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ABSTRACT: Decorating the catalyst support with organic moieties to integrate
multiple functionalities into metal particles offers a unique platform to promote the
catalytic performance. Here, we report a mechanism-driven strategy to functionalize
CNT with dual polymers, endowing the supported Pt catalyst with simultaneously
enhanced hydrogen generation activity and durability. Kinetics analysis, multiple
characterization and DFT calculations reveal that the PDDA acts as electron-acceptor
to capture electrons from the Pt particles toward strengthened adsorption of reactants,
while the PVP acts as structure-directing agent to induce the catalyst morphology
evolution with a preferential exposure of Pt(111) active sites. Such electronic and
geometric synergy by co-functionalizing PDDA and PVP gives rise to a 3-fold increase
in the hydrogen generation activity, together with remarkably improved catalytic
durability due to the suppressed adsorption of B(OH)4™ over the Pt(111). The strategy
reported here might shed new lights on establishing the functionalization protocols to
design carbon supported metal catalysts with the targeted properties.
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1. Introduction

Carbon nanomaterials are distinguished as catalyst support by their fascinating
properties, e.g., high electron conductivity and tunable surface chemistry, which trigger
enormous interests in heterogeneous catalysis [1-3]. Generally, subtle functionalization
on the carbon surface is necessary and critical to alter its chemically inert nature and
enhance the interaction with the supported metal for practical catalytic process [4-6].
Compared with covalent functionalization via strong acidic oxidation, noncovalent
functionalization can preserve the structural and electronic integrity of carbon, while
endows it with the versatile functionality [7-9]. Recent studies have found that the
noncovalent functionalization also gives rise to unique surface, interfacial and
electronic properties of carbon supported metal catalysts and thereby promotes the
catalytic performance [10-15]. Hence, an attempt is highly desirable to clarify the
mastery of their electronic and geometric nature for guiding the rational design and
manipulation of noncovalently functionalized carbon supported catalysts.

The probe reaction chosen in the present study is catalytic hydrolytic
dehydrogenation of ammonia borane (NH3BH3, AB) over Pt catalyst supported on the
noncovalently-functionalized carbon support developed below. This process, known as
a structure-sensitive reaction, has been widely employed as a model reaction to
understand the catalyst structure-performance relations [16-20], and as a promising
route to produce hydrogen at mild conditions for fuel cell applications [21-24]. Such
structure sensitivity originates from the chemistry mainly happened on the Pt(111)

active sites [25], and the ability to adsorb and activate reactants [26] as well as promote



the rate determining step of NH3;:BH>*+H>O*—NH3;BH,OH*+H* [27,28]. Moreover,
in consideration of the serious catalyst deactivation including metal agglomeration and
B-containing by-products adsorption [25], it is worthwhile and timely to design the
noncovalently functionalized carbon supported Pt catalyst with the targeted properties
for simultaneously enhancing the hydrogen generation rate and catalyst durability.
The objective of this study is to develop a mechanism-driven strategy by using dual
polymers to noncovalently functionalize carbon nanotubes (CNT) for making full use
of the supported Pt electronic and geometric synergy. Based on the unique
characteristics ~ of  polymers  [10,12], the  water-soluble  polycation,
poly(diallyldimethylammonium chloride) (PDDA), and polyanion, poly(vinylsulfonic
acid, sodium salt) (PVS), were chosen to manipulate the Pt electronic properties, while
polyvinyl pyrrolidone (PVP) chosen to tailor the Pt geometric properties. A combined
kinetics analysis, multiple characterization and DFT calculations was conducted to
clarify the underlying nature of the polymer functionalization. As a result, the dual
PDDA-PVP functionalized CNT appears to be a promising support for obtaining the Pt
particles with fantastic catalytic properties toward simultaneously enhanced hydrogen
generation activity and durability. Our work provides for the first time the link of
preparation (support decoration), structure (metal electron and geometry induction) and
property (catalytic behaviors and kinetics) for carbon supported Pt catalysts used for
mild hydrogen generation from ammonia borane.
2. Experimental

2.1. Functionalization of CNT



The multi-walled carbon nanotubes (CNT) with the purity of >98% were purchased
from Beijing Cnano Technology Limited as the catalyst support. The presence of
oxygen containing groups over the CNT could endow it with the hydrophilic nature for
the functionalization of water-soluble polymers. Herein, three kinds of water-soluble
polymers, i.e., poly(diallyldimethylammonium chloride) (PDDA, Sigma-Aldrich Co.
Ltd.), poly(vinylsulfonic acid, sodium salt) (PVS, Sigma-Aldrich Co. Ltd.) and
polyvinyl pyrrolidone (PVP, Sinopharm Chemical Reagent Co. Ltd), were used for
non-covalent functionalization of CNT. Both the hexachloroplatinic acid
(H2PtCls-6H20) and sodium chloride (NaCl) were purchased from the Sinopharm
Chemical Reagent Co. Ltd.

The procedures for non-covalent functionalization of CNT are as following: a given
amount of polymers, i.e., PDDA, PVS and PVP, as well as sodium chloride were first
dissolved in 500 mL deionized water to obtain the solution with the concentration of
polymer (0.5 wt%) and NaCl (1.0 wt%). Then, 0.15 g CNT was mixed with the above
solution under ultrasonication for 1 h, followed by magnetically stirring for 12 h at
room temperature. After that, the suspended solution was filtered and washed by
deionized water several times to remove the excess polymer and sodium chloride. The
samples were dried in a vacuum oven at 70 °C for 24 h, and the as-obtained

functionalized CNT was denoted as CNT-x, which x represents the type of the polymers.

2.2. Catalyst preparation and testing

The pristine and functionalized CNT supported Pt catalysts were prepared by



incipient wetness impregnation. In detail, an aqueous solution of H2PtCls was mixed
with a certain amount of CNT with Pt loading of 1.5 wt%. The as-obtained catalyst
precursors were dried at room temperature for 12 h, and then at 70 °C under vacuum
for another 12 h. The resultant catalyst precursors were in-situ reduced with the
ammonia borane reactant under mild conditions rather than the H> thermal reduction.
Hence, the flexible nature of the polymers was still kept, and the carbonization of the
polymers was inhibited for avoiding the metal nanoparticles encapsulation during the
thermal reduction treatment [29].

For the typical catalytic testing, 0.1 g catalyst precursor was preloaded in a 50 mL
three-necked flask with a Teflon-coated stir bar. Then, the flask was transferred in a
water bath at 30 °C with a magnetic stirrer, and connected to a water-filled gas burette
to measure the volume of evolved hydrogen based on the discharged water. The
reaction was initialized by injecting an aqueous ammonia borane solution (5 mL and
0.01 g'mL™") into the flask via a syringe under vigorous stirring to exclude the mass-
transfer limitations. After a short induction period, the Pt nanoparticles were in-situ
generated to catalyze hydrolytic dehydrogenation of ammonia borane. A mass balance
was used to weigh the amount of discharged water, which could be further converted
into the volume of evolved hydrogen. After the completion of hydrogen generation, the
ammonia borane reduced catalyst was filtered from the spent solution and washed with
deionized water several times, followed by dried under vacuum at 30 °C for
characterization.

Kinetics experiments were conducted at various temperatures (25, 30, 35 and 40 °C)



to obtain the activation energy. To investigate the durability of different catalysts,
another new ammonia borane solution (5 mL and 0.01 g mL™) was quickly injected
into the flask after the completion of the last cycle, and such operation was repeated for
five times. After the durability testing, the deactivated catalyst was filtered from the
spent solution and washed with deionized water several times, followed by dried under

vacuum at 30 °C for characterization.

2.3. Catalytic characterization

Fourier transform infrared (FTIR) spectra were measured with a spectrometer
(Model Spectrum 100). Thermal gravimetric analysis (TGA) were performed using a
TA Instrument (SDT Q600 thermogravimetric analyser), where thermograms were
collected from room temperature to 800 °C with a heating rate of 10 °C-min™' under N>.
Raman spectra were obtained with a LabRAM-HR instrument (Horiba Jobin Yvon)
coupled with an argon ion Ar laser (514 nm) for excitation. X-ray diffraction (XRD)
measurements were conducted on an X-ray diffractometer (Rigaku D/Max 2550VB/PC
diffractometer) at room temperature with a Cu K, radiation source. High angle annular
dark field scanning transmission electron microscopy (HAADF-STEM) imaging and
energy dispersive X-ray spectroscopy (EDS) elemental mapping were recorded by a
Tecnai G2 F20 S-TWIN high-resolution transmission electron microscope with an
accelerating voltage of 200 kV. High resolution transmission electron microscopy
(HRTEM) images were obtained by a JSM-2100 transmission electron microscope

(JEOL, Japan). X-ray photoelectron spectra (XPS) were acquired using a Kratos XSAM



800 spectrometer with an Al-K, X-ray source (hy=1486.6 eV). Inductively coupled
plasma atomic emission spectrometer (ICP-AES) was measured on an Agilent 725-ES

instrument.

2.4. DFT calculations

The DFT calculations were performed with the Vienna ab initio simulation package
(VASP) [30-33], with generalized gradient approximation of Perdew-Burke-Ernzerhof
(GGA-PBE) functional as the exchange-correlation functional [34]. The valence
electron-core interaction was described by projected augmented wave (PAW) method
[35], where the Kohn-Sham equation in the self-consistent calculations have been
solved using a cut off energy of 450 eV for the plane wave expansion [36]. 3x3x1
Monkhorst-Pack k-point mesh was used for Brillouin-zone integration. All the
structures were relaxed until the residual forces of each atom were less than 0.05 eV/A
and the total energy differences less than <1077 eV. We used p(3x3) supercells with the
bottom two layers fixed, while the top two layers fully relaxed for the bulk optimization.
The adsorption energy (Eads) of species (A) on metal surface (M) was computed as the

difference between the energy of the adsorbed molecule (E,") and the sum of the free

M

surface (Ey,) and the corresponding gas-phase species (Ej,) energies as Eags=En, —En

A
_Emt-

3. Results and discussion

3.1. Remarkably different kinetics behaviors



The strategy for the decoration of CNT with polymers and subsequent
immobilization of Pt catalysts is schematically shown in Fig. la. Specifically, the
pristine CNT was noncovalently functionalized with the polymers, and the resultant
decorated CNT was employed as the catalyst support for the preparation of Pt catalysts
via impregnation of HoPtCls precursor followed by in-situ reduction with AB. As
depicted in Fig. 1b, the polymers-decorated CNT supported Pt catalysts show three
reaction stages based on the hydrogen generation profiles, where the unsupported
pristine and functionalized CNT are completely inactive for this reaction in Fig. S1.
According to previous studies [37,38], these could be resultant from as the in-situ
reduction of catalyst precursors from Pt"" to Pt® with AB and the concomitant ammonia
borane hydrolysis to generate hydrogen, followed by the suppressed hydrogen
generation at the late reaction stage mainly due to the adsorption of B-containing
byproducts. Therefore, it is very crucial to select appropriate reaction stage for
elucidating the catalyst structure-performance relations. Herein, considering that the
reaction stage under ammonia borane conversions of 20%-50% almost follows zero-
order kinetics, it indicates the complete reduction of catalyst precursors and negligible
catalytic effects of the deposited B-containing species, which was chosen for the

following analysis and discussion.
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Fig. 1. (a) Schematic diagram for the decoration of CNT with polymers and subsequent
immobilization of Pt nanoparticles. (b) The hydrogen generation volume as a function of time at 30
°C, (c) the activation energy (E.) and the logarithm of pre-exponential factor (InA), and (d) the
relative activities as a function of catalytic cycle over Pt/CNT, Pt/CNT-PDDA, Pt/CNT-PVS and

Pt/CNT-PVP catalysts.

Under ammonia borane conversions of 20%-50%, the reaction rates (r) of the Pt/CNT,
Pt/CNT-PDDA, Pt/CNT-PVS and Pt/CNT-PVP catalysts were calculated based on the
slope of the linear part for each plot, which were determined as 96.9, 224.3, 70.8, 176.9
moliz-molp!'min!, respectively. Obviously, with respect to the pristine Pt/CNT
catalyst, the positively charged PDDA-functionalized CNT supported Pt catalyst, i.e.,
Pt/CNT-PDDA, delivers the highest hydrogen generation rate, while the negatively
charged PVS-functionalized CNT supported Pt catalyst, i.e., Pt/CNT-PVS, exhibits the

lowest hydrogen generation rate. This is most likely due to the significant effects of the



cationic/anionic polymers on the Pt electronic properties and consequences on the
catalytic activities, which will be discussed in detail in Section 3.2.

As shown in the inset of Fig. 1b, the PVP-functionalized CNT supported Pt catalyst,
i.e., Pt/CNT-PVP, shows the shortest induction period among all the catalysts. As
illustrated in Fig. 1a, during the induction period, the Pt clusters were first generated by
the reduction of H2PtCls precursor with AB, which has been suggested to follow the
nucleation and autocatalytic growth mechanism [37]. Typically, the process consists of
(a) slow and continuous nucleation, A—B, followed by (b) fast autocatalytic surface
growth, A+B—2B, where A and B represent the Pt precursor and resultant Pt surface
atoms, respectively. This indicates that the shortest induction period of the Pt/CNT-PVP
catalyst is mainly controlled by the fastest Pt nucleation over the PVP-functionalized
CNT surface from the standpoint of kinetics. Further combining the capping agent roles
of PVP in the shape-controlled growth of metal particles, it is reasonable to deduce the
PVP-induced formation of unique geometric Pt nanoparticles for the higher catalytic
activity compared with the pristine Pt/CNT catalyst.

To gain insights into the effects of the polymers decoration on the catalytic activity,
kinetics experiments of the four catalysts at 25-40 °C were conducted, and the results
are shown in Fig. S2. Obviously, under the measured temperature ranges, these catalysts
still retain linear relations between the hydrogen generation volume and reaction time
under ammonia borane conversions of 20%-50%, implying zero-order kinetics for this
reaction. Notably, the observed zero-order kinetics suggest that the reaction is not

limited by the external diffusion of reactants. Similarly, the reaction rate (r) and the



corresponding reaction rate constant (k) of each temperature were calculated, and then
the Arrhenius plot of Ink versus 1/T yields the activation energy (Ea) as shown in Fig.
lc. Unexpectedly, among these four catalysts, the Pt/CNT-PDDA catalyst with the
highest catalytic activity also exhibits the highest activation energy, which indicates
another important factor responsible for its highest hydrogen generation rate.

Considering that both the activation energy (E.) and pre-exponential factor (A)
contribute to the reaction rate constant based on the Arrhenius equation, the logarithm
of pre-exponential factors (InA) of these catalysts were further compared in Fig. 1c.
Obviously, the highest InA contributes to the highest hydrogen generation activity of
the Pt/CNT-PDDA catalyst. According to the transition state theory, the pre-exponential
factor is highly relevant to the enthalpy of activation (AS®"), which quantifies the loss
of translational freedom upon reactants adsorption [39]. Hence, the Pt/CNT-PDDA
catalyst could have the strongest interaction with the reactants in terms of its optimal
electronic properties, resulting in the largest loss of translational freedom upon the
reactants adsorption. This is consistent with our previous study that the Pt locates at the
right side of the volcanic curve, and the large AS®" would facilitate hydrogen generation
[28].

Moreover, the Pt/CNT-PVP catalyst displays much lower E, (38.9 kJ-mol™)
compared with the other three catalysts (49.7-55.8 kJ'mol'). The observed shortest
induction period as well as the lowest E. of the Pt/CNT-PVP catalyst indicates its
structural properties far different from the other three catalysts. In our previous study,

the Pt(111) has been suggested as the main active sites for this reaction, and its



corresponding activation energy varies from 38 to 41 kJ-mol! [25], which is similar to
that of the Pt/CNT-PVP catalyst. All of these results indicate that the Pt/CNT-PVP

catalyst possibly shows preferential exposure of Pt(111) active sites for this reaction.

3.2 Geometric and electronic synergy

The noncovalent functionalization of CNT with the polymers was first studied by
Raman spectroscopy, and the results are shown in Fig. 2a. Obviously, two distinct peaks,
i.e., D1 and G bands, are displayed for all the supports. Generally, the intensity ratio of
D1 band to G band (Ipi/I) is widely used to quantify the surface defects [40], which is
determined to be 1.44, 1.38, 1.41 and 1.51 for the pristine CNT, CNT-PDDA, CNT-
PVS and CNT-PVP, respectively. The slightly decreased Ipi/lg ratios for the CNT-
PDDA and CNT-PVS most likely arise from the interaction of the defect sites with the
PDDA and PVS because of their cationic/anionic natures, while the increased Ipi/Ig
ratio for the CNT-PVP is possibly due to the creation of new defects by the neutral PVP
functionalization. The functionalization of polymers on the CNT surfaces is also
evidenced by the blue/red shifts of the G bands when using the positively/negatively
charged PDDA/PVS to decorate CNT, as a result of the electron transfer between CNT
and polymers [41]. Further FT-IR spectra in Fig. 2b show, apart from the hydroxyl
group (3436 cm™), adsorbed water (1630 cm™') and C-O bond (1050 cm'!), the stronger
bands of -CH> (2860 cm™) and -CH; (2930 cm™) as a evidence of polymers
functionalization [42,43]. Notably, the TGA results in Fig. 2c indicate obvious weight

losses over the polymers-functionalized CNT supports compared with the pristine CNT.



In light of such thermal instability, the in-situ reduction with AB rather than the thermal

reduction with H> was chosen for the preparation of these polymers-functionalized CNT

supported Pt catalysts.
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Fig. 2. (a) Raman spectra, (b) FT-IR spectra, and (c) TG profiles of CNT, CNT-PDDA, CNT-PVS
and CNT-PVP. (d) XRD patterns of the reduced Pt/CNT, Pt/CNT-PDDA, Pt/CNT-PVS and Pt/CNT-

PVP catalysts.

Subsequently, the pristine and functionalized CNT supported Pt catalysts were
characterized by XRD. It can be clearly seen in Fig. 2d that there exist only carbon
characteristic diffraction peaks while no legible Pt diffraction peaks for these catalysts

except the Pt/CNT-PVP catalyst, which exhibits a weak peak at 39.8° assigned to



Pt(111). This indicates the large-sized Pt nanoparticles over the CNT-PVP support while
the high dispersion of Pt nanoparticles over the other three supports. HAADF-STEM
with high resolution was further employed to characterize these four catalysts for
obtaining reliable particle size distributions [44]. As shown in Fig. 3, the relatively
homogeneous distributions of Pt nanoparticle are observed for the pristine CNT, CNT-
PDDA and CNT-PVP supports, while the larger loose Pt aggregates for the CNT-PVP
support, consistent with the XRD observations. Furthermore, the average Pt particle
sizes of the Pt/CNT, Pt/CNT-PDDA and Pt/CNT-PVS catalysts are respectively
determined to be 2.5+0.5, 2.4+0.6 and 2.3+0.7 nm based on the measurements of more
than 200 random particles. Considering these three similar-sized Pt catalysts, the size
effects could be excluded as the main reason for their remarkably different catalytic
activities. Additionally, considering the fast nucleation and growth of Pt particles over
the CNT-PVP support as described above, the formed Pt floccules with a rather loose
and open structure possibly expose unique surfaces for the enhanced catalytic activity

compared with the small-sized Pt/CNT catalyst.
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Fig. 3. Typical HAADF-STEM images and the corresponding particle size distributions of the

reduced (a) Pt/CNT, (b) Pt/CNT-PDDA, (c) Pt/CNT-PVS and (d) Pt/CNT-PVP catalysts.

HRTEM measurements were further performed to gain more insights into the
microstructures of the four Pt catalysts, and the results are shown in Fig. 4. For the
small-sized Pt/CNT, Pt/CNT-PDDA and Pt/CNT-PVS catalysts, the fast Fourier
transform (FFT) analyses confirm the presence of Pt(111) and Pt(100) crystallographic
facets. On the contrary, for the loose aggregated Pt/CNT-PVP catalyst as shown in Fig.
4d, it exhibits a preferential exposure of Pt(111) facet, which could be due to the
preferential binding halide to Pt(100) and inhibited growth of Pt(100) by PVP [45,46].
Moreover, a careful statistical analysis as shown in Fig. S3 suggests that the Pt(111)
facet accounts for more than 80% of the total exposed facets. Such preferential exposure

of the Pt(111) active facet over the Pt/CNT-PVP catalyst could provide a rational



interpretation for the above kinetics analysis, e.g., the lowest E, of 38.9 kJ-mol™!, which
is close to those of our previously reported Pt/CNT catalysts with the Pt(111) as the
dominant active sites for the ammonia borane hydrolysis [25]. Additionally, based on
the results in Fig. 1¢ and Fig. 3, although the Pt/CNT-PVP catalyst shows the larger Pt
particle size, the preferentially exposed Pt(111) active facets could endow such catalyst

with the increased quantity of active sites (Ni) for the relatively high catalytic activity.

Fig. 4. Representative HRTEM images and their corresponding FFT patterns of the reduced (a)

Pt/CNT, (b) Pt/CNT-PDDA, (c) Pt/CNT-PVS and (d) Pt/CNT-PVP catalysts.

In addition to the contribution of the quantity of active sites (N;), that of the electronic
properties of the four catalysts is another important issue for the reaction. The XPS

spectra in Fig. 5 show that the Pt mainly exists in the form of metallic Pt species for all



the reduced catalysts, and the corresponding binding energy follows the order of
Pt/CNT-PDDA (71.90 eV) > Pt/CNT (71.62 eV) > Pt/CNT-PVS (71.60 eV) > Pt/CNT-
PVP (71.52 eV). Obviously, the Pt/CNT-PDDA catalyst shows a positive shift (0.28 eV)
in the Pt binding energy (B.E.) with respect to the Pt/CNT catalyst, compared with
negative shifts for the Pt/CNT-PVS (-0.02 eV) and Pt/CNT-PVP (-0.10 eV) catalysts.
Considering the similar Pt particle sizes of the Pt/CNT, Pt/CNT-PDDA and Pt/CNT-
PVS catalysts, the trend of the corresponding Pt binding energies suggests that the
PDDA acts as the electron-acceptor and captures electrons from the Pt particles, while
the PVS acts as the electron-donor and transfers electrons to the Pt particles. Further
combining with our previous study [26], the electron-deficient Pt particles with the high
binding energy over the CNT-PDDA support facilitate the adsorption of ammonia
borane, and cause a large freedom loss upon reactants adsorption as shown in Fig. lc.
Based on the volcanic curve between the AS” and catalytic activity [28], it contributes
to the higher quality of active sites (TOF;). Moreover, for the large-sized Pt/CNT-PVP
catalyst with the lowest Pt B.E., its relatively high catalytic activity compared with the
Pt/CNT catalyst mainly arises from the preferential exposure of Pt(111) active sites.
Therefore, the co-functionalization of CNT with the PDDA and PVP would be expected
to improve the quality (TOF;) and quantity (Ni) of active sites for increasing the reaction
rate (r) based on r=) TOF;ixN;j, stemming from the electronic and geometric effects,

respectively.
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Fig. 5. XPS Pt 4f spectra of the reduced Pt/CNT, Pt/CNT-PDDA, Pt/CNT-PVS and Pt/CNT-PVP

catalysts.

3.3 Understanding of catalyst durability

In addition to a stringent requirement for the high catalytic activity, the durability of
noble Pt-based catalysts is another important criterion. To this end, the durability of the
four catalysts was evaluated by adding another new ammonia borane solution after the
completion of the last cycle, and such operation was repeated five times. It can be
clearly seen in Fig. S4 that all the catalysts show the decreased activity with the catalytic
cycle, and the pristine Pt/CNT catalyst, completely losing catalytic activity at the end
of the 5™ cycle, suffers from severe deactivation. To make a direct comparison, the
reaction rate in each cycle was normalized by that of the first cycle as shown in Fig. 1d.

Obviously, the Pt/CNT-PVP catalyst exhibits the highest catalytic durability.



Specifically, at the 6 cycle, the Pt/CNT-PVP catalyst retains 23% of the activity at the
first cycle, while the other three catalysts with more severe even complete deactivation.
Based on the above TEM observations in Fig. 3, the Pt/CNT-PVP catalyst has shown
the largest Pt particle size. Previously, the larger Pt nanoparticles have been also
indicated the higher catalyst durability [25]. Therefore, it is rationally deduced that the
larger Pt nanoparticles over the Pt/CNT-PVP catalyst is one factor for the highest
durability.

To gain more structural insights into the noncovalent functionalization-dependent
catalyst durability, HAADF-STEM measurements of the four deactivated catalysts after
six cycles were carried out, and the results are shown in Fig. S5. It is observed that a
few agglomerations exist over the deactivated Pt/CNT, Pt/CNT-PDDA and Pt/CNT-
PVS catalysts. These observations could not explain their remarkably different catalyst
durability, in particular, the complete deactivation of the Pt/CNT catalyst after the 5%
catalytic cycle. In addition to the agglomeration of Pt nanoparticles, the adsorption of
B-containing byproducts on the Pt surfaces has been also suggested as another
important factor for the deactivation of Pt catalysts [25], which highly depends on the
Pt electronic properties, i.e., the higher Pt binding energy corresponds to the less

adsorbed B-containing byproducts and thus the higher catalyst durability [47].
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of the deactivated to the reduced catalyst (Ideactivated/Ireduced) for these catalysts.

Along this line, the electronic properties of the four deactivated catalysts were further
characterized by XPS. As shown in Fig. 6a-6d, all the deactivated catalysts show
upshifts in the Pt 4f B.E., which in principle give rise to the increased catalytic activities
according to our previous study on the electronic effects [26, 47]. However, it is
opposite to the trend of the observed decreased activities for these catalysts. Meanwhile,
the intensity of Pt 4f peak is also observed to become much weaker for the deactivated
catalysts, due to the accumulation of by-products (mainly B(OH)4™ species) over the Pt
active sites [47]. In principle, the higher coverage of adsorbates, the more significant
decrease of Pt 4f peak intensity. Thus, it is reasonable to compare the Pt 4f peak
intensity of the deactivated catalyst with that of the reduced catalyst to evaluate the
coverage of reaction by-products. As shown in Fig. 6e, the Pt/CNT-PVP catalyst

displays slightly decreased Pt 4f peak intensity compared with the other three catalysts,



following the trend of the catalyst durability. Moreover, the ICP results in Fig. 6e show
that the Pt/CNT-PVP catalyst has the lowest content of B-containing species. Hence, a
combination of XPS and ICP analyses strongly suggests that the lowest coverage of B-
containing byproducts on Pt surfaces contributes to the highest catalytic durability of
Pt/CNT-PVP among all the catalysts.

It is noted that according to our previous study [47], the lowest Pt binding energy of
Pt/CNT-PVP should favor the adsorption of B-containing species, which is inconsistent
with its lowest coverage of B-containing byproducts mentioned above. In other words,
this indicates that the durable Pt/CNT-PVP catalyst most likely arises from its unique
geometric structure with the preferential exposure of Pt(111) active facet. To support
this deduction, we resort to DFT calculations for understanding the effects of Pt crystal
facet on the catalyst durability. The Bader charge analysis for the adsorption of B(OH)4"
on the two primarily exposed facets, i.e., Pt(111) and Pt(100), in Fig. 7a shows the
electron transfer from the Pt atoms to the B-containing species, leading to the electron-
deficient Pt surfaces. This is in good agreement with the above XPS analysis in Fig. 6a-
6d, i.e., the deactivated catalysts with the adsorbed B-containing species exhibiting the
increased Pt binding energy. Moreover, as shown in Fig. 7b, the adsorption energy of
B(OH)s on the Pt(111) and Pt(100) facet is calculated as -2.29 and -2.58 eV,
respectively, suggesting the weak adsorption of the B-containing species on the Pt(111).
Therefore, it is reasonable to deduce that the preferentially exposed Pt(111) active facet
also inhibits the adsorption of B-containing species, and thus accounts for the highest

durability of the Pt/CNT-PVP catalyst.
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Fig. 7. (a) Isosurfaces of the differential electron density and (b) the absolute adsorption energy for
B(OH)4 adsorbed on Pt(111) and Pt(100). The yellow and light blue isosurfaces correspond to the

electron increase and depletion zone, respectively.

3.4 Mechanism-driven polymer functionalization

To this point, the non-covalent functionalization of CNT with the polymers has
significantly affected the geometric and electronic properties of the supported Pt
nanoparticles. The Pt(111) facet has emerged as robust sites for hydrogen generation,
which not only acts as the dominant active sites for ammonia borane hydrolysis, but
also resists the adsorption of B-containing species for enhancing the catalyst durability.
Additionally, our previous study has demonstrated that the higher Pt binding energy
corresponds to the simultaneously enhanced hydrogen generation activity and catalyst
durability [47]. Further combining the electronic effects by PDDA functionalization
and the geometric effects by PVP functionalization, it is deduced that co-

functionalization of PDDA and PVP might yield an electronic and geometric synergy



to obtain highly active and durable Pt catalyst for this reaction.

To test this idea, the PDDA and PVP were mixed to co-functionalize CNT followed
by impregnation with the same amount of Pt. Based on the above analyses, the FT-IR,
TGA, Raman and XRD measurements of the as-prepared CNT-PDDA-PVP in Fig. S6
indicate the successful co-functionalization of PDDA and PVP as well as the existence
of Pt(111) diffraction peak for the Pt/CNT-PDDA-PVP catalyst. Additionally, the
HAADF-STEM and elemental mapping results in Fig. S7 show that the patches of Pt
and N from PDDA and PVP exhibit similar shapes, evidencing the interaction of Pt
nanoparticles with polymers. Furthermore, the geometric and electronic properties of
the Pt/CNT-PDDA-PVP catalyst were characterized by HAADF-STEM, HRTEM and
XPS, and the results are shown in Fig. 8. Clearly, the Pt aggregations are still in the
form of floccules with a preferential exposure of Pt(111) facet. Similarly, a statistical
analysis in Fig. S8 suggests that the Pt(111) facet makes up a high percentage (82%) of
the total exposed facets. Moreover, the Pt/CNT-PDDA-PVP catalyst shows a positive
shift in the Pt binding energy compared with the Pt/CNT-PVP catalyst. Therefore, the
co-functionalization of CNT with PDDA and PVP can combine their merits for the
targeted structural properties of Pt nanoparticles, i.e., the preferential exposure of

Pt(111) active facet with high Pt binding energy.
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Fig. 8. The (a) low and (b) high magnification HAADF-STEM image of Pt/CNT-PDDA-PVP. The
(c) low and (d) high magnification HRTEM image of Pt/CNT-PDDA-PVP. (¢) XPS Pt 4f spectra of

the unreduced, reduced and deactivated Pt/CNT-PDDA-PVP catalyst.

Kinetics analysis was further conducted to probe the merits of the unique Pt
geometric and electronic properties over the Pt/CNT-PDDA-PVP catalyst, and the
results are shown in Fig. 9a and 9b. Obviously, this catalyst exhibits medium E, and
InA values with respect to the Pt/CNT-PDDA and Pt/CNT-PVP catalysts. More
interestingly, as shown in Fig. 9¢, such trade-off between the E. and InA gives rise to
the significantly increased hydrogen generation rate. In particular, the PDDA and PVP
co-functionalized CNT supported Pt catalyst (290.0 molu'molp!*min! ) shows almost
three folds higher hydrogen generation rate than the pristine CNT supported Pt catalyst

(96.9 molpz'molp!*min'). Moreover, as shown in Fig. S9 and 9d, the Pt/CNT-PDDA-



PVP catalyst also exhibits the remarkably enhanced catalyst durability with retaining
ca. 34% catalytic activity at the 6 cycle, in which there is still plenty of room to further
enhance the durability. In our recent study, the introduction of metal oxides, such as
WOs3, onto the CNT support as the sacrificial site has been shown as a more effective
strategy to divert the B-containing by-products away from the Pt sites against the
deactivation. These results highlight the crucial role of the carbon support decoration

and thus the significantly promotional effects of the supported Pt nanoparticles on the

hydrogen generation activity and catalyst durability.
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Fig. 9. (a) Hydrogen generation volume as a function of time at 25, 30, 35 and 40 °C,

and (b) the corresponding Ink as a function of 1/T for Pt/CNT-PDDA-PVP. (c) The



reaction rate (r) and (d) rewm/r1s for Pt/CNT, Pt/CNT-PDDA, Pt/CNT-PVS, Pt/CNT-PVP

and Pt/CNT-PDDA-PVP.

Based on the above results and discussion, the PDDA has been demonstrated as the
electron-acceptor to capture electrons from the Pt particles for improved catalytic
activity and catalyst durability, while the PVP as the structure-directing agent to induce
the preferential exposure of the highly active and durable Pt(111) facet. Combining their
merits by co-functionalization has been shown as an effective strategy to achieve a
geometric and electronic synergy and thus fabricate highly active and durable Pt-based
catalyst for the ammonia borane hydrolysis. Notably, the present study does not involve
the optimization of the PDDA/PVP ratio to make full use of their merits and further
enhance the activity, durability, or both. This would be facilitated by a combination of
theoretical studies with multiple advanced characterization techniques, such as AC-
HAADF/STEM, XAS, in-situ XPS and SSITKA, to investigate how the polymers tailor
the Pt surface structure, coordination environment and electronic property, and their
consequences on the catalytic activity and durability. Therefore, fundamentally
understanding these interesting subjects is of crucial importance to guide the rational

design of functionalized carbon supported Pt catalysts, which is still ongoing in our

group.

4. Conclusions



In summary, we have developed a facile co-functionalization strategy of carbon
nanotubes support with the electron-acceptor PDDA and structure-directing-agent PVP,
i.e., CNT-PDDA-PVP, to fabricate highly active and durable Pt catalyst for hydrogen
generation from ammonia borane. Specifically, the tailored Pt electronic structure by
PDDA has contributed to the improved quality of active sites (TOF;), while the
preferential exposure of Pt(111) active facet by PVP to the increased quantity of active
sites (Nj). Such electronic and geometric synergy give rise to a 3-fold increase in the
catalytic activity as a result of r=) TOF;xN;. Moreover, a combination of the electron-
deficient Pt surfaces with the preferentially exposed Pt(111) within the Pt/CNT-PDDA-
PVP catalyst has also significantly promoted the catalyst durability. The encouraging
results demonstrated here offer a promising methodology to integrate multiple
functionalities with the catalytic centers adapted to the requirements of reaction, which

could be extended to the design of other carbon supported catalysts.
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