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Introduction

Metal colloids are widely used in catalysis research owing to

the possibility to precisely control their size, composition,
nanostructure, and morphology.[1] This precise control could

allow one to establish the relationship between catalyst struc-

ture/composition and its properties, thus providing a basis for
the rational design of more active, selective and stable cata-

lysts. Typically, metal colloids are synthesized in solution in the
presence of an excess of stabilizing (capping) agents/ligands

or surfactants, such as amines, thiols, phosphines, polymers,
etc. which control the size/shape of forming nanoparticles and

protect them from aggregation.[1] An excess of the stabilizing

agent is typically used to efficiently stabilize metal nanoparti-
cles. Colloids are subsequently deposited on the surface of a
support material to obtain heterogeneous catalysts. Free mole-
cules of the stabilizing agent that are present in colloidal solu-

tion in excess with respect to the metal can potentially bind to
the support surface along with the capped nanoparticles. For

example, a recent study showed indications that the majority

of polyvinylalcohol (PVA), used as a stabilizing agent for Pd
nanoparticles, was present on the surface of the carbon sup-

port and only a minor fraction of it was in direct contact with

Pd nanoparticles.[2] Therefore it can be hypothesized that a
supported catalyst prepared from polymer stabilized colloidal

nanoparticles can be schematically depicted as shown in
Figure 1.

Although stabilizing agents can be used to tune catalyst ac-
tivity or selectivity,[3] the presence of the ligands on the metal
surface after immobilization of colloids on the support more

often becomes detrimental for catalysis because they (partially)
block active metal sites. Additionally, the presence of stabiliz-

Figure 1. A proposed schematic representation of untreated polymer-stabi-
lized metal nanoparticles immobilized on a catalyst support (e.g. Au-PVP/
TiO2). Polymer-capped nanoparticles are present on the support together
with polymer not bound to metal nanoparticles.

Colloids with controlled dimensions, morphology and compo-
sition can be used to obtain supported metal catalysts with

desired characteristics. Yet, removal of capping agents which

block active metal sites in such catalysts can be challenging:
mild methods often result in incomplete removal of capping

agents, whereas harsher methods can cause change in particle
size or morphology or cause metal segregation for bimetallic

particles. Here we provide evidence that polyvinylpyrrolidone
used as a stabilizing agent for gold colloids is present both on

the metal and the support surface after colloid deposition on

the TiO2 support. The polymer adsorbed on Au sites blocks
their catalytic activity if it cannot be desorbed/decomposed

under reaction conditions. Polyvinylpyrrolidone can be re-
moved completely from the active gold surface of Au/TiO2

without particle growth using a number of mild treatment

methods described in this work, despite only partial removal
(&45 %) of the stabilizer from the bulk of Au/TiO2 can be ach-

ieved. The remaining >50 % of polyvinylpyrrolidone resides ex-
clusively on the TiO2 support and has no effect on the optical
properties and catalytic activity of gold nanoparticles. The
treated catalysts demonstrate catalytic activity and selectivity
similar to those of a catalyst prepared by impregnation. These

findings are important for further advancing the preparation of
well-defined supported catalysts using metal colloids.

[a] Dr. B. Donoeva, Prof. P. E. de Jongh
Inorganic Chemistry and Catalysis,
Debye Institute for Nanomaterials Science
Utrecht University
Universiteitweg 99, 3584 Utrecht (The Netherlands)
E-mail : b.donoeva@uu.nl

p.e.dejongh@uu.nl

Supporting information and the ORCID identification number(s) for the
author(s) of this article can be found under :
https://doi.org/10.1002/cctc.201701760.

T 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA.
This is an open access article under the terms of the Creative Commons
Attribution Non-Commercial License, which permits use, distribution and
reproduction in any medium, provided the original work is properly
cited, and is not used for commercial purposes.

ChemCatChem 2018, 10, 989 – 997 T 2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim989

Full PapersDOI: 10.1002/cctc.201701760

http://orcid.org/0000-0002-1702-8857
http://orcid.org/0000-0002-1702-8857
http://orcid.org/0000-0002-2216-2620
http://orcid.org/0000-0002-2216-2620
http://orcid.org/0000-0002-2216-2620
http://orcid.org/0000-0002-2216-2620
https://doi.org/10.1002/cctc.201701760


ing agents on the surface of metal nanoparticles brings com-
plexity into the interpretation of catalytic results owing to the

unknown effect of the stabilizers on reactant/product adsorp-
tion, ligand–metal charge transfers, stability, etc.[3c] Therefore,

removal of capping agents from metal nanoparticles without
affecting their size and structure is an important aspect of cat-

alyst preparation using colloidal particles. Strategies that are
commonly used to remove capping agents from supported

metal nanoparticles can be divided into three main categories:

decomposition of the stabilizer using high temperature, UV
light or ozone; solvo(thermal) treatments to extract ligands

with the excess of solvent; or treatment with small molecules
to displace bulky stabilizing agents.[3c, 4]

Polyvinylpyrrolidone (PVP) is one of the most commonly
used stabilizing agents for colloidal metal nanoparticles. It can

also serve as a shape-directing and reducing agent.[5] PVP

binds to the surface of metal nanoparticles through carbonyl
groups and/or the nitrogen atom of the pyrrolidone ring.[6] Re-

moving PVP from metal nanoparticles has proven to be diffi-
cult : the high temperature treatment (>300 8C) under oxidiz-

ing conditions required to decompose PVP often leads to
changes in the particle size or morphology.[7] Moreover, incom-

plete PVP decomposition leads to the formation of coke,

which poisons the catalyst.[4a]

Recently, several promising mild methods for the removal of

PVP from different metal nanoparticles >6 nm have been re-
ported, such as treatment with NaBH4 or tert-butylamine;[8]

however these methods were demonstrated only for unsup-
ported large colloids, and thus their efficiency for smaller and

support-immobilized metal nanoparticles has not been estab-

lished yet. In some cases, it was suggested that PVP could be
removed by subjecting a catalyst to reaction conditions. For

example, Albonetti et al. suggested partial PVP removal from
Au nanoparticles supported on ceria during the oxidation of 5-

hydroxymethylfurfural (HMF) in water at 70 8C by PVP displace-
ment with HMF molecules.[9] However neither the wider applic-

ability, nor the efficiency of this approach are yet clear.

Capping agents that are weakly adsorbed on the metal sur-
face, for example, do not form covalent bonds with metal cen-

ters, and can in principle be removed by washing with an
excess of a solvent that interacts well with the molecules of

the capping agent, given that enough time/heat is provided.
Polyvinyl alcohol (PVA) was partially removed from TiO2-sup-

ported Au nanoparticles by extracting them with water at
90 8C.[4b] The mean size of Au nanoparticles increased from 3.0
to 4.4 nm (3-fold increase in the particle volume) as &20 %

(wt.%) of the overall PVA was removed from Au/TiO2. The re-
moval of PVA from gold nanoparticles resulted in an increase

in the catalytic activity for the oxidation of CO, benzyl alcohol
and glycerol.

Since Haruta’s discovery of the exceptional catalytic activity

of gold nanoparticles in the low temperature oxidation of
carbon monoxide,[10] the catalytic properties of gold have been

actively investigated in various reactions.[11] The high catalytic
activity of small Au particles (&2 nm) often originates from

their high surface-to-volume ratio and specific nanoscale ef-
fects, such as altered structural and electronic properties, as

well as interaction with the support.[12] Preparation of small
supported gold nanoparticles is not always trivial for some

supports using traditional deposition-precipitation or impreg-
nation methods. Therefore immobilization of pre-formed gold

nanocolloids is often employed to obtain excellent control
over the particle size and morphology independently of the

support chosen.[13] Removal of stabilizing agents from small
nanoparticles <3 nm can be especially challenging since they
often grow during ligand removal.[4b]

The main aim of the current work is to systematically investi-
gate promising methods, reported previously for other sys-
tems, to efficiently remove PVP from 2–3 nm TiO2-immobilized
gold nanoparticles and achieve maximum PVP removal with

minimum change in Au particle size or the catalyst gold load-
ing. Special attention was paid to whether PVP was removed

from the active gold surface, support surface or both; and

whether complete PVP removal from the active gold surface
can be achieved. Our results indicate that PVP can be removed

quantitatively from the active surface of gold nanoparticles de-
spite incomplete PVP removal from the TiO2 support, and the

catalytic activity of such treated catalysts is similar to that of
catalysts with the same particles prepared using the impregna-

tion method.

Results and Discussion

Figure 2 shows representative TEM images and the corre-
sponding particle size distributions of PVP-stabilized Au colloid

synthesized in methanol and Au/TiO2 prepared from this col-
loid. As seen from Figure 2, gold nanoparticles were successful-

ly immobilized on TiO2 without any change in the particle size

during the deposition step. ICP analysis showed that gold
loading of the Au/TiO2 was 0.92 wt. %, close to the target value

of 1 wt. % (Table 1, entry 1). This Au/TiO2 catalyst (referred to as

Figure 2. Representative TEM images and corresponding particle size distri-
butions of Au-PVP colloids (A and B) and untreated Au/TiO2 (C and D).
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untreated) was used as the starting material to investigate the

influence of a series of treatments on the removal of PVP from

the 2–3 nm gold nanoparticles.

Extent of PVP removal during liquid-phase treatments

We first investigated the effect of six mild treatments (RT) on

the overall PVP and gold content in Au/TiO2 catalysts: treat-
ment with either NaBH4, H2O, tert-butylamine (TBA), as well as

some of their combinations (see Experimental Section for de-
tails). Both NaBH4 and TBA are expected to displace PVP from

gold nanoparticles, whereas water treatment is expected to

desorb PVP from the catalyst as a result of PVP solvation with
water molecules.[15]

Figure 3 shows the results of thermogravimetric analysis of
the bare TiO2 support and Au/TiO2 catalysts before and after

treatments. For clarity, only the temperature range of 250–
600 8C in which PVP decomposition takes place is provided

(See Figures S1 and S2 for more details). In this temperature

range, two phenomena are responsible for the weight loss: de-
composition of PVP at 350 8C and desorption of residual

strongly adsorbed water from TiO2 surface.

An overview of the PVP content in the Au/TiO2

sample series quantified from the TGA results is

given in Table 1. Untreated Au/TiO2 contained
1.79 wt. % of PVP, the highest content within the

series (Table 1, Figure 3). All treated catalysts show
reduced content of PVP compared to the untreated

sample, however neither of the treatments led to the
complete removal of the stabilizer. As seen from

Table 1, the efficiency of NaBH4 treatment increases
with the number of repetitions (Table 1, entries 2, 3)
and presence of NaBH4 is crucial, as washing with
the solvent (methanol) alone did not lead to any
change in the PVP content in Au/TiO2 (not shown).

ICP characterization (Table 1) showed that Au load-
ing was reduced during the H2O and BH/TBA treatments, indi-

cating leaching of Au nanoparticles from the TiO2 support

(Table 1, entry 4). No metal leaching was observed for any
other of the investigated treatments. Interestingly, during con-

secutive treatments with NaBH4 and H2O (Au/TiO2_BH,H2O) the
PVP content was reduced from 1.79 to 1.33 wt. % (26 % PVP

loss) with almost no decrease in the Au loading (cf. H2O treat-
ment, Table 1, entries 4, 5) which could be a result of the direct

contact between the TiO2 support and the nanoparticles that

is induced by the NaBH4 treatment.
Thus, all six tested treatments resulted in the partial removal

of PVP from Au/TiO2 catalysts, and the repeated treatment
with NaBH4 and single H2O wash showed the highest efficien-

cies. Treatments with H2O and a combination of NaBH4 and
TBA also caused leaching of 9–12 % of gold from the catalysts,

and therefore these treatments have been excluded from fur-

ther studies.

From where is the PVP removed?

Methods such as TGA show the exact PVP content in the bulk

Au/TiO2, and it is possible to quantify the precise fraction of
PVP removed from the bulk catalyst after treatments, as it was

shown in the previous section. However it is not possible to
distinguish whether it is TiO2- or Au-bound PVP that was re-

moved during the treatments (see Figure 1). For most applica-
tions, such as catalysis, only the removal of the capping agent

from the surface of the active phase (gold) is of interest.
TGA results show that not all of the PVP is removed from

the bulk Au/TiO2 during the studied treatments, therefore we
further investigated whether the remaining PVP resided on the
Au particles or on the TiO2 support.

High-resolution N 1s and Au 4f X-ray photoelectron spectra
of the untreated Au/TiO2 and Au/TiO2_BH,H2O are shown in

Figure 4. Table 2 gives an overview of the relative nitrogen and
gold contents in selected Au/TiO2 catalysts quantified from

N 1s and Au 4f peaks, respectively. In all cases, the amount of

nitrogen-containing species was reduced by 11–16 % upon
treatment, which agrees with the removal of PVP. Table 1

shows the percentage of PVP removed calculated from XPS.
Furthermore, the gold content determined from XPS in-

creased by 25–33 % during the treatments. This increase in Au
content after treatments can be explained by the surface

Table 1. Au loadings in untreated and treated Au/TiO2 and the extent of PVP removal
determined by different techniques.

Catalyst/Treatment Au loading PVP content PVP removed PVP removed
[wt %][a] [wt %][b] [wt %][b] [wt %][c]

1 Au/TiO2 untreated 0.92 1.79 – –
2 Au/TiO2_BHx1 0.92 1.64 8 12
3 Au/TiO2_BHx5 0.90 0.97 46 16
4 Au/TiO2_H2O 0.81 0.80 55 n.d.
5 Au/TiO2_BH, H2O 0.88 1.33 26 15
6 Au/TiO2_TBA 0.89 1.28 29 n.d.
7 Au/TiO2_BH/TBA 0.84 1.09 39 n.d.

[a] Determined from ICP. [b] Determined from TGA. [c] determined from XPS.

Figure 3. Thermogravimetric analysis of bare TiO2, untreated Au/TiO2 and
Au/TiO2 treated using different methods. Except for TiO2, only the treatment
codes are provided in Figure.
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nature of the XPS technique. That is, in the untreated Au/TiO2

gold nanoparticles are partially blocked by the PVP shell, there-
fore a fraction of gold is not detected. After PVP removal more

gold is detected because the bare surface of Au nanoparticles
is exposed. Thus, XPS gives an indication that PVP is removed

directly from the surface of Au nanoparticles during the stud-

ied treatments.
Ultraviolet-visible spectroscopy is another technique that

can be used to directly trace changes in the surrounding envi-
ronment of plasmonic Au nanoparticles, such as ligand remov-

al, because the position and intensity of the localized surface
plasmon resonance (LSPR) band of metal nanoparticles are

highly sensitive to the surrounding environment. Figure 5
shows diffuse-reflectance (DR) UV-Vis spectra of the untreated
and treated Au/TiO2 catalysts. All spectra possess a pro-

nounced band centered at &520 nm corresponding to the
LSPR of Au nanoparticles. An intense LSPR band of the untreat-

ed Au/TiO2 is centered at 526 nm. Upon a single treatment
with NaBH4 the LSPR band shifted to 518 nm and its intensity

decreased considerably.

The color of the catalyst after the treatment was appreciably
different (Figure S3). Considering that the size of Au particles

does not change, as seen from TEM characterization (see
below), and DR UV-Vis spectrum of pure TiO2 support does not

change upon NaBH4 treatment (Figure S4), we conclude that
the observed change in the optical properties of Au/TiO2 is a

result of the removal of PVP from the surface of Au nanoparti-
cles. The observed blue shift of the SPR position is also in
agreement with the theoretical prediction. Both the position
and the intensity of the SPR band are proportional to the die-

lectric constant of the surrounding medium according to the
Drude model and Mie theory.[16, 17] Dielectric constants of air
(STP), PVP and methanol are 1.00, 2.31 and 1.74, respectively.
Therefore, in the case of PVP removal from Au nanoparticles,
the position of the LSPR band should shift to lower wave-

lengths and the LSPR band intensity should decrease, which is
observed experimentally. A similar trend in the LSPR band posi-

tion shift was also observed for unsupported 10-nm
Au nanoparticles upon NaBH4 treatment.[8a] Thus DR

UV-Vis provides another confirmation that PVP is re-
moved directly from the surface of gold nanoparti-

cles.

Further treatments of Au/TiO2_BHx1 with NaBH4

(Au/TiO2_BHx5) or H2O (Au/TiO2_BH,H2O) caused only

minor decrease in the LSPR band intensity and no
change in the band position, despite their substan-

tially lower PVP content compared to Au/TiO2_BHx1
as seen from TGA results (Table 1). The spectra of

Au/TiO2_BHx5 and Au/TiO2_BH,H2O were identical.

This indicates that only minor changes in the sur-
rounding of Au nanoparticles in Au/TiO2_BHx1 occur

during subsequent NaBH4 or H2O treatments. This
could be owing to the fact that a single treatment

with an excess of NaBH4 already removes most of
the PVP from the Au surface since BH4

@ binds strong-

ly and more selectively to the Au surface (67 kcal mo-

l@1),[8a] thus displacing most of the adsorbed PVP.
Subsequent treatments with NaBH4 or H2O remove the remains

of the PVP bound to Au nanoparticles as well as free PVP mol-
ecules from the TiO2 support. Removal of most of the PVP

from gold nanoparticles upon single treatment with NaBH4 can
also explain the absence of gold leaching upon the subse-
quent H2O treatment for Au/TiO2_BH,H2O, since Au nanoparti-

cles are no longer capped with PVP, therefore their solubility in
a certain solvent is not determined by the solubility of PVP. In-

Figure 4. High-resolution N 1S and Au 4f spectra of the untreated Au/TiO2

and Au/TiO2_BH,H2O.

Table 2. XPS characterization of untreated and treated Au/TiO2.

Sample Element Peak area RSF [a] Normalized areaelement/
peak area areaTi

Au/TiO2 untreated Au 4f 1201 17.1 70.2 0.012
N 1s 714 1.8 396.4 0.068
Ti 2p 45 373 7.8 5809.7

Au/TiO2_BH,H2O Au 4f 1046 17.1 61.2 0.016
N 1s 399 1.8 221.9 0.058
Ti 2p 29 861 7.8 3823.4

Au/TiO2_BHx1 Au 4f 1114 17.1 65.2 0.015
N 1s 481 1.8 266.9 0.060
Ti 2p 34 426 7.8 4407.9

Au/TiO2_BHx5 Au 4f 1421 17.1 83.1 0.015
N 1s 560 1.8 311.3 0.057
Ti 2p 42 640 7.8 5459.7

[a] Relative sensitivity factor for XPS transitions from Casa XPS.

Figure 5. Diffuse-reflectance UV-vis spectra of Au/TiO2 before and after se-
lected treatments. Vertical grey line is given as a guide for the eye.
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complete removal of PVP upon a single treatment with NaBH4

contrasts with treatment of unsupported colloidal Au particles,

for which addition of an excess of NaBH4 caused quantitative
PVP desorption.[8a] Therefore the presence of a support materi-

al reduces the efficiency of PVP desorption from Au by treat-
ment with NaBH4.

TGA results show a significant discrepancy in the PVP con-
tent in Au/TiO2_BHx5 and Au/TiO2_BH,H2O (0.97 and 1.33 wt. %,
respectively), however DR UV-Vis spectra of the two catalysts

are identical. This indicates that in both cases PVP is complete-
ly removed from the gold nanoparticles, whereas the differ-
ence in the PVP content in Au/TiO2_BHx5 and Au/TiO2_BH,H2O
is a result of the difference in the amount of TiO2-bound PVP,

which has no effect on the Au LSPR band position and intensi-
ty.

Impact of the treatments on Au particle size

Figure 6 shows representative TEM images of treated Au/TiO2

catalysts. There was no change in the size and size distribution

of supported gold nanoparticles upon treatments with NaBH4,
and NaBH4 followed by H2O. However, during TBA treatment
the size of Au particles increased to 3.4 nm, which corresponds
to a ca. 3-fold increase in the particle volume on average (Fig-

ure 6 C), therefore the TBA treated Au/TiO2 was also excluded
from the subsequent catalytic testing.

Catalytic activity: Oxidation of 5-hydroxymethylfurfural and
benzyl alcohol

For a given Au particle size, the catalytic activity is proportional
to the number of the active sites accessible to reactants. Con-
sidering that Au particle size does not change during selected
treatments, measurement of the catalytic activity of treated

and untreated Au/TiO2 can be used as a probe for the number

of available active sites, and hence indirectly show the extent
of removal of the stabilizing agent from gold nanoparticles.

For example, Quintanilla et al. demonstrated that the activity
of the reference Au/Al2O3 catalyst, supplied by the World Gold

Council and prepared by deposition precipitation, in benzyl al-
cohol oxidation decreased 6–8 times after the catalyst was

subjected to a treatment with an excess of dodecylamine

(DDA) and PVP capping agents.[18] This reduction in activity
was ascribed to the poisoning/blocking effect of these capping

agents. Recyclability tests of the PVP- and dodecylamine-“pois-
oned” Au catalysts showed slight improvement in the catalytic

activity most likely as a result of a partial removal of the cap-
ping agent under the reaction conditions, however, the activity

of DDA-capped Au catalyst even in the third cycle achieved

only &40 % of the original activity of the capping agent-free
reference catalyst (80 8C, solvent: toluene, 1 atm air).

We investigated the activity of a series of Au/TiO2 catalysts
in two representative reactions: oxidation of 5-hydroxymethyl-

furfural (HMF) in water (Scheme 1) and oxidation of benzyl al-
cohol in toluene (Scheme 2). Oxidation of benzyl alcohol is
often used as a reference reaction to evaluate the activity of

gold catalysts.[11a] Supported gold nanoparticles were also dem-
onstrated to be efficient catalysts in the oxidation of HMF to
2,5-furandicarboxylic acid (FDCA), an important transformation
for the production of bio-based polymers.[19] The oxidation of

HMF proceeds via the formation of 2,5-hydroxymethylfurancar-
boxylic acid (HMFCA) intermediate in the presence of gold cat-

alysts under basic conditions in water.
Table 3 summarizes the results of the catalytic testing of the

untreated and treated Au/TiO2 catalysts in the oxidation of

HMF. We observed that all catalysts demonstrated the same ac-
tivity in HMF conversion with TOFAu of ca. 0.07 s@1 and similar

yields of furandicarboxylic acid (FDCA) after 6 h. It should be

Figure 6. Representative TEM images and corresponding particle size distri-
butions of Au/TiO2_BHx5 (A, D), Au/TiO2_BH,H2O (B, E) and Au/TiO2_TBA (C,
F).

Scheme 1. Oxidation of 5-hydroxymethylfurfural (HMF) to 2,5-furandicarbox-
ylic acid (FDCA) catalyzed by Au nanoparticles.

Scheme 2. Oxidation of benzyl alcohol.
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noted that PVP is highly soluble in water and can desorb from

the Au/TiO2 catalyst under aqueous conditions, as seen from
the TGA results for the H2O treated sample. Moreover, the high

temperature of the reaction media (90 8C) strongly facilitates
the process of PVP desorption.

Hence it is likely that PVP is quickly removed from the un-
treated Au/TiO2 catalyst under the conditions of HMF oxidation

(H2O, 90 8C), therefore its initial presence has no effect on the

catalytic activity. Similar activities of the treated and untreated
catalysts also validate our conclusion that no major changes

occur with the catalyst during treatment with NaBH4.
The results of HMF oxidation indicate that, in this specific

case, PVP can be removed by subjecting a catalyst to the reac-
tion conditions, in line with previous suggestions.[9] However

such an approach has a limited applicability for ligand removal,

as it is not suitable for liquid-phase reactions in solvents in
which PVP/capping agent are not soluble, as well as for gas-

phase reactions at temperatures below PVP/capping agent de-
composition point. For example, in the work of Quintanilla

et al. it was shown that subjecting a catalyst to the reaction
conditions is inefficient for PVP removal : The activity of the

“poisoned” reference catalyst in the oxidation of benzyl alcohol

has not been revived even after several catalytic cycles.[18]

Zhao et al. performed the removal of PVA from supported Pd

nanoparticles and compared their activity to that of the un-
treated catalysts. Authors showed that the activity of Pd nano-

particles was affected by the presence of PVA to a higher
extent in the gas-phase decomposition of formic acid, than in

an aqueous-phase nitrite hydrogenation.[2] Authors suggested
that liquid-phase hydrogenation reaction is less sensitive to
ligand presence/removal because PVA partially desorbs in the

liquid-phase reaction, which does not occur in the gas-phase
reaction.

Au/TiO2 catalysts were also tested in the oxidation of benzyl
alcohol performed in toluene. Since PVP is insoluble in toluene,

PVP is not expected to quickly desorb from the gold nanopar-

ticle surface under conditions of benzyl alcohol oxidation.
Therefore the initial activity of the catalyst is expected to di-

rectly reflect the amount of accessible Au sites in the treated
catalysts. Table 4 shows the results of the catalytic testing of

untreated and treated Au/TiO2 in the oxidation of benzyl alco-
hol.

Untreated Au/TiO2 was active with a TOFAu of 0.13 s@1 indi-
cating that PVP does not completely block the surface of
metal nanoparticle and a fraction of the Au surface is accessi-
ble for catalysis (Table 4, entry 1). After a single treatment with

an excess of NaBH4 the activity of the catalyst doubled and the
TOFAu of Au/TiO2_BHx1 reached 0.29 s@1 (Table 4, entry 2). The

TOFAu of Au/TiO2_BHx5 and Au/TiO2_BH,H2O were higher and

similar for both catalysts (0.33 s@1, Table 4, entries 3 and 4).
Since it was already shown that PVP blocks active gold sites

under similar conditions,[18] the increase in the catalytic activity
of Au/TiO2 after NaBH4 and NaBH4 followed by H2O treatments

observed here, confirms the removal of PVP from the surface
of gold nanoparticles. The results of the catalytic testing in the

oxidation of benzyl alcohol correlate with DR UV-Vis results.

Catalyst Au/TiO2_BHx1 is less active than Au/TiO2_BHx5 and
Au/TiO2_BH,H2O owing to the presence of residual PVP, and

Au/TiO2_BHx5 and Au/TiO2_BH,H2O demonstrate similar activity
and optical properties despite different bulk PVP content.

Catalyst activity is directly proportional to the number of
available active metal sites for particles of the same size, hence

comparison of the catalytic activity of the treated Au/TiO2 with

a reference catalyst that does not contain molecules of the sta-
bilizing agent on the surface of metal particles is important.

We hence prepared a Au/TiO2 catalyst using a modified im-
pregnation method (0.46 wt. %, denoted as Au/TiO2_imp).[20]

For TiO2 as support, such method enables the obtention of
small gold nanoparticles, which is not always possible with
other supports. Gold nanoparticles are stabilizer-free in this

catalyst as no stabilizer was involved during the synthesis. The
size of Au particles was 2.4:0.6 nm, similar to that of Au/TiO2

prepared using colloidal gold nanoparticles, which makes the
comparison more accurate as no size-dependent effects take

place.
The activity of Au/TiO2_imp was the same as that of Au/

TiO2_BHx5 and Au/TiO2_BH,H2O catalysts with TOFAu 0.33 s@1

(Table 4, entry 5). The same activity demonstrated by the treat-
ed Au/TiO2 catalysts and stabilizer-free Au/TiO2_imp strongly

suggests that Au nanoparticles prepared by the colloidal route
are completely free of PVP after either repeated treatment

with NaBH4 or NaBH4 followed by H2O. These results also sug-
gest that the large amount of PVP that remains in Au/TiO2

after treatments (>50 % as determined from TGA) is adsorbed

on the support rather than on gold. Treatments with NaBH4

and NaBH4,H2O therefore remove PVP more selectively from

the surface of gold nanoparticles than from the TiO2 support
(Figure 7).

Notably, preparation of Au catalysts is not always possible
using simple impregnation or deposition–precipitation meth-

Table 3. Oxidation of HMF over Au/TiO2 catalysts.

Catalyst TOFAu V 102 [a] HMFCA yield [b] FDCA yield [b]

[s@1] [%] [%]

1 Au/TiO2_untreated 6.9 83 14
2 Au/TiO2_BHx1 6.8 84 12
3 Au/TiO2_BHx5 6.6 88 9
4 Au/TiO2_BH,H2O 6.4 89 10

Conditions: HMF 0.2 mmol, [HMF]/[Au] = 80, NaHCO3 0.4 mmol, H2O 7 mL,
O2 10 bar, 90 8C, 900 rpm. [a] TOF calculated as k·C0/n(Ausurf) ; where k is
the rate constant obtained from linearization of kinetic curves, C0 is initial
concentration of HMF, and n(Ausurf)—number of moles of surface Au
atoms. [b] Product yields are calculated after 6 h.

Table 4. Oxidation of benzyl alcohol over Au/TiO2 catalysts.

Catalyst TOFAu [s@1][a]

1 Au/TiO2_untreated 0.13
2 Au/TiO2_BHx1 0.28
3 Au/TiO2_BHx5 0.33
4 Au/TiO2_BH,H2O 0.33
5 Au/TiO2_imp 0.33
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ods, for example, for acidic support materials, and therefore
the colloidal method is the best alternative. Furthermore, in

case that precise control over particle morphology or metal
composition for bimetallic nanoparticles is required, colloidal

preparation is the only suitable option. Thus, for such catalysts,

the treatment methods described above can be used to effi-
ciently remove stabilizing agents from the active surface of

metal nanoparticles without affecting particle characteristics.

Conclusions

We investigated removal of PVP from 2–3 nm gold nanoparti-

cles supported on TiO2 using different ambient temperature
treatments. The following conclusions can be drawn from the

results of this work:
Similarly to unsupported Au colloids, NaBH4 can be em-

ployed to remove PVP from supported gold nanoparticles,

however owing to the presence of the support, the efficiency
of the treatment is lower. That is, after a single treatment of

Au/TiO2 with an excess of NaBH4 a small fraction of PVP still re-
mains on the gold surface. However, both the repeated treat-
ment of supported Au nanoparticles with an excess of NaBH4,
as well as consecutive treatment with a combination of NaBH4

and H2O remove PVP from the active surface of Au particles
completely, without any change in the size of Au nanoparticles

or the Au loading.
A substantial amount of PVP is still present in Au/TiO2 sup-

port after the above mentioned treatments, but it resides ex-

clusively on the TiO2 support and has no effect on the catalytic
activity or optical properties of the supported gold nanoparti-

cles. This result also implies that in catalysts prepared by colloi-
dal route the majority of stabilizing polymer (>70 % in this

specific case) is adsorbed on the support and not directly

bound to the metal nanoparticles.
The treated Au/TiO2 catalysts demonstrate catalytic per-

formance in the oxidation of benzyl alcohol similar to that of a
stabilizing agent-free catalyst prepared by impregnation,

whereas the untreated Au/TiO2 is 2.5 times less active. This
result demonstrates that if stabilizing agent can be removed

efficiently from metal nanoparticles, the colloidal preparation
method does not affect catalytic activity of the nanoparticles
of similar size/structure.

Removal of a stabilizing polymer is possible by catalyst ex-
posure to the conditions of a catalytic reaction, but only in
case that the stabilizing agent is well soluble in the reaction

media (liquid-phase) and does not bind strongly to the metal,
or if the reaction temperature is higher than the boiling/de-

composition point of a stabilizer (gas-phase). In any other case,
the molecules of the stabilizer would block active sites and
reduce the catalytic activity, therefore removal of a stabilizing

agent is strongly advised.
This work hence provides a deeper insight into the interac-

tions during catalyst preparation using metal colloids and
demonstrates that highly active catalysts can be prepared

from metal colloids if the stabilizing agent can be removed

completely and without change in particle characteristics. This
work also underlines the importance of specifically investigat-

ing the active sites rather than the bulk catalyst for related
studies.

Experimental Section

Materials

Polyvinylpyrrolidone (PVP, MW 29 000), NaBH4 (+98 %), HAuCl4 (>
49.0 % Au), 5-hydroxymethylfurfural (HMF), 2,5-furandicarboxylic
acid (FDCA), 5-hydroxymethyl-2-furancarboxylic acid (HMFCA),
benzyl alcohol (99 + %) and benzyl aldehyde (>99.0 %) were pur-
chased from Sigma Aldrich. Tert-butylamine (TBA), methanol (99 %,
extra pure) and toluene (99 % + , extra pure) were purchased from
Acros Organics and used without further purification. TiO2 P90
(100 m2 g@1, 0.64 cm3 g@1) was purchased from Evonik.

Preparation of supported gold catalysts

PVP-stabilized Au colloids (mol [PVP]monomer/mol[Au] = 10/1)
were synthesized by adding an appropriate amount of freshly pre-
pared solution of NaBH4 (10 mg) in 5 mL of methanol (NaBH4 :Au =
10:1) to a solution containing 28 mg of PVP and 10 mg of
HAuCl4·3 H2O in 20 mL methanol at room temperature (RT). Under
similar conditions larger particles are obtained in methanol com-
pared to water, therefore 10-fold excess of PVP with respect to
gold was required to efficiently stabilize small Au particles. The re-
sulting red solution was stirred for 1 hour. Next, the obtained
nanoparticles were immobilized on TiO2 by adding the sol to
500 mg of the catalytic support suspended in 10 mL of methanol
under vigorous stirring at RT to allow ca. 1 wt. % metal loading.
After 1 h of stirring the solid was recovered by centrifugation and
washed first twice with methanol and then once with diethyl
ether, and subsequently dried at 60 8C overnight and at 120 8C for
2 h under static air.

Au/TiO2_imp catalyst was prepared by modified incipient wetness
impregnation following a procedure reported elsewhere.[20] Briefly,
TiO2 support was impregnated with the solution of HAuCl4·3 H2O
(0.8 mL g@1 support, pH<1), the sample was aged at RT for 1 h
then washed with aqueous ammonia solution (1 m, pH 11.5), fol-
lowed by wash with deionized water and drying under vacuum at
RT. Finally, the catalyst was calcined at 300 8C under static air.

Figure 7. Schematic representation of Au/TiO2 prepared by deposition of
PVP-stabilized Au nanoparticles after repeated treatments with NaBH4 or
NaBH4 followed by H2O wash.
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PVP removal

Catalyst treatment with H2O (treated samples denoted as Au/TiO2_
H2O) was performed as following. Untreated Au/TiO2 (500 mg) was
suspended in 20 mL of deionized water (pH 6.5) and the mixture
was stirred for 16 hours. The solid was then recovered by centrifu-
gation (5000 rpm, 5 min) and washed with MeOH and diethyl
ether, and dried at 60 8C.

For the treatment with NaBH4, 500 mg of the catalyst was suspend-
ed in 50 mL of MeOH. NaBH4 (7.5 mg) was dissolved in 20 mL
MeOH at RT and added to the catalyst suspension. The mixture
was kept under vigorous stirring for 2 minutes followed by catalyst
recovery using centrifugation (500 rpm, 3 min), wash with MeOH
and then diethyl ether, and drying at 60 8C. The sample was denot-
ed as Au/TiO2_BHx1. Other treatments consisted of either repeat-
ing this procedure 5 times in total (denoted as Au/TiO2_BHx5); or
consecutive treatment with NaBH4 V 1 and H2O (8 h) (denoted as
Au/TiO2_BH,H2O).

Au/TiO2 was also treated with tert-butylamine (denoted Au/TiO2_
TBA) using the following procedure: 500 mg of catalyst was sus-
pended in 10 mL of TBA and stirred at room temperature over-
night (16 h), followed by catalyst recovery by centrifugation, wash-
ing with MeOH and diethyl ether and drying at 60 8C.

Finally, treatment with a combination of NaBH4 and TBA (denoted
Au/TiO2_BH/TBA) was performed by suspending 500 mg of catalyst
in a solution containing 7.5 mg NaBH4 and 2 mL TBA in 18 mL of
MeOH. The obtained mixture was stirred for 5 minutes at room
temperature. The solid was collected by centrifugation, washed
with MeOH and diethyl ether and dried at 60 8C.

Characterization

Thermogravimetric analysis (TGA) data was acquired using a Perki-
nElmer Pyris1TGA. Samples were heated first to 240 8C under N2

flow and kept at that temperature for 1 h to remove adsorbed
water, and then heated to 600 8C in a flow of 20 % of O2 in N2 with
10 8C min@1 heating rate. The PVP content in samples was calculat-
ed by subtracting the weight loss owing to H2O desorption ob-
tained for bare TiO2 from the weight loss of Au/TiO2 samples. For
Au/TiO2 subjected to aqueous wash (Au/TiO2_H2O and Au/TiO2_
BH,H2O), the content of PVP was calculated as the difference of the
weight loss of these Au/TiO2 samples and weight loss of TiO2_H2O.

Gold loadings of Au/TiO2 were established using inductively cou-
pled plasma mass-spectrometry (ICP-MS) analysis. Au/TiO2 samples
were suspended in freshly prepared aqua regia, heated overnight,
diluted with HCl solution and analyzed using ThermoFisher Scien-
tific Element 2. Sizes of gold nanoparticles before and after treat-
ment were established using Tecnai 12 transmission electron mi-
croscope (TEM) operating at 120 kV. Samples were suspended in
ethanol, sonicated and deposited on carbon-coated Cu grids. At
least 200 particles in more than 3 different spots were counted to
calculate the average particle size.

Diffuse-reflectance UV-vis (DR UV-vis) spectra were recorded using
a Varian Cary 500Scan UV-vis-NIR spectrophotometer equipped
with an integrating sphere. Catalysts (150 mg) were loaded into a
metal sample holder with a quartz window and the spectra were
recorded in reflectance mode with BaSO4 as a reference. The ob-
tained reflectance values R were converted to Kubelka-Munk func-
tion F(R) using the formula: F(R) = (1-R)2/2R, and the spectra were
plotted as F(R) vs. l. X-Ray photoelectron spectra were recorded at
Eindhoven University of Technology, group of Prof Emiel Hensen,

using a Thermo Scientific K-Alpha spectrometer equipped with a
monochromated AlKa (hn= 1486.6 eV) X-ray source with a pass
energy of 50 eV and resolution 0.1 eV. The peak binding energies
were calibrated against C 1s peak at 284.5 eV. Quantitative analysis
of XPS data was performed using the Casa XPS program.

Catalytic experiments

Oxidation of benzyl alcohol was performed in 12 mL stainless steel
autoclaves. Typically, 25 mg of the catalyst and 1 mmol of Na2CO3

were suspended in 7 mL of toluene containing 0.5 mmol of benzyl
alcohol and biphenyl as an internal standard. The reactor was pres-
surized to 10 bar with O2 and the reaction was performed at 90 8C
while stirring at 900 rpm. Liquid samples (100 mL) were withdrawn
and analyzed by gas chromatography (GC-FID) using a Shimadzu
GC-2010 equipped with a CP-WAX capillary column. Products were
quantified using reference compound solutions with known con-
centrations.

Oxidation of 5-hydroxymethylfurfural (HMF) was performed in
12 mL stainless steel autoclaves. Typically, a catalyst (50 mg) was
suspended in 7 mL of deionized water containing 0.2 mmol HMF
and 0.4 mmol of NaHCO3. The reactors were pressurized to 10 bar
with O2 and the reaction was performed at 90 8C. Samples (50 mL)
were withdrawn from reaction solution and analyzed at 333 K
using a high performance liquid chromatograph Shimadzu LC-
20AD equipped with a refractive index detector and a Bio-Rad
Aminex HPX-87H column. Sulfuric acid 5 mm in Milli-Q at a flow
rate of 0.55 mL min@1 was used as an eluent.

TOF were calculated as k·C0/n(Ausurf) ; where k is the rate constant
obtained from linearization of kinetic curves, C0 is initial concentra-
tion of HMF, and n(Ausurf)—number of moles of surface Au atoms;
n(Ausurf) was calculated as nAu·D, where nAu is the total number of
moles of gold introduced into reaction, and d—dispersion, calcu-
lated as 6(vm/am)/dVA, where vm is volume occupied by an atom in
bulk metal, am is area occupied by a surface atom, and dVA is a
mean particle size.
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