt-N, accompanied by a certain
degree of alkene isomerization, achieving the much lower
TON values as 936 and 864, respectively. In contrast,
almost no product was obtained when the pure FeCo
ON:ss, TiO, and N-doped graphene (NG) were used as the
catalysts. These results of control experiments demon-
strate that the catalytic active species is SA Pt and the
different performances of the three catalysts for the hy-
droboration reaction are probably concerned with the
distinct coordination structures of Pt atoms. After the
reaction, according to HAADF-STEM, AC HAADEF-
STEM images and XRD pattern, the initial morphology of
SA Pt-O; remained unchanged and no agglomeration of
Pt species was found after the reaction (Figs S15 and S16).

Towards further understanding the relationship be-
tween the coordination structure and the catalytic per-
formance of SA Pt-O;, DFT studies were conducted to
gain more insight into the catalytic mechanism and ac-
tivity trend of the hydroboration reaction over the above
three catalysts with different coordination structures
(Fig. S17). Five different key adsorbates (ad-1 to ad-5)
were considered based on the catalytic systems (Fig. Sla),
where linear relations (Fig. S2), namely the scaling rela-
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tions [50,51], were calculated with the descriptor of the
adsorption energies of CgH;,*(ad-2). Six elementary re-
actions (Fig. S1b) were considered in this work to es-
tablish the reaction phase diagram (RPD) [52,53]
(Fig. 4a).

Two different reaction pathways were considered in
this work, which can be mainly dependent on the dif-
ferent priorities of the first activation of ad-1 by hydro-
genation (Fig. 4b, Pathway 2) or hydroboration (Fig. 4b,
Pathway 1). The Pathway 1 is more favored, when the
adsorption energy of ad-2, namely the descriptor (de-
scribed in Fig. 4a, X-axis), is lower than —0.75 eV due to a
higher reaction energy of R5 needed for Pathway 2. With
the increase of the ad-2 adsorption energy, a higher re-
action energy of R2 can be found, resulting in a difficult
reaction by Pathway 1. Therefore, Pathway 2 is more
favored in this case.

The AG limiting steps can be obtained as the elemen-
tary step with the highest reaction energy in specific re-
action pathways. Here, different AG limiting steps are
demonstrated for alkene hydroboration with different
adsorption energies of ad-2. Importantly, the catalytic
activity can be described from the reaction energy of AG
limiting steps. It is found that the reaction energy of AG
limiting step for alkene hydroboration over SA Pt-O; is
just located close to the lowest reaction energy obtained
from RPD, which is expected to show the highest catalytic
activity (Fig. 4a). Hereafter, a theoretically predicted ac-
tivity trend can be obtained to be SA Pt-O;>SA Pt-O,>SA
Pt-N,, which shows an excellent agreement compared
with the experimental results discussed above. Note that,
although the scaling relations show a general trend for the
adsorption energies between different adsorbates, it may
affect the predicted activity trend due to the error in the
linear fitiing compared to the explicit calculation. Ac-
cordindly, The activation barriers of AG limiting steps
were calculated to further prove the expected catalytic
activity for SA Pt-O;. R6 is obtained to be the AG limiting
step for alkene hydroboration over SA Pt-O,, where a
higher activation barrier of 1.47 eV is calculated on SA
Pt-O, compared with that of only 0.09 eV on SA Pt-O;.
Meanwhile, the dissociative adsorption of HBPin (R1) is
found to be the AG limiting step on SA Pt-N, with a
higher activation barrier of 1.91 eV, while 0.47 eV of ac-
tivation barrier on SA Pt-O; is calculated.

As discussed above, the alkene hydroboration over SA
Pt-O; is just located close to the point with the lowest AG
limiting reaction energy. Seriously, it is difficult to judge a
clear reaction mechanism for alkene hydroboration over
SA Pt-O; due to a similar energy of AG limiting reaction
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energy for different pathways, where it is located just at
the switch point for different pathways based on the re-
action phase diagram. Therefore, further DFT calcula-
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tions were conducted to investigate the reaction
mechanism for alkene hydroboration over SA Pt-O;
(Fig. 5a) with the calculations of all the transition states
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Figure 4 (a) Reaction phase diagram of alkene hydroboration (elementary steps R1-R6 see the Supplementary information). The black solid lines are
AG limiting steps; the blue and red backgrounds refer two different reaction pathways. (b) Two different reaction pathways for alkene hydroboration.
(c) Activation barriers of R1 over SA Pt-O; and SA Pt-N,. (d) Activation barriers of R6 over SA Pt-O; and SA Pt-O,.
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Figure 5 (a) Reaction pathways of alkene hydroboration over SA Pt-O;. The red and blue lines show different pathways. (b) Transition state

structures performed in alkene hydroboration over SA Pt-O;.
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(Fig. 5b).

It is found that lower activation barrier of 1.23 eV is
obtained for the hydroboration of CsH,* compared with
the hydrogenation (1.49 eV). Meanwhile, the following
steps of both pathways show lower activation barrier af-
fecting less the total activity. As a result, the mechanism
with the hydroboration of CgH,,* followed by a further
hydrogenation is more favored over SA Pt-O,. Ad-
ditionally, the better activation behavior for alkene hy-
droboration over SA Pt-O; can be further proved with the
lower activation barrier of AG limiting barrier (1.23 eV)
compared with that on either SA Pt-O, (1.47 eV, Fig. 4c)
or SA Pt-N, (1.91 eV, Fig. 4d).

CONCLUSIONS

In summary, the influence of the coordination structure
on the catalytic properties of SA catalysts has been
thoroughly investigated by considering three SA Pt cat-
alysts: SA Pt-Os, SA Pt-O,, and SA Pt-N,. The as-fabri-
cated SA Pt-O; exhibits the highest activity in the anti-
Markovnikov hydroboration of alkenes, producing the
valuable alkylboronic esters with good selectivity. As re-
vealed by DFT calculation and experimental results, the
superior performance of SA Pt-O; is attributed to its
distinctive coordination structure, which results in the
lowest reaction energy of AG limiting step. This work
may provide new insights for preparing novel better-
performing SA catalysts by changing the coordination
structure of the active metal centers.
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