
Journal of
Materials Chemistry A

PAPER

Pu
bl

is
he

d 
on

 1
7 

M
ay

 2
01

3.
 D

ow
nl

oa
de

d 
by

 5
93

71
5 

on
 8

/2
/2

02
4 

11
:4

6:
09

 A
M

. 

View Article Online
View Journal  | View Issue
aIITB-Monash Research Academy, Powai, Mu
bDepartment of Chemical Engineering, Mona
cDepartment of Energy Science and Engin

Bombay (IITB), Mumbai, India 400076. E

2576 4890; Tel: +91 22 2576 7893

Cite this: J. Mater. Chem. A, 2013, 1,
8553

Received 24th March 2013
Accepted 17th May 2013

DOI: 10.1039/c3ta11183k

www.rsc.org/MaterialsA

This journal is ª The Royal Society of
Removal of surfactant and capping agent from Pd
nanocubes (Pd-NCs) using tert-butylamine: its effect on
electrochemical characteristics

N. Naresh,abc F. G. S. Wasim,abc B. P. Ladewigb and M. Neergat*c

Synthesis of shape-controlled nanoparticles of precious metals with defined size is well-established in the

literature and the control over shape and size is achieved using surfactants and capping agents. However, a

clean surface without impurities is required for realistic applications. In the present investigation, palladium

nanocubes are synthesized using poly(vinylpyrrolidone) and potassium bromide. A novel method for

cleaning the nanoparticle surface, i.e., treatment with tert-butylamine is reported. For comparison, a

part of the untreated sample is subjected to the commonly used method of heat-treatment in an

oxygen atmosphere for surface cleaning. The XPS and FTIR spectra of the heat-treated sample show

incomplete removal of PVP and complete removal of Br� and the XRD pattern suggests oxide formation

on the Pd surface. Treatment with tert-butylamine provides a clean surface free of PVP and Br�.

Cleanliness of the surface is further confirmed by the voltammograms and ORR activities in 0.1 M HClO4.

We conclude that tert-butylamine can be an effective solvent for the removal of PVP and a reagent for

Br� ions because of its ability to form a quaternary ammonium salt.
1 Introduction

The physical and chemical properties of nanoparticles depend
on their size, shape and composition. Size and shape control of
nanoparticles is mostly achieved using surfactants and capping
agents, and usually they are high molecular weight organic
compounds with different functional groups. Some of the
common surfactants are poly(vinylpyrrolidone) (PVP), sodium
polyacrylate,1 oleylamine,2 and hexadecyl trimethyl ammonium
bromide (CTAB).3,4 Other than organic capping agents, inor-
ganic salts such as KBr, KI, and KCN are also used for
the synthesis of shape-controlled nanoparticles and the anions
(I�, Br�, and CN�) strongly bind to the surface of the shape-
controlled particles.5,6 Thus, size and shape control has been
reported with various materials for specic applications in
different areas.

While strong adsorption characteristics of surfactants and
capping agents on the initial nuclei of nanoparticles are
important in controlling or arresting the crystal growth in
selected directions, it is equally imperative to remove the
adsorbed impurities from the nanoparticle surface aer their
synthesis. The strongly adsorbed impurities on the nanoparticle
surface block the active sites and impacts negatively the
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catalytic activity.7,8 Thus, the ultrapure surface of shape-
controlled nanoparticles, free of surfactants and capping
agents, is critical for their application in catalysis.

The literature is replete with electrochemical characteriza-
tion of catalysts for oxygen reduction reaction (ORR) on
extended well-dened single crystal surfaces of Pt and to a
certain extent with shape-controlled Pt nanoparticles.9–12 At the
same time, results on both single crystal surfaces and on shape-
controlled nanoparticles of Pd are rarely reported in the litera-
ture, with only two recent reports known to the authors.13,14 The
major hurdle in obtaining reasonable electrochemical response
and catalytic activity with shape-controlled Pd is getting a pure
and clean surface.

Though selectivity above 80% of a particular shape is
possible with nanoparticles in the size range of 3–10 nm, oen,
removal of the impurities (surfactant, capping, and stabilizing
agents) from the surface of shape-controlled nanoparticles is
challenging. Generally, in the literature, various methods are
reported for the removal of adsorbed impurities from the
nanoparticle surface. Each of the different surfactants and
capping agents used has a unique interaction with the surface,
and therefore, various cleaning methods are reported in the
literature. Some of them are exposure to UV light, heat-treat-
ment, acid/base washing, and alcohol washing.8,13,15 The most
established method has been the heat-treatment of stabilized
nanoparticles in an oxidative atmosphere where the ligands are
oxidized at 180�200 �C, followed by thorough washing of the
heat-treated sample. At higher temperatures, there is a possi-
bility of particle agglomeration and change in actual shape, and
J. Mater. Chem. A, 2013, 1, 8553–8559 | 8553
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hence, proper control of temperature is required with the heat-
treatment procedure.15 In the acid/base treatment method, the
prepared nanoparticles are treated in strong acidic/basic solu-
tions for the removal of the surfactant, for example, removal of
CTAB with NaOH solution. This treatment would be able to
provide the replacement of strongly adsorbed organic impuri-
ties with soluble complexes that are easily washed away from
the catalytic surfaces.13 Another method of cleaning organic-
ligands from the catalyst is by using UV–ozone exposure
wherein the nanoparticles are treated in the UV–ozone atmo-
sphere for the removal of PVP.8 But, we cannot generalize the
procedure for removal of impurities from the catalyst surface
and it depends on the chemical nature of the surfactants and
capping agents. Moreover, for catalytic applications, a proper
method is yet to be established for the complete removal of
organic impurities from the shape-controlled nanoparticles.
Thus, the choice of the stabilizer removal is based on the
chemical nature of organic-ligands and its adsorption strength
with the catalyst surface. Some of the stabilizers interact
strongly with the catalyst surface and some others do weakly.

In this manuscript, we report on the use of tert-butylamine
(TBA) for the removal of KBr and PVP from Pd nanocubes (NCs).
For comparison, the shape-controlled catalysts were also heat-
treated in an oxygen atmosphere at �200 �C; this method was
reported by Li et al. to remove the surfactant from Pt nano-
particles.7 The same synthesis procedure with different
reagents, conditions, and precursors may not result in the same
kind of shape; similarly, the same cleaning procedure may not
be suitable for removal of the surfactant from different shape-
controlled materials.
2 Experimental details
2.1 Materials

Potassium tetrachloropalladate (K2PdCl4, 99.9% metal basis)
from Alfa Aesar; L-ascorbic acid and poly(vinylpyrrolidone) (PVP,
Mw 40 000) from Sigma-Aldrich; potassium bromide (KBr), tert-
butylamine (TBA) and all other solvents (acetone, hexane, iso-
propanol and ethanol) from Merck, India were used for the
synthesis of the catalysts.
2.2 Synthesis of Pd nanocubes (Pd NCs)

The Pd NCs were synthesized by following the procedure
reported in the literature.16 In a round bottom ask, 8 mL of
aqueous solution of PVP (105 mg), L-ascorbic acid (60 mg), and
potassium bromide (KBr, 300 mg) were pre-heated in air at
80 �C for 15 min. Then, 3 mL of DI water containing K2PdCl4
(57 mg) was added to the above solution. The reaction was
allowed to proceed at 80 �C for 3 h. The product was collected by
centrifugation and it was washed with acetone once and then
3–4 times with ethanol and n-hexane (1 : 3). Finally, the
prepared Pd NCs were dispersed in 5 mL of ethanol solution.
2.3 Carbon-supported Pd nanocubes (Pd NCs)

The carbon-supported Pd NC catalyst of 20 wt% metal loading
was prepared as follows: 80 mg of Vulcan XC-72 carbon was
8554 | J. Mater. Chem. A, 2013, 1, 8553–8559
added to 40 mL of ethanol and the mixture was sonicated for 30
min to get a uniform dispersion of carbon. To this carbon
solution, 5 mL of ethanol containing 20 mg of Pd NCs was
added and it was sonicated for 1 h and kept for overnight-stir-
ring to ensure the homogeneity of metal nanoparticles on the
carbon-support. Thereaer, the mixture was dried at 80 �C and
it was thoroughly ground with a mortar and pestle.
2.4 Cleaning of as-prepared carbon-supported Pd NCs

The as-prepared carbon-supported Pd NCs were treated with
TBA (catalyst : solvent 1(mg) : 2(mL)) for three days under stir-
ring at room temperature. Aer the treatment, the catalyst was
separated from the solvent by centrifugation at 6000 rpm for 10
min. The collected precipitate was washed with ethanol three
times to remove excess surface-adsorbed amine. The nal
product was redispersed in ethanol and then dried over-night.
For comparison of the effectiveness of the cleaning procedure,
the as-prepared Pd NCs were subjected to heat-treatment at
200 �C for 3 h under an oxygen atmosphere. Aer heat-treat-
ment, the catalyst was washed with ethanol.
3 Characterization
3.1 Physical characterization

The prepared samples were analyzed using a PANalytical X'Pert
Pro machine (30 mA, 40 kV) with Cu Ka radiation of wavelength
(l) 1.5406 Å with a step size of 0.07 from 10� to 90� at a scan rate
of 0.6� per minute. The sample preparation procedure for
transmission electron microscopy (TEM) is as follows: a small
amount of the prepared catalyst was dispersed in ethanol and
sonicated for 15 min to get a well-dispersed suspension of the
nanoparticles and it was drop-cast on a copper grid. The
prepared grid was dried under an IR lamp for a few minutes to
remove any moisture content in the sample. The TEM images of
the prepared samples were recorded using a JEOL JEM 2100 F
eld emission electron microscope operated at 200 kV. The
Fourier-transform infrared spectra of the prepared samples
were recorded using vertex 80 model, Bruker instruments. We
used OPUS soware for baseline correction, smoothening and
peak assignment. The sample was prepared as follows: a small
amount of the solid sample was mixed with KBr and it was
made into a pellet-form by applying 5 Torr pressure using a
compressor. The pellet was kept under the IR lamp for a few
minutes to remove the moisture from the sample and it was
loaded into the sample holder. The spectrum was collected by
scanning the sample from 400 to 4000 cm�1 with 4 cm�1

spectral resolution and 32 scans. The XPS spectrum was recor-
ded using a MultiLab Thermo VG Scientic spectrometer with
Al Ka radiation of energy 1486.6 eV at a chamber pressure of ca.
1.5 � 10�7 Pa. For peak tting, we used XPS Peak 4.1 soware.
The peaks were calibrated with the standard C1s peak xed at
284.4 eV. Thermogravimetric analysis (TGA) of the samples was
carried out using an SDT Q600, TA Instruments. The sample
was heated up to 800 �C under a nitrogen atmosphere at a
heating rate of 10 �C min�1.
This journal is ª The Royal Society of Chemistry 2013
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3.2 Electrochemical characterization

The electrochemical experiments were conducted by using a
WaveDriver 20 Bipotentiostat/Galvanostat system from Pine
Research Instrumentation, USA with a three-electrode electro-
chemical system. A double junction reference electrode
(Ag/AgCl with saturated KCl), Pt wire counter electrode, and a
glassy-carbon disk electrode were used for the electrochemical
experiments. All potentials are reported against the reversible
hydrogen electrode (RHE) in the manuscript. Catalyst ink was
prepared by sonicating a mixture of 5 mg of catalyst with 5 mL
of Millipore water, 10 mL of iso-propanol and 10 mL of Naon�
solution (5 wt% solution from Sigma Aldrich) for 15 min. The
well-dispersed ink was drop-cast on the glassy-carbon disk
electrode (0.196 cm2) to get a catalyst loading of 15 mg cm�2. The
cyclic voltammogram (CV) was recorded using a rotating disc
electrode (RDE) in an argon-saturated 0.1 M HClO4 solution at a
scan rate of 20 mV s�1. Aer recording the CVs, a fresh elec-
trolyte solution of 0.1 M HClO4 was saturated with oxygen and
the ORR voltammogram was recorded at 1600 rpm with a scan
rate of 20 mV s�1.
4 Results and discussion

The XRD patterns of the as-prepared, heat-treated, and TBA-
cleaned Pd NCs are shown in Fig. 1. The patterns of the as-
prepared and TBA-cleaned Pd NCs suggest that there is no
change in the structure of the material aer cleaning with TBA.
The XRD pattern of the heat-treated catalyst exhibits some
additional peaks when compared to that of the as-prepared and
TBA-cleaned catalysts indicating the formation of oxides of Pd.

The TEM image of the as-prepared palladium NCs is shown
in Fig. 2(a). The palladium NCs are well-dispersed on the
carbon-support and the size of the palladium NCs is estimated
to be �6 nm. The corresponding histogram and the high-reso-
lution image are shown in the insets of Fig. 2(a). The high-
resolution image conrms that the lattice spacing of the palla-
dium NCs is 0.195 nm, the same as that of the standard (100)
plane of Pd (JCPDS le no. 00-001-1201). The TEM images of the
TBA-cleaned and heat-treated palladium NCs are presented in
Fig. 1 XRD patterns of the carbon-supported Pd NCs: (a) as-prepared, (b) TBA-
treated, and (c) heat-treated.

This journal is ª The Royal Society of Chemistry 2013
Fig. 2(b) and (c). The image conrms that there is no change in
the shape of the palladium NCs aer cleaning with TBA and the
size estimated is �6 nm. The corresponding histogram and
high-resolution image are shown in the insets of Fig. 2(b). The
morphological details of the as-prepared and TBA-cleaned
palladium NCs suggest that our cleaning procedure for the
removal of the stabilizer does not affect the shape and size of
the particles.

To check the surface purity of the as-prepared, heat-treated,
and TBA-cleaned catalysts, we analyzed the samples using XPS.
Fig. 3 shows the C 1s XPS spectra of the as-prepared, heat-
treated and TBA-cleaned Pd NCs along with that of Vulcan XC-
72. The reduction in intensity of the XPS spectrum of the
cleaned sample when compared to that of the as-prepared and
heat-treated samples suggests that there is removal of the
adsorbed surfactants from the catalyst surface with the TBA
cleaning. Each spectrum can be deconvoluted into three peaks
with different binding energies. The peak at 284.4 eV corre-
sponds to graphitic carbon (C–C bonding). The binding ener-
gies of 285.9 and 287.8 eV correspond to the carbon in C–N and
C]O, respectively.17 The C–N and C]O groups belong to the
pyrrolidone ring of the PVP, and from the XPS spectra, we can
clearly see a signicant reduction in the intensities of these
peaks aer treatment with TBA. The decrease in relative inten-
sities of the peaks corresponding to C–N and C]O groups on
TBA-treated Pd NCs suggests that PVP is removed from the
surface but not in the case of the heat-treated sample. The peaks
at 284.4 and 285.2 eV (shoulder peak), in the case of Vulcan
XC-72, can be attributed to graphitic carbon and C–N. The
additional peaks in the as-prepared and TBA-cleaned Pd NCs
are from PVP interaction with the Pd nanoparticles. Thus, TBA-
treatment is an efficient method to remove PVP from the surface
of palladium NCs without changing the shape and size of the
precious metal nanoparticles unlike the heat-treatment
method.

Fig. 4 shows the XPS spectra of Br� on the surface of the as-
prepared, heat-treated, and TBA-cleaned Pd NCs. The Br�

spectrum of the as-prepared catalyst matches with the reported
standard spectrum and it shows that the adsorbed Br� exists on
the surface.18 The chemisorptive nature of Br� ions makes their
removal difficult during the initial washing; in such a case, heat-
treatment is necessary.19 The absence of a peak corresponding
to Br� in the case of heat-treated and TBA-treated samples
clearly indicates that Br� ions are removed from the surface.
Our study suggests that TBA-cleaning can remove the Br� ions
and PVP from the catalyst surface without heat-treatment; the
PVP and Br� removal mechanism is discussed in the later
section. To further conrm the removal of PVP from the TBA-
cleaned Pd NCs, we carried out TGA of the samples. Fig. 5 shows
TGA of the as-prepared and TBA-cleaned Pd NCs along with that
of carbon (Vulcan XC-72) for comparison. We can observe a
weight loss at temperatures below 250 �C in the as-prepared Pd
NCs and carbon corresponding to the removal of adsorbed
moisture and low-molecular weight oligomers. The as-prepared
catalyst shows a signicant weight loss above 250 �C, where the
PVP starts decomposing. At 450 �C, the weight loss with the
TBA-cleaned sample is �9%, whereas that with the as-prepared
J. Mater. Chem. A, 2013, 1, 8553–8559 | 8555
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Fig. 2 TEM images of carbon-supported Pd NCs: (a) as-prepared, (b) TBA-treated, and (c) heat-treated. The insets show the corresponding particle size distribution and
high resolution images.

Fig. 4 XPS spectra of Br� ions in carbon-supported as-prepared, heat-treated,
and TBA-cleaned catalysts.
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catalyst is 20%. The complete decomposition of PVP takes place
in the temperature range of 250–650 �C.20,21 However, a slight
and gradual decrease in weight can also be seen for the TBA-
cleaned sample above 300 �C; this may be attributed to the
traces of PVP le in the sample. The sudden weight loss beyond
�650 �C is due to the oxidation of carbon which can be observed
clearly from all the samples.22 Moreover, the presence of Pd in
our catalysts may catalyze the oxidation of carbon and
contribute to the weight-loss at low temperatures because of the
trace amount of oxygen impurity (in the form of adsorbed-
oxygen on both carbon and Pd). Along with XPS, FTIR and
electrochemical data, the TGA analysis also conrms the effec-
tiveness of our cleaning procedure.

The infrared spectra of the as-prepared and TBA-treated
palladium NCs are shown in Fig. 6. For reference, the spectrum
of pure PVP is also shown in Fig. 6 and the frequency of the
characteristic vibrational modes of PVP matches very well with
Fig. 3 High resolution C 1s XPS spectra of carbon-supported Pd NCs: (a) as-prepared, (b) heat-treated, (c) TBA-cleaned and (d) Vulcan XC-72.

8556 | J. Mater. Chem. A, 2013, 1, 8553–8559 This journal is ª The Royal Society of Chemistry 2013
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Fig. 5 Thermogravimetric analysis of carbon-supported Pd NCs: (a) as-prepared,
(b) TBA-cleaned, and (c) Vulcan XC-72.

Fig. 6 FTIR spectra of carbon-supported Pd NCs: (a) TBA-treated, (b) heat-
treated, (c) as-prepared samples, and (d) pure PVP from 400 cm�1 to 1800 cm�1.

Fig. 7 Cyclic voltammograms of the carbon-supported as-prepared, heat-
treated, and TBA-treated catalysts in argon-saturated 0.1 M HClO4 solution at
20 mV s�1 scan rate.
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that reported in the literature.23,24 Transmittance of character-
istic peaks of PVP (C]O; C–H2; C–H; C–N) on Pd NCs is in the
following order: as-prepared > heat-treated > TBA-cleaned and
this suggests that the excess PVP could be removed from the
catalyst surface and treatment with TBA results in almost
complete removal of PVP.

The effectiveness of different cleaning procedures in
revealing the true electrocatalytic activity of the NCs is exam-
ined using electrochemical methods. The cyclic voltammo-
grams of the as-prepared, heat-treated and TBA-treated
catalysts are shown in Fig. 7. The precious metal loading on the
glassy-carbon disk is 15 mg cm�2. Generally, the CV of precious
metals like Pd shows features such as Hupd from 0.04 to 0.4 V
followed by a double layer region from 0.4 to 0.7 V, and nally
an oxide formation region above 0.7 V.25 From the gure, we
This journal is ª The Royal Society of Chemistry 2013
can clearly observe that an as-prepared catalyst does not show
any of the characteristic features of palladium on potential
cycling. This is because the surface of palladium is completely
covered with capping agent and stabilizers like Br� and PVP; it
blocks the catalyst surface from electrolyte and the faradic
reactions will not take place, only the non-faradic double layer
charging can be observed. Br� ions adsorb very strongly onto
the palladium surface and their removal is a very difficult task.
Similarly, the PVP molecule will get adsorbed on the Pd surface
and the oxygen and nitrogen atoms from the pyrrolidone ring
of PVP will interact with the Pd surface.23 The long organic
chain of PVP hinders the diffusion of reactants towards the
surface of palladium. Heat-treatment of the catalyst in oxygen
partially removes some amount of capping agent and stabilizer
from the surface of Pd; this is evident from the CVs. Clear
features of palladium can be observed for samples treated with
TBA and the overall voltammetric features suggest that it
effectively removes both Br� and PVP. There is a sharp peak at
�0.2 V in the Hupd region due to the hydrogen desorption from
{100} planes since the cubic structure is dominant with {100}
planes.13 The oxide formation is also high and there is a very
large oxide reduction peak at �0.75 V in the reverse scan. Fig. 8
shows ORR voltammograms of all the catalysts recorded in
oxygen-saturated 0.1 M HClO4 solution. The as-prepared Pd
nanocubes do not show any appreciable current due to ORR.
Aer heat-treatment of the catalyst, the ORR voltammogram
shows an onset of current due to ORR at fuel cell-relevant
operating potential (0.8 V) with a limiting current of 4 mA
cm�2. The TBA-treated catalyst shows signicant current due to
ORR when compared to that of the as-prepared and heat-
treated samples, and it matches with that of the standard Pd
reported in the literature.26 Three distinct regions can be clearly
observed; there is a well-dened mass-transfer limited current
region below 0.7 V and the current above 0.7 V is due to the
ohmic and activation-limited region.
J. Mater. Chem. A, 2013, 1, 8553–8559 | 8557
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Fig. 8 Oxygen reduction reaction voltammograms of carbon-supported as-
prepared, heat-treated, and TBA-treated catalysts in oxygen-saturated 0.1 M
HClO4 solution at 20 mV s�1 scan rate with 1600 rpm.
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4.1 Proposed mechanism of surfactant and capping agent
removal from the catalyst surface

For the synthesis of Pd NCs, PVP has been used for stabilizing
the nanoparticles whereas Br� ions are helpful in controlling
the growth in selected directions (in this case (100)). Aer
synthesis, Pd nanoparticles are separated from the solution by
removing the excess PVP and Br� ions, but traces of the
adsorbed species still remain on the catalyst surface which is
conrmed from both the physical and electrochemical charac-
terizations. The carbon-supported Pd NCs are dispersed in TBA
and the mixture is kept under stirring for three days at room
Fig. 9 Scheme proposed for the removal of the stabilizer and capping agent from

8558 | J. Mater. Chem. A, 2013, 1, 8553–8559
temperature. With the dissolving nature of PVP in organic
solvents (e.g., polar compounds dissolve in polar solvents), most
of the remaining PVP can be removed with the prolonged
treatment in TBA. Simultaneously, Br� ions at the surface of the
NCs could be removed due to the salt formation capability of
amines with Br� ions. The complete removal of the Br� ions is
also conrmed by the XPS spectra and the clean CV features.
With the heat-treatment, only the removal of chemisorbed Br�

ions from the catalyst surface is possible, and not that of PVP;
this is conrmed by XPS analysis shown in Fig. 4. The relatively
strong interaction between PVP and Pdmay be the reason for its
incomplete removal. The schematic representation of the
extent of cleaning achieved with TBA and heat-treatment is
shown in Fig. 9.
5 Conclusions

Removal of surfactant and capping agent on palladium NCs is
carried out at room temperature using tert-butylamine and
heat-treatment at 200 �C. Among these procedures, tert-butyl-
amine treatment is found to be the best method for the removal
of adsorbed-surfactant and capping agent from the catalyst
surface. HRTEM images and the XRD patterns indicate that
treatment with TBA does not distort the shape of the
particle. The very low intensity of peaks corresponding to Br�

and C]O groups in the FTIR and XPS spectra suggests that tert-
butylamine is an efficient solvent to remove surfactant and
capping agent from the shape-controlled catalyst surface. At the
same time, heat-treatment results in Pd oxide formation and
partial removal of the impurities from the Pd surface. The
treated catalysts are subjected to electrochemical characteriza-
tion under acidic conditions. The voltammetric features and
the catalyst surface.

This journal is ª The Royal Society of Chemistry 2013
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ORR activities of the TBA-treated catalysts in 0.1 M HClO4

further conrm effective removal of the surfactant and capping
agent. We conclude that tert-butylamine can be an effective
solvent for the removal of PVP and a reagent for Br� ions
because of its ability to form a quaternary ammonium salt.
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