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The concept of all-polymeric yolk—shell nanocapsules as a tunable platform for designing hierarchically
nanostructured catalysts is demonstrated. Such nanocapsules are investigated for catalytic CO oxidation.
Polyaniline yolk—shell nanocapsules are synthesized in one pot, without a template and characterized by
UV-Visible, IR, XRD, DLS, BET, TEM and EDS analyses. The yolk and shell parts of nanocapsules can be
selectively doped: yolk-trapping of copper ions allows the in situ synthesis of yolk-confined copper NPs.
Hierarchical co-loading with gold (shell) and copper (yolk) can also be performed. By investigating the
catalytic activities of all possible architectures with Cu and Au, the benefits of controlling the catalyst
nanostructure and its hierarchical loading are demonstrated. Both confinement and cooperative effects
are measured with a respective increase of catalysis performances of 2 and 7 times. Nickel can be

loaded in the yolk part instead of copper, and platinum (shell) instead of gold, demonstrating that this

Received 21st April 2016 . . . . ) . . .
Accepted 23rd May 2016 catalyst design strategy is adaptable. A similar trend for catalysis performances is obtained with nickel

based catalysts. Due to its polymeric nature, this yolk—shell platform is anticipated to be able to trap
DOI: 10.1039/c6ta03311c a large variety of catalytic centers, allowing the on-demand design of catalysts. Applications for gas

www.rsc.org/MaterialsA catalysis, electrocatalysis, fuel cells, and water splitting are anticipated.

Introduction

Because of current environmental sustainability challenges, it is
imperative that society collectively addresses the deleterious
aspects of emission control," pharmaceutical synthesis®> and
energy production.>* A potential solution to these issues lies in
the use of nanostructured catalysts obtained, for instance, by
the immobilization of appropriate materials on nanostructured
mesoporous supports.*® The properties of thus-formed mate-
rials are in many cases influenced by the surface structure.®’
More specifically, interface-confined catalysts have been found
to exhibit confinement effects®*® while the formulation of
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hollow core-shell nanocatalysts has become an active research
field."** The attractive features of these systems might be
developed to a higher level by the hierarchical integration of
several catalytic centers in a nanostructured matrix.*>*® The aim
of the present study is to demonstrate the potential of self-
assembled nanostructured polymeric materials in the design
and synthesis of tunable hierarchical nanocatalysts. An ideal
nanostructured matrix for designing catalysts should possess
the following properties: (i) a well-defined yolk-shell structure
for the effective containment and protection of catalytic centers,
which also introduces the possibility of confinement effects, (ii)
versatile physical and chemical properties allowing the immo-
bilization of different catalytic centers in a hierarchical manner,
and (iii) good transport properties within the nanostructures
promoting cooperative effects between the catalytic centers.
Here, we introduce the general synthesis concept of a tunable
hierarchical nano-structured catalyst, based on polyaniline
(PANI), and that exhibits the properties described in (i)-(iii).
PANI is one of the most promising conducting polymers due to
its simple and inexpensive synthesis'” and because the resulting
polymer chains tend to self-organize into a variety of supra-
molecular structures including hollow spheres and all-polymer
yolk-shell nanocapsules.'®" In addition, PANI's stability at high
temperature, chemical versatility, and intrinsic porosity make it
a good candidate for designing nanostructured catalysts.>*>*

This journal is © The Royal Society of Chemistry 2016


http://crossmark.crossref.org/dialog/?doi=10.1039/c6ta03311c&domain=pdf&date_stamp=2016-06-17
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ta03311c
https://pubs.rsc.org/en/journals/journal/TA
https://pubs.rsc.org/en/journals/journal/TA?issueid=TA004025

Open Access Article. Published on 25 May 2016. Downloaded on 4/16/2026 11:10:28 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

PANI yolk-shell nanostructures
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Fig. 1 Schematic depiction of hierarchically NP-loaded PANI yolk—
shell nanocapsules and their anticipated properties. The PANI matrix is
anticipated to provide an exceptional platform for catalysis thanks to
its nanostructured reactor form, intrinsic porosity, and its selective
doping abilities. Depending on the targeted reaction, the choice of
entrapped metallic nanoparticles plays a key role, as well as PANI's
intrinsic properties. As a proof of concept, in order to enhance CO
oxidation, Cu NPs were grown in the yolk part and Au NPs in the shell.

Here, all-polymer template-free PANI yolk-shell nano-
capsules were used as a matrix for the hierarchical integration
of metallic cations by achieving a confined doping of Cu, Ni and
Au ions. Subsequent in situ growth of metallic NPs could be
achieved by chemical reduction (Fig. 1). PANI yolk-shell nano-
capsules, hierarchically loaded with multiple types of NP, were
tested for catalytic carbon monoxide (CO) oxidation at 150 and
300 °C.

Experimental

Materials

Copper sulfate pentahydrate (CuSO,4-5H,0, M = 249.7 g mol *,
CAS 7758-99-8), gold chloride (HAuCl,-4H,0, M = 411.9 ¢
mol ', CAS 2798-77-8), copper nanopowder (60 nm, CAS 7440-
50-8), nickel nanopowder (CAS  7440-02-0), ethyl-
enediaminetetraacetic acid (EDTA, M = 292.24 g mol ', CAS 60-
00-4), and platinum chloride (PtCl,, M = 265.99 ¢ mol~", CAS
10025-65-7) were purchased from Sigma Aldrich. Hydrazine
(N,H;, M = 50.06 g mol™', CAS 688-00906), nickel nitrate
(Ni(NOj3),-6H,0, M = 290.79 g mol ", CAS 24302-52), potassium
peroxydisulfate (KPS, K,S,0s M = 270.32 g mol ', CAS 169-
11891), and aniline (ANI, M = 93.1 g mol ", CAS 62-53-3) were
purchased from Wako and used as received.

Synthesis of PANI yolk-shell nanocapsules

All solutions were prepared using absolute ethanol (VWR,
99.5% purity) and MilliQ water (18.2 MQ ¢cm ™) purified using
a Purelab Prima system. Reaction mixtures were composed of
10 mM CuSOy, 20 mM aniline and 40 mM KPS. Aniline (2 mmol)
was first dissolved in cold ethanol (5 mL) in a round-bottomed
flask cooled in an ice bath. Cold water (35 mL) and aqueous
0.2 M CuSO, solution (5 mL) were added. The obtained solution
turned greenish blue upon complexation of aniline with Cu(u)
ions. After 10 minutes, polymerization was commenced by the
addition of a pre-cooled saturated KPS solution (55 mL). The
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solution color turned brown after a few minutes while colloids
were being polymerized. The reaction was allowed to proceed
overnight (12 h), leading to a black dispersion of colloids. At this
stage, the dispersion was mainly composed of PANI nano-
spheres and reaction byproducts.

Purification of capsules. The colloidal dispersion was
centrifuged at 4500 rpm for 10 min, washed and sonicated for
2 minutes by using water (3 times) and then acetone (2 times).
After these 5 washing cycles, a last cycle was performed with
water. At this stage, the colloidal dispersion was composed of
yolk-shell nanocapsules doped with copper ions (originating
from the synthesis step). After freeze drying overnight (12 h),
a black powder was obtained.

Removal of initial copper ions. For the sake of reproduc-
ibility and comparison between the different systems, this
treatment was applied to every sample, even when PANI was
subsequently re-doped with copper ions. “Empty” nanocapsules
were obtained by treating the “as prepared” nanocapsules
(110 mg) twice with an aqueous EDTA solution (10 g L™ ') under
stirring for 24 h. The resulting nanocapsules were washed with
a 0.1 M NaOH solution, sonicated for 2 minutes and centrifuged
3 times at 4500 rpm for 10 min. At this stage, copper-free
nanocapsules were obtained, with adsorbed EDTA molecules.
After freeze drying overnight (12 h), a black powder was
obtained.

Ionic loading. Ionic loading was always performed on
dedoped PANI capsules (after 48 h treatment with EDTA). Ionic
loading was performed by dispersing 60 mg of the resulting
nanocapsules into a 0.2 M solution of either CuSO, or NiCl, for
24 h. After 3 washing cycles with water (sonication for
2 minutes, centrifugation for 10 minutes at 4500 rpm), the fully
copper-loaded capsules were freeze dried overnight (12 h).

Kinetic ionic confinement. To obtain yolk-loaded nano-
capsules, EDTA treatment (10 g L") was applied to fully (Ni or
Cu) loaded capsules for 2 h. The resulting dispersion was
purified by two washing cycles with water (sonicated for
2 minutes and centrifuged at 4500 rpm for 10 min), then one
washing cycle with acetone and finally one more washing cycle
with water. After freeze drying overnight (12 h), a black powder
was obtained.

In situ NP reduction. The nanocapsules (50 mg) were
dispersed in water (20 mL) and heated at 80 °C in the presence
of hydrazine (20 mL) for 3 h. The resulting materials underwent
2 washing cycles with water (sonicated for 2 minutes and
centrifuged at 4500 rpm for 10 min), one with acetone and one
more with water. The resulting nanocapsules were freeze dried
overnight (12 h). As a precaution to avoid any oxidation of
metallic copper (nickel), the nanocapsule powders were stored
under vacuum.

Shell functionalization with Au or Pt NPs. The nanocapsules
(50 mg) were stirred for 3 h in a gold seeding solution con-
taining HAuCl, (0.05%) and NaOH (10~> M). The resulting
dispersion was centrifuged at 4500 rpm for 10 min and then re-
dispersed in a fresh solution (10 mL) containing 1 M K,CO; and
0.5% HAuCl,. After 10 min, formaldehyde (37% w/v soln (aq.),
5 mL) was added and the reduction reaction was allowed to
proceed for 30 minutes under gentle stirring. The final product
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underwent 2 washing cycles with water (sonicated for 2 minutes
and centrifuged at 4500 rpm for 10 min), one with acetone and
one more with water. A Pt shell was obtained by dispersing the
nanocapsules in a freshly prepared solution containing 1 M
K,CO; and 0.5% PtCl, (10 mL) and then adding formaldehyde
(37% w/v soln (aq.), 10 mL) with a subsequent reaction for 1 h.
All the obtained nanocapsule powders were stored under
vacuum.

Catalytic activity measurements

The CO oxidation reaction was implemented using a circu-
lating-gas reactor equipped with a gas chromatograph (Shi-
madzu GC-8A). Nanocapsule-based catalysts were vacuum-dried
in the reactor for 1 h at 150 °C prior to catalysis. During the
measurement, a mixture of CO (6.67 kPa) and O, (3.33 kPa) was
circulated through the catalyst at 150 °C and 300 °C. Oxidation
of CO to CO, was monitored by using gas chromatography.
Conversion rate results were normalized with respect to their
copper or nickel contents obtained from ICP analysis.

Characterization

Scanning transmission electron microscopy (STEM) was per-
formed using a Hitachi S-4800 at an accelerating voltage of
30 kV. The samples were observed directly on copper grids after
15 min of drying under vacuum. Transmission electron
microscopy (TEM), energy-dispersive X-ray spectroscopy (EDS)
and high-angle annular dark field-scanning transmission elec-
tron microscopy (HAADF-STEM) were performed by using
a JEM-2100 (JEOL) transmission electron microscope (acceler-
ating voltage, 200 kV) equipped with a CCD camera. Molyb-
denum grids were used during EDS analysis. Au NP distribution
analysis was performed on 3 different TEM micrographs by
using the Image] software. UV-Visible spectroscopy was per-
formed using a Shimadzu (Japan) UV visible NIR spectropho-
tometer (model UV-3600). Attenuated total reflection infrared
spectroscopy (ATR-FTIR) on PANI nanocapsule powders was
performed using a Thermoscientifique Nicolet 4700 apparatus
(USA). Powder X-ray diffractometry (pXRD) was performed using
a Panalytical X'pert with CukK, radiation (1 = 1.5418 A) in the
range from 5 to 100 degrees. Dynamic light scattering (DLS) and
flow-cell zeta-potential measurements were performed on PANI
nanocapsules dispersed in water at 25 °C by using a Beckman
Coulter apparatus. DLS results were obtained by accumulating
70 measurement times. Zeta potential was obtained by accu-
mulating 10 measurement times and sampling during 400 ps
with an applied electric field of —16.38 V ¢cm™'. Brunauer-
Emmett-Teller measurements (BET) and N, adsorption—-
desorption isotherms were recorded using an automatic
adsorption instrument (Quantachrome Instrument, Autosorb-1
U.S.A.) in order to determine the surface areas of the samples.
For each measurement, about 30 mg of the sample was taken
and degassed for 24 h at 100 °C prior to the measurement. The
adsorption-desorption isotherms were recorded at a liquid
nitrogen temperature of 77.35 K. The specific surface area was
calculated using the Brunauer-Emmett-Teller (BET) method in
a relative pressure range (P/P,) of 0.05-0.30. Inductively coupled
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plasma optical emission spectrometry (ICP-OES) was performed
on a 20 mg sample of each type of nanocapsules by using an
ICPS8100CL model spectrometer. Thermal gravimetry analysis
(TGA) was performed on 15 mg capsules by using a Hitachi
HT-Seiko Instrument Exter 6300 X-ray Photoelectron Spectros-
copy. XPS was carried out on an ESCALAB Mark II (VG
Company, U.K.). Energies were calibrated as C 1s at 285 eV.

Results and discussion
Synthesis and characteristics of PANI yolk-shell nanocapsules

Template-free synthesis of nanostructured catalysts is a fast
growing research field, owing to their promising “nanoreactor”
form.>** From this point of view, semi-rigid rod-like polymeric
materials like PANI present the advantage that they undergo
spontaneous self-organization processes under mild conditions
in water and offer a variety of post-assembly modifications.>* In
this study, Cu(u) ions were used both as a catalyst for aniline
polymerization and as a structuring agent for the formation of
PANI template-free yolk-shell nanocapsules in the presence of
potassium persulfate (KPS).'*?” On mixing aniline with CuSOy,,
the emergence of an absorption peak at 370 nm measured by
UV-Visible spectroscopy suggested complexation and partial
oxidation of aniline by Cu(u) ions (Fig. S-1at). After 12 h
oxidation by using KPS, a PANI salt dispersion was obtained
whose UV-spectrum contains 3 absorption bands at 330, 480
and 750 nm, corresponding to the emeraldine salt form.*®
Under alkaline conditions, a typical emeraldine base spectrum
was also obtained, with benzenoid segments absorbing around
350 nm and quinonoids around 700 nm (Fig. S-1b and cf).>>*°
Although it is well known that PANI can present crystalline
domains, powder X-ray diffraction (pXRD) analysis of PANI
nanocapsules revealed an amorphous structure leading to
broad and low intensity peaks around 15°, and 20° suggesting
a poor parallel periodicity of PANI chains (Fig. S-21).** The
observation of PANI dispersion by using scanning transmission
electron microscopy (STEM) revealed nanostructured yolk-shell
capsules with diameters between 380 and 500 nm, containing
a 200 nm “yolk” and a shell of thickness 40 nm (Fig. 2a to e).
This result is consistent with DLS measurements in water where

-
g

3 3

Distribution (%)
0
%

2

o

200 400 600 800
Diameter (nm)

Fig. 2 General characterization of PANI yolk—shell nanocapsules.
STEM micrographs of PANI yolk—shell nanocapsules obtained in
scanning (a—c) and transmission (d and e) modes. All scale bars
represent 200 nm. Corresponding cumulative and relative size distri-
butions measured by DLS in water (f).
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an average particle size of 459 nm was found with a narrow
diameter distribution, with 93% of capsules falling in the range
of 380 to 540 nm (Fig. 2f). This result also demonstrates that
PANI nanocapsules are efficiently dispersed and non-aggre-
gated in solution after sonication.

Interestingly, only PANI nanospheres were observed by
STEM of the raw synthetic products, while the yolk-shell
structure was observed on purified samples (Fig. S-1d and ef).
Washing procedures appear to remove the more soluble PANI
chains (shorter or less doped) from the interiors of PANI
spheres as has recently been described by Sun et al.** At higher
magnifications, the TEM micrographs of yolk-shell nano-
structures revealed no crystallinity, in agreement with pXRD
data (Fig. S-2b and cf). These PANI nanocapsules are easily
redispersible in water, probably due to a slightly positive surface
charge (+2.54 mV), and exhibited a specific surface area of 55
(+5) m* g~ ! with a mesopore size distribution centered at 3.8
nm diameter (Fig. S-2d and ef), in accordance with recent
studies demonstrating the superior sorption abilities of PANI
structures.'*® The forms of these yolk-shell nanocapsules are
mainly preserved over a wide pH range from 1 to 14. They are
also stable after treatment with EDTA. These features indicate
a promising future for PANI yolk-shell nanocapsules as
building blocks of materials in aqueous solutions (Fig. S-37).
The PANI structures could also undergo drying, heating at
300 °C and vacuum processes, rendering these capsules suitable
for gas phase catalysis (Fig. S-31). Cross-linking PANI capsules
with formaldehyde seemed to further increase their thermal
stability (Fig. S-2ft).

Selective doping of nanocapsules

PANI is a semi-rigid linear conjugated polymer composed of
benzenoid and quinonoid units whose physical properties can
be tuned by acid or ion doping.** It is anticipated that the
combination of doping properties with the present specific
yolk-shell nanostructure will allow the design and synthesis of
a wide variety of hierarchically-structured catalysts. EDS
elemental analysis of the as-prepared nanocapsules revealed the
doping of PANI with sulfate and copper ions from CuSO, during
polymerization (Fig. S-41). Copper ions are indeed known to
interact with benzenoid and quinonoid segments, leading to
partial oxidation of PANIL** This process was confirmed by using
ATR-FTIR spectroscopy and with the monitoring of the ry—q—n
characteristic quinonoid band described by MacDiarmid.*
CuSO,4-doped PANI nanocapsules exhibited a broad band at
1148 cm ™" with a shoulder at 1170 em ™" (Fig. S-57).%°

Upon dedoping by using an EDTA salt or by reducing copper
ions with hydrazine,? the peak at 1148 cm ™' disappeared while
the absorption at 1170 cm™' increased (Fig. 3). The ratio
between these peaks changed from around 1.4 for the copper
ion doped state to 0.6 for the undoped state (Fig. 3b). When
CuSO,-doped PANI nanocapsules were treated with a 2.7 x 10>
M EDTA solution, the cations trapped in the shell layer were
removed after 2 h (Fig. S-61). These results suggest that EDTA
can diffuse through the mesoporous PANI matrix, complex the
copper ions present there and remove them by subsequent
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Fig. 3 Doping and dedoping of PANI. (a) Typical ATR-FTIR spectrum
of PANI yolk—-shell nanocapsules after loading with Cu(i) (red line),
after treatment with EDTA for 48 h (black line), after localized copper
reduction in the yolk using hydrazine (green line) and after gold shell
deposition (blue line). Peaks at 1170 and 1148 cm™, characteristic of
doped and undoped states with copper ions, are labelled. (b) Evolution
of the normalized absorbance ratio between peaks at 1148 cm™!
(doped state) and 1170 cm™ (undoped state). Ratios were calculated
from zoomed baseline corrected plots of 1170 and 1148 cm™! peaks
(Fig. S-57).

washing. However, ionic and hydrogen bonding interactions
also allowed the trapping of EDTA within PANI nanocapsules,
leading to a surface charge reversal at —29 mV (Fig. S-77). This
phenomenon is well known when multiple charged molecules
are used to functionalize surfaces, for instance, by using a layer-
by-layer approach.*® Upon adsorption of EDTA, an electrostatic
potential barrier is induced which opposes the diffusion of
more EDTA molecules within the PANI matrix. As a result,
a treatment time of 48 h was required for the removal of the
cations contained in the yolk regions of the capsules (Fig. S-67).
This shielding effect, combined with the yolk-shell nano-
structure, facilitates the selective doping of PANI leading
to confinement of cations in the yolk part, as described in
Fig. S-8.1

In situ growth of metallic NP

Chemical or electrochemical in situ reduction of complexed
copper ions in a PANI matrix has been demonstrated to
generate dispersed NPs.***® Here, the growth of Cu NPs was
achieved by the chemical reduction of yolk-confined copper
ions. These ions necessitated strong reducing conditions to be
converted into metallic copper, probably because they are
buried into a mesoporous electroactive PANI matrix. For
instance, reduction by formaldehyde did not work. Reduction
by hydrazine treatment at 80 °C was performed, and the
resulting capsules were investigated by TEM, UV-Vis and IR
spectroscopies and pXRD. As a small, non-charged molecule,
hydrazine diffuses through PANI matrices, experiencing any
shielding effects and can react with any confined doping ions.
Reduction of copper ions within the PANI matrix can be seen as
a dedoping process, and was monitored by observing the
elimination of the 1148 cm™ ' band from its IR spectrum
(Fig. 3).* After a 3 h treatment, the PANI spectrum exhibited
a dedoped structure similar to the one obtained following EDTA
treatment (Fig. 3b). TEM-EDS analysis of the resulting material
revealed that copper was still confined in the yolk part of
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nanocapsules following reduction with accompanying emer-
gence of an electron diffraction pattern (Fig. 4 and S-97). The
presence of crystalline materials in reduced Cu-yolk nano-
capsules was confirmed by pXRD analysis where a low intensity
peak at 43.23° assigned to the (111) reflection of metallic copper
(JCPDS 5-0661) was observed (Fig. S-101). The low intensity of
the pXRD peaks could be due to the poor crystallinity of the
sample but also due to the presence of only a small proportion
of Cu NPs contained within an amorphous PANI matrix.
Hydrazine treatment was also found to reduce PANI as observed
by UV-Vis spectroscopy where a red shift of the benzenoid
absorption band and a decrease of the quinonoid band inten-
sity occurred (Fig. S-111). In the subsequent step, gold was
chosen for the decoration of the shell part of yolk-shell nano-
capsules, since Au NPs are of broad interest for several appli-
cations ranging from catalysis to optical and biological fields.

Shell functionalization

Au-shell deposition was achieved by following a “seeding”
strategy, leading to both the reoxidation of PANI benzenoid
segments (Fig. S-111) and the surface decoration of nanocapsules
with gold NPs. The analysis of TEM images allowed to determine
that most gold NPs ranged from 1 to 15 nm, with 90% of them
being smaller than 30 nm in diameter (Fig. 4c and 5). Consistent
with the literature, the reduction of gold ions was largely spon-
taneous, owing to PANI and Au(m) standard reduction potentials,
and as testified by the oxidation of benzenoid segments
(Fig. S-111).*' As a consequence, only the outer shell of the
capsules was functionalized and no gold could be detected inside
the capsules (Fig. 4c). The design of hierarchically loaded nano-
capsules was thus advantageously eased when depositing noble

2- Formaldehyde

1- EDTA T _awie. 1- HAuCl,
p 2- Hydrazine

100 nm

- Copper - Carbon

Fig. 4 Reduction of yolk-confined copper ions and gold shell depo-
sition. Schematic representations and TEM-EDS micrographic analyses
of PANI yolk—shell nanocapsules fully doped with copper ions (a), after
the reduction of yolk-confined Cu ions with hydrazine (b), or after
achieving the (Cu-yolk Au-shell) hierarchical architecture (c).

Gold

9854 | J. Mater. Chem. A, 2016, 4, 9850-9857

View Article Online

Paper

0
0 10 20 30 40 50
Diameter (nm)

200 nm
]

200 nm
-

Fig. 5 Cu-yolk Au-shell architecture. Typical TEM micrographs, in
dark field and bright field modes, of (Cu yolk Au shell) hierarchically
loaded nanocapsules. The Au-NP size distribution, calculated from 3
TEM micrographs, is in the inset.

metals on the shell part. However, when a 10% formaldehyde
solution was used as a reductant for gold, a more uniform surface
decoration with smaller gold NPs was obtained, more suitable for
catalysis (Fig. S-121). During the functionalization of the shell
with gold NPs, a partial dissolution of metallic copper in the yolk
was observed, generating locally Cu(u) ions and leading to ionic
redoping of the PANI shell region as indicated by EDS and
ATR-FTIR (Fig. 3 and 4c). However, pXRD analysis revealed the
presence of both metallic gold and copper, with peaks at 37.81
and 43.95° respectively attributed to the (111) and (200) reflec-
tions of metallic gold (JCPDS 4-0783) and peaks at 43.23° and
50.48° respectively attributed to the (111) and (200) reflections of
metallic copper. No other impurities or alloys could be detected
(Fig. S-101). The PANI shell, previously reduced during the
hydrazine treatment to achieve the Cu-yolk architecture, could
thus successfully reduce gold ions and refrain total dissolution of
metallic copper in the yolk part. XPS analysis of Cu 2p in PANI
nanocapsules either doped with Cu(u) or after achieving the (Cu-
yolk Au-shell) architecture allowed to confirm this mechanism
(Fig. S-131). Cu(u)-doped PANI nanocapsules exhibited 2 peaks at
934.9 eV (Cu 2p;p) and 955.2 eV (Cu 2p,;,) as well as satellite
peaks indicating the presence of Cu(u) ions. By decomposition of
the Cu 2ps,, peak, both Cu(un) and Cu(i) oxidation states were
found in Cu(un)-doped nanocapsules at 935 eV and 932.4 eV,
respectively, confirming the ability of Cu(n) to partially oxidize
PANL*>* In the case of the (Cu yolk Au shell) architecture,
satellite peaks were largely attenuated and decomposition of the
Cu 2ps;, peak identified Cu(n) and Cu(0) oxidation states at
934.3 eV and 932.6 eV, respectively.”>** The simultaneous pres-
ence of Au(0) was testified by the Au 4f;s), and Au 4f;, peaks at 84
and 87.6 eV, respectively (Fig. S-14t). By both protecting the yolk-
confined copper from total oxidation and inducing the gold
reduction on the shell part, PANI eases the design of hierarchi-
cally loaded nanostructures, demonstrating the advantage of an
electroactive yolk-shell polymeric structure for assembling multi-
metallic catalysts.

Catalytic activity

As a proof of concept, the catalytic activity of hierarchically
loaded yolk-shell nanocapsules was investigated for CO oxida-
tion. Both gold and copper are known for efficiently catalyzing

This journal is © The Royal Society of Chemistry 2016
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the oxidation of many components in ambient air at low
temperatures,* particularly CO.***®* However recent studies
demonstrated that the dispersion of active centers on a reduc-
ible support able to trap and provide oxygen during the reac-
tion, for instance CeO,, is crucial for achieving high catalysis
performances.*>*® PANI cumulates both the electroactivity and
the ability to trap and activate O, molecules through its Lewis

*1-53 while

acid centers (doped nitrogen atoms, trapped cations),
it can also chemisorb CO molecules on its Lewis base centers
(undoped nitrogen atoms).**** It is thus expected to be a suit-
able support matrix for CO oxidation with gold and copper.
Moreover, TGA and STEM investigations of the as-prepared and
(Cu yolk Au shell) nanocapsules at 300 degrees exhibited good
thermal stability with no significant structural change contrary
to the capsules heated up to 450 degrees (Fig. S-2 and S-151). A
systematic investigation was conducted at each functionaliza-
tion step of PANI yolk-shell nanocapsules in order to detect any
eventual confinement or cooperative effects for embedded Cu
and Au NPs (Fig. S-161). The activities of PANI nanocapsules
loaded with copper ions, Cu yolk, Cu yolk-shell and (Cu-yolk
Au-shell), were thus measured (Fig. 6) and normalized by their
copper contents (obtained by ICP analysis, Table S-1f). A
commercial copper nanopowder (60 nm) was used as the
control (blue line on Fig. 6).
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To establish the proof of concept of hierarchically loaded
nanocatalysts, this work focused on three points: the identifi-
cation of the catalytic centers in the system (i), significance of
the catalyst nanostructure (ii) and significance of the hierar-
chical architecture. In this regard, commercial copper NP,
copper ion loaded nanocapsules, Cu-yolk-shell and Au-shell
nanocapsules were used as controls while Cu-yolk and (Cu-yolk
Au-shell) nanocapsules were the targeted catalysts.

Identification of the main catalytic centers. Since copper
ions as well as amine-containing polymers may exhibit some
catalytic properties, the activity of copper ion loaded nano-
capsules was tested, resulting in a low CO, conversion rate at
both 300 °C and 150 °C (dotted line in Fig. 6). As a comparison,
commercial copper NPs were at least two times more efficient,
reaching up to 13% conversion rate at 300 °C. As expected, this
result confirms that metallic centers like copper or gold NPs will
be the main catalytic centers for CO activation in functionalized
PANI yolk-shell nanocapsules.

Significance of the catalyst nanostructure. By comparing the
catalysis performances of Cu-yolk nanocapsules (where metallic
copper is confined in the yolk part, green line in Fig. 6), with
Cu-yolk-shell nanocapsules (with no nanostructures, grey line)
and commercial copper NPs (blue line), the influence of
the catalyst nanostructure was investigated. Non-structured
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Cu-yolk-shell nanocapsules exhibited a catalytic activity similar
to commercial copper NPs, reaching around 10% oxidation rate
at 300 °C and a negligible activity at 150 °C after 53 minutes.
Normalized conversion rates reached a rapid saturation. Easily
accessible copper NPs seemed thus to lead to limited catalysis
performances. In this regard, the lack of structuring of the
Cu-yolk-shell nanocapsule catalyst likely restricts any possible
performance improvements over the commercial copper
nanopowder. However, when Cu-yolk nanocapsules were used,
the normalized oxidation rate was more than double compared
with the non-structured controls at both considered tempera-
tures, reaching around 30% at 300 °C (Fig. 7). This result
suggests that a confinement effect operates, leading to both
improved performances and a less rapid saturation of the
activity rate. All polymer PANI yolk-shell nanocapsules appear
thus as promising tools for improving the catalyst activity by
controlling its nanostructure.

Significance of the hierarchical architecture. Co-loading the
yolk-shell nanocapsules, in a hierarchical way, with both copper
and gold metallic centers, was performed to probe any coopera-
tive effect within the catalyst. To fairly investigate this effect, the
(Cu-yolk Au-shell) nanocapsules (red line of Fig. 6) were
compared with Cu-yolk, Au-shell, and (Cu-yolk Cu-shell) systems.
At both considered temperatures, (Cu-yolk Au-shell) nano-
capsules performed 7 times better than the non-structured
(Cu-yolk Cu-shell) catalyst (Fig. 6¢c and d). A normalized conver-
sion rate of 82% was achieved at 300 °C after 53 minutes and
saturation of the performances seemed to be largely suppressed.
At 150 °C, results were even more striking with a quasi-linear
evolution of the normalized conversion rate with catalysis time,
reaching more than 20% after 180 minutes while other catalysts
levelled off at less than 2% (Fig. 6d in inset and S-177). To be sure
that these improved performances were not due to the sole
presence of gold NPs on the shell, the activity of Au-shell nano-
capsules was investigated, reaching a total (non-normalized)
conversion rate of 13% at 300 °C and 1.7% at 150 °C after
53 minutes (Fig. S-187). As a consequence, if the decoration of the
shell part of the nanocapsules with Au NPs clearly modified their
morphology and exposed their surface area for catalysis, it did
not exhibit a significant catalytic activity by itself. By comparing
the performance achieved by the (Cu-yolk Au-shell) catalyst with
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the sum of performances of the Au-shell and Cu-yolk samples, it
is possible to empirically detect an eventual cooperative effect
(Fig. 7). At both considered temperatures, the hierarchically
loaded catalyst performed around two times better than the sum
of its components (Fig. 7). These results are attributed to
a cooperative effect between gold and copper particles in the
hierarchically loaded (Cu-yolk Au-shell) nanocapsules that may
reduce catalytic center inhibition by CO,, as recently described by
Epron et al.*® In addition, a participation of PANI to this effect
cannot be excluded as it is known to activate O,,*"*>*” trap CO>>**
and even be a part of synergetic oxidation processes.’® Following
the same synthesis strategy, copper was replaced with nickel,
leading to Ni-yolk and (Ni-yolk, Au-shell) nanocapsules to be
compared with a Ni-yolk-shell, Au-shell and commercial nickel
nanopowder (Fig. S-19 and S-207). The normalized conversion
rate for CO oxidation followed the same trend for both confine-
ment effect and cooperative effect. These results confirm the
functionalization versatility of nanostructured yolk-shell PANI.
As an example, the shell layer functionalization was also tuned,
by depositing platinum rather than gold (Fig. S-21).1 This strategy
of hierarchical loading, reduction and confinement of specific
elements in nanostructured matrices could thus allow the
specific adaptation of catalyst functions according to reaction
needs.

Conclusions

Self-assembled yolk-shell PANI nanocapsules were used for
designing hierarchically loaded nanostructured catalysts con-
taining copper, nickel and gold NP. Owing to the PANI matrix
properties and the specific yolk-shell architecture, the yolk
confinement of either copper or nickel NP was performed. As
a result, catalysis performances were doubled compared with
non-structured catalysts, owed to the introduction of confine-
ment effects. When the hierarchical loading of yolk-shell
nanocapsules was performed with different metals, both
confinement and cooperative effects for CO oxidation were
observed. Catalytic performances of nanocapsules loaded with
(Cu-yolk, Au-shell) were around 7 times higher than the control.
Even at low temperature (150 °C), a normalized oxidation rate of
20% could be achieved. The synthesis strategy is adaptable and
(Cu-yolk Au-shell), (Ni-yolk Au-shell) and (Pt-shell) systems were
studied here. The concept of hierarchical trapping, reduction
and confinement of catalytic centers in active nanostructured
matrices is thus believed to provide a versatile tool for designing
adapted catalysts with confinement and cooperative effects.
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