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Interfacial electronic effects control the reaction
selectivity of platinum catalysts

Guangxu Chen"?', Chaofa Xu"?", Xiaoging Huang"?, Jinyu Ye', Lin Gu?, Gang Li% Zichao Tang?,

Binghui Wu'"?, Huayan Yang"?, Zipeng Zhao'?, Zhiyou Zhou', Gang Fu

12* and Nanfeng Zheng"?*

Tuning the electronic structure of heterogeneous metal catalysts has emerged as an effective strategy to optimize
their catalytic activities. By preparing ethylenediamine-coated ultrathin platinum nanowires as a model catalyst, here we
demonstrate an interfacial electronic effect induced by simple organic modifications to control the selectivity of metal
nanocatalysts during catalytic hydrogenation. This we apply to produce thermodynamically unfavourable but industrially
important compounds, with ultrathin platinum nanowires exhibiting an unexpectedly high selectivity for the production of
N-hydroxylanilines, through the partial hydrogenation of nitroaromatics. Mechanistic studies reveal that the electron donation
from ethylenediamine makes the surface of platinum nanowires highly electron rich. During catalysis, such an interfacial
electronic effect makes the catalytic surface favour the adsorption of electron-deficient reactants over electron-rich substrates
(that is, N-hydroxylanilines), thus preventing full hydrogenation. More importantly, this interfacial electronic effect, achieved
through simple organic modifications, may now be used for the optimization of commercial platinum catalysts.

production of commodity chemicals, as well as fine chemicals

and pharmaceuticals?. To achieve high-yield production
of target chemicals while avoiding the production of wastes,
the development of highly selective catalysts has become an
important focus in catalysis science>’. In homogeneous catalysis
and biocatalysis, ligands on catalytically active metal centres often
induce significant steric and electronic effects that determine the
overall selectivity of the catalysts*”. Similarly, organic modifiers
(ligands) on metal-based heterogeneous catalysts help to enhance
the catalytic selectivity to some extent, mainly as a result of
steric effects'®". Limited success has been achieved in applying
ligands to create electronic effects that determine the selectivity
of heterogeneous metal catalysts, although the electronic effects
of organic modifiers on their catalytic activities have been
recently reported'*'>.

For heterogeneous metal catalysts, tuning the electronic structure
has emerged as an important strategy to improve their performance.
At present, there are the two main approaches to tune the electronic
structure of heterogeneous metal nanocatalysts. One is to construct
multimetallic nanoparticles that integrate metal components with
different electronic properties. The other is to use supports to
create strong metal-support interactions. For instance, fine control
over the composition and structure of multimetallic nanocatalysts
yields nanocatalysts with enhanced activity, selectivity and stability
for oxygen reduction'®*, the electrochemical reduction of CO,
(ref. 22), the decomposition of formic acid®, aerobic oxidation
reactions?® and so on®. The deposition of Pt nanoparticles on
TiO, or CeO, creates water-gas shift catalysts with enhanced
performance owing to the electronic perturbations between Pt
and TiO, or CeO, (refs 27,28). In contrast to numerous studies

E fficient and selective catalysts are important for the industrial

on the electronic effects induced by inorganic components, little
attention has been focused on the electronic effects induced by
surface organic modifiers on heterogeneous catalysis'*'*>. Owing to
the complexity of heterogeneous catalysts**°, understanding the
electronic modulation due to organic modifiers is challenging, but
it may lead to an effective and low-cost approach to optimize the
catalytic performance of heterogeneous metal catalysts.

Here we demonstrate an interfacial electronic effect induced
by simple organic modification to control the catalytic selectivity
of Pt-based nanocatalysts in hydrogenation reactions. Such
an interfacial effect leads to the catalytic production of the
thermodynamically unfavourable but industrially important
compounds  N-hydroxylanilines, an important class of
intermediates for many high-value products (Supplementary
Fig. 1)"*'*. At present, N-hydroxylanilines are mainly produced
by the chemical reduction of nitroaromatics using expensive and
environmentally unfriendly reducing agents (for example, zinc,
hydrazine)**. It remains challenging to achieve the catalytically
selective production of N-hydroxylanilines using low-cost and
environmentally benign reducing agents. In this work, uniform
ultrathin (~1.1 nm in diameter) Pt nanowires with ethylenediamine
(EDA) chelated on their surfaces (denoted as EDA-Pt NWs) are
chemically prepared and used as model nanocatalysts to elucidate
the interfacial electronic effect induced by the interaction between
EDA and Pt. In the hydrogenation of nitroaromatics, the as-
prepared EDA-Pt NWs exhibit an unexpectedly high selectivity
towards partially hydrogenated products, N-hydroxylanilines. Our
study reveals that the electron donation from EDA to Pt NWs
makes the surface of Pt NWs highly electron rich. During catalysis,
such an interfacial electronic effect makes the Pt NWs favour
the adsorption of electron-deficient reactants but disfavour the
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Figure 1] Structure analysis of the ultrathin Pt NWs. a, A representative
TEM image of large-scale Pt NWs. b, Sub-angstrém-resolution high-angle
annular dark-field (HAADF) STEM image of Pt NWs showing their uniform
ultrathin features. ¢, Structure model showing the arrangement of Pt atoms
in the ultrathin Pt NWs. d, SEM image of the [Pt(EDA);1(acac);
intermediate for Pt nanowire preparation. e, Single-crystal structure of the
[Pt(EDA),](acac); intermediate. Colour codes: magenta, Pt; blue, N;

red, O; grey, C; white, H.

adsorption of electron-rich substances (that is, N -hydroxylanilines),
turning off the full hydrogenation. More importantly, the proposed
interfacial electronic effect is experimentally confirmed by probing
the binding strength and mode of adsorption of CO on Pt NWs.
These simple organic modifications may therefore be applicable in
optimizing the selectivity of commercial Pt catalysts.

Synthesis and characterization of EDA-coated Pt NWs

To prepare the ultrathin EDA-Pt NWs, Pt(11) acetylacetonate (acac)
was thermally reduced in the presence of EDA in dimethyl-
formamide (DMF) solution. Transmission electron microscopy
(TEM) and aberration-corrected scanning transmission electron
microscopy (STEM) revealed that uniform ultrathin Pt NWs were
the dominant products (Fig. 1la and Supplementary Fig. 2). The
diameter of Pt NWs averaged 1.1 nm, approximately 6-7 atoms
thick, whereas their length was up to hundreds of nanometres.
Despite their ultrathin nature, the as-prepared Pt NWs were highly
crystalline (Fig. 1b). The selected-area Fourier transform analysis
(Supplementary Fig. 3) indicated that Pt NWs had a face-centre-
cubic (fcc) structure (Fig. 1c), consistent with the powder X-ray
diffraction (XRD) pattern (Supplementary Fig. 4). A survey of tens
of nanowires by high-resolution STEM (Fig. 1b) revealed that all the
examined Pt NWs were single crystalline, with two types of clearly
observed lattice fringes having interplanar spacings of 0.227 and
0.196 nm, ascribed to the 111 and 200 planes of fcc Pt.

Detailed studies revealed that the formation of a nanofibre
intermediate with diameters of 50-150nm (Fig. 1d and
Supplementary Fig. 5) was critical for the successful preparation of
the ultrathin Pt NWs. The nanofibre intermediate was a salt of the
ionic [Pt(EDA),](acac), complex with two EDA molecules chelated
to one Pt(11), balanced by two acac anions, which was identified by
X-ray single-structure analysis (Fig. 1e and Supplementary Table 1),
X-ray powder diffraction, and elemental analysis (Supplementary
Fig. 6). Owing to the poor solubility of [Pt(EDA),](acac),in DMF,
Pt ions in the preformed intermediate nanofibres were confined
therein for subsequent reductive formation of the ultrathin metallic
Pt NWs. It is worth noting that the presence of 2 atm CO, a reducing
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and capping agent, was critical for the synthesis of uniform Pt NWs.
The synthesis in the absence of CO led to the formation of short
rods together with large nanoparticles (Supplementary Fig. 7). The
presence of EDA on Pt NWs was confirmed by FTIR measurements
(Supplementary Fig. 8a). As determined by thermogravimetric
analysis (Supplementary Fig. 8b) and elemental analysis, the
EDA coverage on Pt NWs was as high as 34.9mol% over the
total Pt atoms. Strong binding of EDA on the surface of Pt NWs
was suggested by the temperature-programmed desorption-
mass spectrometric profile, which revealed the decomposition
of EDA above 200°C (Supplementary Fig. 9). Moreover, the
narrow and symmetric N1s X-ray photoelectron spectrum (XPS)
(Supplementary Fig. 10) indicated the absence of multiple binding
modes of EDA on Pt NWs.

High catalytic selectivity of Pt NWs

With their ultrathin diameter and well-modified surface, Pt NWs
readily serve as a model nanocatalyst to demonstrate how organic
modifiers control Pt catalysis. The selective hydrogenation of
nitroaromatics was chosen because this is an important catalytic
reaction towards high-value products (Supplementary Fig. 1a)"*'-*
and at present it remains challenging to control product selectivity.
Although Pt-based catalysts have been demonstrated as efficient
catalysts for the hydrogenation of nitroaromatics, the end products
resulting from Pt catalysts were mainly aniline derivatives®.
DFT calculations demonstrated that nitrobenzene is hydrogenated
to produce nitrosobenzene, N-hydroxylaniline and aniline
successively, with reaction enthalpies (AH) of —0.93, —1.57 and
—2.56 eV, respectively (Fig. 2a), consistent with previous analyses®.
It is thus challenging to prevent the thermodynamically driven
full hydrogenation and selectively produce partially hydrogenated
products such as N-hydroxylanilines*"*>, which are industrially
important chemicals (Supplementary Fig. 1b).

As evidenced by "H-NMR (Fig. 2b and Supplementary Fig. 11),
when ultrathin EDA-Pt NWs were used as the catalyst in the room-
temperature hydrogenation of nitrobenzene, N-hydroxylaniline
was produced preferentially, with a nearly 100% selectivity
within 50 min. Moreover, not much hydrogenation from
N-hydroxylaniline to produce aniline was observed even when the
reaction time was prolonged to 2h (Fig. 2c). No significant decay
in the selectivity was observed even after the catalyst was recycled
five times. In the absence of additives, such a high selectivity to
N-hydroxylaniline is unprecedented in conventional Pt catalysts.
In contrast to EDA-Pt NWs, the commercial Pt black favoured
full hydrogenation, leading to the formation of aniline as the main
product. When nitrobenzene was fully converted, the yield of
N-hydroxylaniline was only ~33%. With the increased reaction
time, N-hydroxylanilines were fully hydrogenated into anilines
within 2h (Fig. 2d). Reaction rate measurements confirmed that
the hydrogenation of N-hydroxylaniline on EDA-Pt NWs was
much slower than that on Pt black, although the hydrogenation
of nitrobenzene occurred at a similar rate on both catalysts
(Supplementary Fig. 12).

Moreover, an acid treatment removed part of the EDA on the
Pt NWs (Supplementary Fig. 13) and was thus deleterious to the
selectivity towards N-hydroxylaniline (83% at 100% conversion of
nitrobenzene) (Supplementary Fig. 14). This result demonstrated
the importance of EDA in achieving a high catalytic selectivity
towards N-hydroxylaniline. Pt black after simple EDA treatment
exhibited an enhanced selectivity to N-hydroxylaniline (74% at
100% conversion) (Supplementary Fig. 15). However, over both
the acid-treated Pt NWs and EDA-treated Pt black, the selectivity
of N-hydroxylaniline decreased markedly as the reaction time
increased. These results strongly suggested that Pt NWs and EDA
work in synergy to achieve the catalytic performance exhibited by
EDA-Pt NWs.
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Figure 2 | Catalytic performance of EDA-Pt NWs. a, Stepwise hydrogenation of nitrobenzene and the corresponding energy profiles from DFT calculations
(black) and ref. 40 (red). b, "TH-NMR spectra for nitrobenzene hydrogenation reaction on Pt NWs after 50 min. Product (red) and reactant (black).
¢, Time-dependent catalysis by the EDA-Pt NWs. d, Time-dependent catalysis by commercial Pt black.

Mechanism of catalytic selectivity by Pt NWs
To understand how the EDA-Pt interface enhanced the catalytic
selectivity, structural models of periodic Pt NWs (that is, both bare
NWs and EDA-capped NWs) were built to simulate EDA-Pt NWs
and optimized by using the Vienna Ab initio Simulation Package
(VASP) code. In the optimized structure models (Fig. 3a and
Supplementary Fig. 16), the nanowires have seven layers of Pt atoms,
with a growth direction of [110], consistent with the high-resolution
TEM (HRTEM) measurements. To simulate the surface roughness,
50% Pt atoms at the edges of the Pt NW were removed, resulting
in 12 low-coordinated Pt atoms in every repeating unit containing
136 Pt atoms. Such a structure allowed 12 EDA molecules to be
adsorbed in the chelating mode. As shown in Fig. 3b, the simulated
EXAFS spectrum based on the optimized EDA-coated structure
exhibited a distinct Pt-N peak similar to the experimental peak.
DFT calculations showed that the adsorption of EDA was very
strong, with an average adsorption energy of —1.60 eV. With lone-
pair electrons on N atoms, EDA molecules would donate their
electrons to Pt NW on adsorption. The Bader charge analysis
revealed that the uncovered surface atoms of EDA-Pt NW are
negatively charged by —6.65 a.u. (—0.14a.u./Pt atom), whereas
the Pt atoms in the core are nearly neutral (+0.02 a.u./Pt atom).
As shown in the cross-sectional profiles of Pt NWs (Fig. 3a),
the charges of core Pt atoms were nearly unchanged with or
without EDA chelating, whereas the donated electrons were mostly
located on surface, especially around EDA-coordinated Pt atoms
(Supplementary Fig. 17). Such an effect can be referred to as the
interfacial electronic effect. To confirm this, XPS was performed
to probe the change in the binding energy of Pt. Probably owing
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to the average effect of both the surface and core atoms, no
obvious shift in the binding energy of Pty from that of Pt(0) was
revealed on EDA-Pt NWs (Supplementary Fig. 18). We thus shifted
our efforts to CO stripping voltammetry, an effective technique
to determine the surface electronic structure of noble metals'".
Surprisingly, the CO stripping potential on EDA-Pt NWs was
measured to be 0.83 V versus reversible hydrogen electrode (RHE),
0.22'V higher than that on Pt black (0.61 V versus RHE) (Fig. 3c).
These results indicated that, following EDA adsorption, the surface
of Pt NWs became electron rich and donated more electrons to
CO 2mt* orbitals, thus strengthening CO adsorption and weakening
C-0 bonds. DFT calculations (Supplementary Table 2) confirmed
that CO indeed carried a greater negative charge, and the CO
adsorption on EDA-Pt NWs was enhanced. Moreover, as revealed
by in situ electrochemical FTIR reflection spectroscopic studies
(Fig. 3d and Supplementary Fig. 19), EDA-Pt NWs exhibited
different CO binding strengths and adsorption sites from those of
Pt black. The linear CO vibrational frequency on EDA-Pt NWs was
2,027 cm™" at 0.1V (versus RHE), 31 cm™" lower than that on Pt
black. Furthermore, the bridge adsorption of CO at 1,887 cm~! on
EDA-Pt NWs was even much stronger than the linear adsorption®.
The change in CO binding was also confirmed by our calculations
(Supplementary Table 2). CO adsorption on bridge and hollow sites
benefited more from the electron-rich surface than that on the
top sites. All these findings indicated that the chelating adsorption
of EDA indeed altered the electronic state on the surface of
Pt NWs.

Moreover, the catalytic selectivity of the Pt NWs was directly
correlated with their surface electronic state. When part of the
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Figure 3 | The surface electronic effect induced by EDA. a, Constructed models of bare Pt NW and EDA-Pt NW and their corresponding Bader charge
analysis. The colours in Pt NWs indicate the Bader charge of each atom. The profiles of each Pt NWs are shown on the left. b, The k3-weighted Fourier
transform spectra from EXAFS. Ak=2.5-12.5 A=" are used for all the samples. The peak at ~1.7 A in the first shell of Pt NWs is contributed by the
interaction between Pt and EDA. Green line is the simulated result based on the optimized model of an EDA-coated Pt nanowire. ¢, CO stripping
voltammetry of Pt black, EDA-Pt NWs, sulphuric acid (1 M) treated EDA-Pt NWs and EDA-Pt NWs without CO. d, In situ FTIR spectra for CO adsorbed on
Pt black and EDA-Pt NWs, respectively, in 0.1 M NaOH solution at a potential of 0.1V (versus RHE).

EDA on Pt NWs was removed by acid treatment, the CO stripping
potential on Pt NWs was shifted to a lower potential (0.76 V versus
RHE) (Fig. 3c), and the selectivity of acid-treated Pt NWs was
consequently reduced to only 83%. Also, the CO stripping potential
of EDA-treated Pt black was only 0.01 V (versus RHE) higher than
that of pure Pt black (Supplementary Fig. 20). Accordingly, the
enhancement in the selectivity to N-hydroxylaniline achieved by
EDA-treated Pt black (Supplementary Fig. 15) was not as significant
as that by EDA-Pt NWs.

Based on the above findings, we expected that the electron-rich
nature of EDA-Pt NWs would alter the adsorption behaviour of
N -containing aromatics. According to our DFT calculations, the
adsorption free energies (AG,q,) of nitrobenzene, nitrosobenzene
and N-hydroxylaniline on bare Pt NWs are —1.27, —1.48 and
—0.89 eV, respectively (Supplementary Table 3), similar to those on
low-Miller-index facets (Supplementary Table 4). This indicated
that all of these N-containing aromatics are readily adsorbed on
the pristine Pt catalysts to undergo hydrogenation after H, uptake,
explaining the poor selectivity for N-hydroxylaniline of Pt black.
However, when the Pt NW is chelated by 12 EDA, the remaining
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surface Pt atoms become inaccessible for N-containing aromatics
as a result of steric effects. The adsorption of the substrates to
be hydrogenated should compete with the pre-adsorbed EDA
on Pt NWs to initiate the catalysis (Supplementary Table 3).
Computationally, two possible mechanisms were considered,
namely exchange and pull-and-occupy mechanisms. In the
exchange mechanism, once the aromatics adsorbed on the low-
coordinated Pt sites, EDA would be removed from the surface. In
the pull-and-occupy mechanism, the adsorbed aromatics pull the
EDA molecules to the vicinal sites, and occupy the low-coordinated
sites. During this process, the adsorption of EDA would change
from the chelating mode to the single-coordinated mode. We
used AG,, and AG,, instead of AG,4 to describe the feasibility of
adsorption of an N-containing aromatic (Supplementary Figs 21
and 22).

As shown in Fig. 4a, AG,, for nitrobenzene and nitrosobenzene
were calculated to be —0.55 and —0.87 eV, respectively, whereas
AG,, for N-hydroxylaniline was 0.41eV. A similar trend was
obtained from AG,, calculations. Even when Pt NWs were heavily
coated by EDA, the adsorption of nitrobenzene or nitrosobenzene
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Figure 4 | Mechanism of catalytic selectivity of EDA-Pt NWs. a, Free energies (AGp,) for the adsorption of N-containing aromatics over EDA pre-coated
Pt NWs. Black, nitrobenzene; red, nitrosobenzene; green, N-hydroxylaniline; blue, aniline. b,c, Comparison of the catalytic performances for the
hydrogenation of substituted nitrobenzene over the commercial Pt black before (b) and after (¢) Pt (EDA);(acac); modification. Reaction conditions:
methanol, 10 ml; solution of sodium hydroxide, 0.5 ml (1M); substrate/metal molar ratio, 500; H,, 0.05 MPa; temperature, 25°C.

was feasible, whereas N-hydroxylaniline was still unable to access
the surface of EDA-Pt NWs. However, for the adsorption of
nitrobenzene or nitrosobenzene, the exchange mechanism was
less favourable than the pull-and-occupy mechanism by ~0.2eV
(Supplementary Table 3). These results suggested that the selective
catalysis might proceed without displacing EDA on Pt NWs,
consistent with the fact that no detachment of EDA from
Pt nanowires was detected during catalysis. As compared with
bare Pt NWs, the adsorption free energies of nitrobenzene,
nitrosobenzene and N-hydroxylaniline on the EDA-decorated
Pt NWs were weakened by 0.72, 0.61 and 1.30eV, respectively
(Supplementary Table 3). Such changes in free energy can be
understood in terms of the change in the spatial distribution of
the electronic density(Supplementary Fig. 23). In the presence
of EDA, d orbitals of Pt are nearly fully occupied, which
favours the adsorption of electron-deficient substrates through
d-n* donation, but disfavours electron-rich substrates because
the negatively charged Pt surface would pull more electrons
into Pt--- N antibonding states. The adsorption of nitrobenzene
on EDA-Pt NWs was experimentally confirmed (Supplementary
Fig. 24). The interfacial electronic effect on the catalytic selectivity
observed in this work was afforded by tuning the adsorption
energies of the substrates to be catalysed on Pt NWs. The electron-
rich surface created by the interfacial electronic effect allows
the selective hydrogenation of electron-deficient nitrobenzene
and nitrosobenzene, but disfavours the adsorption of electron-
rich N-hydroxylaniline. The extremely high selectivity towards
N-hydroxylaniline achieved by EDA-Pt NWs mainly originates
from the unique EDA-Pt interface rather than the ultrathin nature of
Pt NWs. Nevertheless, the ultrathin feature plays an important role
in providing abundant low-coordinated sites for EDA adsorption,
thus reinforcing the interfacial electronic effect.

Application of interfacial electronic effect

With this understanding of how the chelating adsorption of EDA on
Pt NWs enhances the catalytic selectivity, we attempted to apply the
interfacial electronic effect to improve the selectivity of commercial
Pt catalysts. Pt black was treated with [Pt(EDA),](acac), to
allow the deposition of Pt-EDA chelating units on its surface. As
expected, the modified Pt black catalyst exhibited a high selectivity
to N-hydroxylaniline (>97%) (Supplementary Fig. 25), and no
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obvious morphology change was observed after the modification
(Supplementary Fig. 26). To further demonstrate the general
applicability of the modified Pt catalyst, a series of nitroaromatics
with various substitutions (that is, 1-fluoro-4-nitrobenzene,
1-chloro-4-nitrobenzene,  1-bromo-4-nitrobenzene, 1-methyl-
4-nitrobenzene and 1-methoxy-4-nitrobenzene) were examined
(Supplementary Fig. 27). As compared with the unmodified catalyst
(Fig. 4b and Supplementary Fig. 28), the modified Pt black exhibited
significantly enhanced selectivities towards the N-hydroxylaniline
derivatives (Fig. 4c). Over the modified catalyst, the selectivities to
N-hydroxylanilines at 100% conversion were 96.4%, 95.2%, 95.9%,
92.7% and 80% for -F, -Cl, -Br, ~-CH; and -OCH,; substituted
nitroaromatics, respectively. In comparison, under the same
conditions, the unmodified catalyst gave the selectivities of only
32.4%, 9.6%, 6.9%, 6.5% and 0% respectively (Fig. 4b).

Our findings clearly demonstrate that organic surface
modification offers an effective strategy to alter the electronic
structure of metal nanocatalysts to optimize their catalytic
performance. Modifying the surface of metal catalysts with organic
ligands possessing different electronic and steric properties is
expected to provide a powerful means to reinforce and enrich the
interfacial electronic effect by coupling with the steric effect. The
organic modification strategy developed not only provides a new
research direction in engineering efficient metal nanocatalysts for
fine chemical industries, but also extends our understanding of the
coordination chemistry of nanocrystal surfaces*.

Methods

Methods and any associated references are available in the online
version of the paper.
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Methods

Reagents. Pt(II) acetylacetonate [Pt(acac),] (99%) was purchased from
Sino-Platinum Metals. Ethylenediamine (EDA), N,N -dimethylformamide (DMF),
methanol, ethanol, sodium hydroxide (NaOH) and nitrobenzene were purchased
from Sinopharm Chemical Reagent. CO (99.99%) and hydrogen (H,) were
purchased from Linde Industrial Gases. Pt black (~20 nm) was purchased from
Sigma-Aldrich. Water used in all experiments was ultrapure

(resistivity < 18.2 MQ cm™). All reagents were used as received without

further purification.

Synthesis of ultrathin Pt nanowires. Pt(acac), (40.0 mg) and ethylenediamine

(1 ml) were mixed together with N,N-dimethylformamide (10 ml) to get a
homogeneous solution. The resulting light yellow solution was transferred to a
glass pressure vessel. After charging with CO to 0.2 MPa, the vessel was heated
from room temperature to 150 °C in 0.5 h and kept at this temperature for 5h. The
resulting colloidal products were collected by centrifugation, and then washed
several times with ethanol. Before catalysis, CO adsorbed on the surface of Pt NWs
was removed by exposing the Pt NWs in air.

Preparation of nanofibre intermediate [Pt(EDA),](acac),. Pt(acac), (40.0 mg)
and ethylenediamine (1 ml) were mixed together with N,N-dimethylformamide
(10 ml) to get a homogeneous solution. The resulting homogeneous light yellow
solution was transferred to a glass pressure vessel. After charging with CO to

0.2 MPa, the vessel was heated from room temperature to 120 °C with a heating
rate of 4°Cmin~". When the temperature reached 120 °C, the reaction was stopped
immediately and cooled to room temperature. The as-prepared reaction
intermediate was separated via centrifugation, washed with ethanol three times and
then dispersed in 10 ml DME

[Pt(EDA),](acac), modified commercial Pt black. 10.0 mg commercial Pt black
and 9 ml DMF were mixed together with 0.5 ml water, and 0.5 ml of the
as-prepared intermediate solution. The obtained mixture was transferred to a glass
pressure vessel and sealed with a Teflon plug. The vessel was heated from room
temperature to 150 °C with a heating rate of 4°C min~" and kept at this
temperature for 5h. The modified Pt black was washed with ethanol several times.

EDA-treated commercial Pt black. 10.0 mg Pt black was dispersed in 2.0 ml
anhydrous EDA and consequently sonicated for 5 min. The treated Pt

black was used in catalysis after washing in absolute ethanol four times. Before
characterization, the Pt black was dried in a vacuum oven at room
temperature overnight.

General procedure for the hydrogenation catalysis of nitroaromatics. In a
reaction, 0.13 mg Pt nanowire, 1.0 mmol nitroaromatics, 0.5 ml NaOH (1 M)
aqueous solution, methanol (10 ml) and ethanol (55 pl, as internal standard) were
mixed together in a glass pressure vessel. The vessel was purged with H, to remove
air from the reaction system before the catalytic reaction. The vessel was then
pressurized with H, to 0.05 MPa. During the catalytic experiment, the pressure of
H, was maintained constant. The catalytic products produced at different reaction
times were investigated by 'H-NMR. The NMR tubes were purged with argon
before sample injection because N-hydroxylaniline was unstable in air. For the
control experiments, all the reactions were performed with the same processes but
with different catalysts.

Detection of possible detachment of EDA during catalysis. To detect possible
replacement of EDA by nitrobenzene, 6.0 mg Pt NWs, 5 ml methanol, 0.25 NaOH
(1 M) and 0.1 ml nitrobenzene were mixed together in a glass pressure vessel with
vigorous stirring at room temperature for 1 h. To allow easier detection of the EDA
detached from the Pt NWs, the amount of Pt NWs used in this study was 6.0 mg,
~45 times higher than that used in the measurement of the catalytic performance.
The total concentration of EDA on the surface of Pt NWs was more than 81 ppm.
The detection of EDA was performed on a GCMS-QP2010 Plus (SHIMADZU),
which has a detection limit of 5 ppb.

Characterization. TEM studies were conducted on a TECNAI F-20
high-resolution transmission electron microscope operating at 200 kV. HRTEM
measurements were carried out on an atomic-resolution analytical microscope
(JEM-ARM 200F) operating at 200 kV. The samples were prepared by dropping
ethanol dispersion of samples onto 300-mesh carbon-coated copper grids and
immediately evaporating the solvent. X-ray diffraction (XRD) measurements were
performed on a PANalytical X’pert PRO diffractometer using Cu Ko radiation,
operating at 40 kV and 30 mA. Electrochemical measurements were carried out on
a CHI760E electrochemical workstation (CH Instrument). X-ray photoelectron
spectroscopy (XPS) measurements were carried out in an ultrahigh vacuum system
using monochromatized Al Ko radiation (1,486.6 V) and an Omicron Sphera II
hemispherical electron energy analyser. Binding energies reported herein are with

reference to C (1s) at 284.5 eV. 'H-NMR spectra were recorded on an Advance I1I
500 MHz Unity plus spectrometer (Bruker) using residue solvent peaks as internal
standards. The infrared spectra of the solid samples were recorded from 4,000 to
400 cm™" on a Nicolet 380 FTIR spectrometer (Thermo Electron) using KBr pellets.
Elemental analysis was performed on a Vario EL ITI(Germany). The
thermogravimetric analysis (TGA) was performed on a TA SDT_Q600 analyser
with a temperature ramping rate of 10 °C min~" under a N, atmosphere.

Single-crystal analysis. The diffraction data of [Pt(en),](acac), were collected on
an Agilent Technologies SuperNova system X-ray single-crystal diffractometer with
Mo K radiation (1=0.71073 A) at 100 K. The data were processed using
CrysAlis™™ (ref. 45). The structure was solved and refined using the Full-matrix
least-squares method based on F? with the programs ShelXT (ref. 46) and ShelXL
(ref. 47) within Olex2 (ref. 48). Detailed crystallographic data are given in
Supplementary Table 1.

Electrochemical measurements. The specific active surface areas (ECSAs) of all
the catalysts (for example, Pt NWs, Pt black) were determined by measuring the
areas under the hydrogen adsorption/desorption peaks of the cyclic
voltammograms (CV) in an aqueous solution of 0.5 M H,SO,, assuming that a
monolayer of H adatoms requires 210 uC cm 2. To prepare a working electrode, an
ethanol dispersion of purified catalysts (10 ug) was deposited on a glassy carbon
electrode (4 mm). After the ethanol was dried, 5 pl of 2.5 V% Nafion solution was
dropped on the electrode surface to stabilize the catalysts on the electrode surface.
A saturated calomel electrode (SCE) and a platinum wire were used as the reference
and counter electrode, respectively. Cycles of potential sweeps between 0 and

1.44 V (versus RHE) at a sweep rate of 100 mV s~ were applied until the maximum
electrochemical surface area (ECSA) was obtained. All the catalysts used in
catalysis were based on the same ECSAs.

For CO stripping, pure CO gas was purged through the catalyst surface in the
cells filled with 0.1 M KOH electrolyte for 15 min while holding the working
electrode at 0.1 V (versus RHE). After transferring the electrodes to another cell
filled with fresh 0.1 M KOH electrolyte (without CO), the CO stripping was
performed in the potential range 0-1.2'V (versus RHE) at a scan rate of 20 mV's™".
Electrochemical in situ FTIR reflection spectroscopy. In situ FTIR spectroscopy
experiments were carried out on a Nexus 870 FTIR spectrometer (Nicolet)
equipped with a liquid-nitrogen-cooled mercury cadmium telluride MCT—A
detector. A thin-layer in situ FTIR cell with CaF, window was utilized. A total of
400 single beams at a resolution of 4 cm™" were co-added to increase the
signal-to-noise ratio. The in situ FTIR spectra CO,q was measured in 0.1 M NaOH
solution using the following procedure: purge the electrolyte with N, for 15 min;
hold the electrode at potential of 0.10 V (versus RHE) while bubbling bubbles of
CO for 15 min; push the electrode to the window after removing the completely
dissolved CO in solution by bubbling N,; collect the sample spectra under a series
of sample potentials (E;); the reference spectrum is finally acquired at Ey (1.1 V for
Pt NWs and 0.8 V for Pt black), at which the adsorbed CO is oxidized completely.
The reference spectra were also acquired at 0.1 V for both Pt NWs and Pt black, at
which the CO oxidation does not occur. The resulting spectra were reported as the
relative change in reflectivity, given by

AR R(E)—R(Ey

where R(Es) and R(Ey) are single-beam spectra collected at the sample potential
(Es) and the reference potential (Ey), respectively.

Temperature-programmed desorption mass spectrometry (TPD-MS). The
TPD-MS experiment was performed on an in-house-built TPD-TOF analyser.

2.0 mg of Pt NWs sample was pyrolysed in a small tube heated by heating coil. A
K-type thermocouple was put inside the sample tube and insulated from the
samples to measure the temperature. The heating coil was powered by a precise
electric source and adjusted in intervals of 10 mV. The temperature of the sample
tube was ramped from room temperature to 800 °C smoothly at a rate of
5°Cmin~" controlled by computer. The desorbed species were ionized by an
ultraviolet lamp positioned very close to the sample tube with a photon energy of
10.6 €V, and then transferred to the TOF analyser by an ion optical system. The
TOF analyser had a resolution of better than 5,000 and a sensitivity at the ppb level.
All these steps were processed in a high vacuum (~3 x 107° Pa). The mass
spectrum and sample temperature were acquired and recorded every second. Each
spectrum is an accumulation of 10,000 spectra gathered at intervals of 100 ps.

X-ray absorption spectroscopy measurements. The X-ray absorption spectra at
the Pt Li;-edge were recorded at the BL1I4W1 beamline in the Shanghai
Synchrotron Radiation Facility (SSRF). The electron storage ring was operated at
35GeV. Using a Si(111) double-crystal monochromator, all the data collections
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were carried out in the transmission mode for the Pt Ly;-edge. All spectra were
collected in air at room temperature. A Pt foil (standard) was measured
simultaneously and used for the energy calibration. The beam size was limited by
horizontal and vertical slits with an area of 2 x 2 mm? during the XAS
measurements. The XAS data analysis was carried out with the programs

of IFEFFIT.

Computational details. Periodic DFT calculations were performed using the
Perdew-Burke-Ernzerhof (PBE; ref. 49) gradient-corrected exchange-corrected
functional with the projector augmented plane wave (PAW; refs 50,51) method as
implemented in the Vienna Ab initio Simulation Package (VASP; refs 52,53). The
plane wave kinetic energy cutoff was set to 400 eV. During structural optimization,
all atoms were fully relaxed until the residual forces were less than 0.03 eV A~

Through HRTEM analysis, the ultrathin Pt nanowire consists of 6-7 atomic
layers with the growth direction of [110]. On this basis, a structural model with
exposed facets of (100) and (111) was proposed. To simulate the surface roughness,
50% of the Pt atoms at the edges of the nanowire were removed, resulting in 12
five-coordinated Pt atoms on the surface. Such low-coordinated Pt sites allowed
EDA adsorption in the chelating mode. To avoid interactions between the
periodically repeated images, we put the model into a 30.0 x 35.0 x 10.9191 A® unit
cell and the k-points sampling was generated following the Monkhorst-Pack
procedure with a 1 x 1 x 3 mesh. The adsorption energy (AE,q4) of molecules can
be defined as:

AE.4s = Eprraxwimole) — Eprrovw) — Eperimole) (2)

in which Eper (NW/mole) is the energy of the nanowire (EDA-free or coated with
EDA) with adsorbates; Eper(NW) is the energy of the nanowire (with or without
EDA coating); and Epgr (mole) is the energy of an isolated molecule. As the
reactions were in solution, the related Gibbs free energy at a given temperature can
be defined as:

AGugs = AGxwimole) — AGaw) — Kmole) — A Gol(corn) (3)

The solid Gibbs free energies and solvent phase chemical potential can be
written as

A G(NW) =H,— RTln(Qvib) (4)
Memoley =H — RTIn(Quib - Quot * Qurans) (5)

where
H=Eqy+Ezp (6)

Here H, is the enthalpy at 0 K, which is equal to total electronic energy (E,) plus
the zero-point correction energy, Ezpe, and Quip, Qror and Quans are the partition
functions for vibration, rotation and translation, respectively, which can be
obtained by using the Gaussian09 code™. In this case, the PBE functional combined
with the 6-3114+G(2d, 2p) basis set was employed. Here, we neglected the internal
vibrational contribution of the solid and assumed that E,p, RTInQ,;, and RTInQ,,
would be the same whether molecules were in solution or adsorbed on the surface.
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For reactions taking place in the solution, the cost associated with loss of
translational degrees of freedom on adsorption was overestimated—that is, solvent
cage effects. AGgqicom is @ correction term for cage effects, which was estimated to
be 2.54 kcal mol ™ for a bimolecular reaction in solution at 298 K (ref. 55).

Accordingly, equation (3) can be rewritten as

AG,4s = AE 4+ RTINQ ans(mote) — A Gol(corn) (7)

When N-containing aromatics adsorbed on the EDA-coated surface, we
considered two possible adsorption mechanisms. The first mechanism is the
exchange mechanism, in which once the aromatics adsorbed on the
low-coordinated Pt site, the EDA would be fully displaced. The free energy of the
exchange process (AG,,) can be defined as:

AGex = AGgsnw-11Ep8/mole) — A Gadsw-11EDA/EDA) (8)

Here, AG,gsvw-11Epa/mole) Stands for the free energy of adsorption on a Pt NW
coated with 11 EDA; AG,gsw-1iepaepa) stands for the free energy of adsorption of
the last EDA molecule.

Adsorption can also occur via the pull-and-occupy mechanism, in which the
adsorbed aromatics can pull the EDA molecules to the vicinal sites, and occupy the
low-coordinated sites. During the process, the adsorption of EDA would be
changed from the chelating mode to the single-coordinated mode (viz. ‘one leg’
mode). The free energy of the pull-and-occupy process can be written as:

AGyo = AGugsnw-126DA/mole) — AGxw-126p8) — M(mole) — A Giolcorr) )

Here, AG,4svw-125pA/mole) Stands for the free energy of adsorption on a Pt NW
coated with 12 EDA.
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