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a  b  s  t  r  a  c  t

The  adsorption  behavior  of  silver  atoms  on  a glucose  film  and  their  interaction  was  investigated  by
metastable  induced  electron  spectroscopy  (MIES),  ultraviolet  photoelectron  spectroscopy  (UPS)  and  X-
ray  photoelectron  spectroscopy  as  well  as  atomic  force  microscopy.  Glucose  is  found  to  form  micro
droplets  on  gold  substrates  with  typical  diameters/dimensions  of  about  400  nm.  The  discussion  of the
valence  band  structures  is carried  out  in  comparison  to  various  model  systems.  The adsorbed  silver  atoms
on top  of  the  glucose  have  been  found  to  form  silver  nanoparticles  that  get encapsulated  by a large  film
of glucose.  Furthermore,  the  reduction  of  the  glucose  in the presence  of  these  silver  particles  is observed.
This effect  is  discussed  with  the  most  probable  origin  of the  reduction  being  the  charging  by electron
spectroscopy.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

The adsorption of silver on different organic substrates is of great
technological interest for various applications, such as corrosion
protection, RF shielding, reflective coatings, and many more. Over
the past 20 years, especially silver nanoparticle coatings drastically
increased in importance, due to their outstanding functionality. For
instance, silver nanoparticles are known to enhance the efficiency
of organic light emitting devices [1], whereas silver films on TiO2
nanoparticles enhance photocatalytic reaction rates [2,3]. One of
the most common applications of silver particles is the functional-
ization of surfaces because of their antibacterial properties [4–7].
This may  be useful especially on wood surfaces to preserve them
from aging through attack of microorganisms by other means than
lacquering or impregnation.

The relevance of surface modifications of wood by means of
laser or plasma technology increased substantially in the past few
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years [8–20]. Low-temperature radio frequency plasma treatment
is found to enhance the durability of nanoparticle coatings [5].
Therefore, a combined method of plasma-treatment and metal
nanoparticle coating may  be quite interesting for industrial appli-
cations regarding economical aspects as well as an improvement of
functionality. The combination of both surface treatments is pos-
sible in numerous ways, e.g. by using a plasma-jet with precursor
gases [21,22]. To understand the interactions with wood surfaces,
several model systems are used to resemble the organic groups
of lignin and cellulose. For cellulose these are the molecular pre-
cursors cellobiose and glucose. The effect of plasma treatments on
these molecules was  studied previously [23,24]. In the course of
that work a significant decrease of carbon oxygen single bonds
was  observed subsequent to plasma treatments in argon. Along
with the accumulation of carbon which is not bound to oxygen this
indicates a reduction of the molecules at the surface. The fraction
of carbon oxygen double bonds almost does not change [23].

In this study, first results of the adsorption behavior of sil-
ver on glucose films of different thicknesses are presented. These
results are part of a research project concerning the interaction of
metals (Ag, Ti) with wood surfaces particularly with regard to a
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preliminary plasma treatment. Glucose serves as one main pre-
cursor that is expected to yield important results to improve the
understanding of such complex systems as wood. The final aim is
to render a combined functionalization by plasma treatment and
metal coating in one process step.

The interaction of silver and glucose has been employed to
prepare silver nanoparticles [7,25–31], where glucose acts as
reducing agent or in some cases as surface active agent, when
bonded to siloxane. During the interaction of glucose and silver, a
localized surface plasmon resonance gives rise to the use of silver as
biosensor for glucose [32]. Furthermore, silver nanoparticles can be
used as biosensor for glucose when coated with polyethyleneimine
[33] or when glucose oxidase has been immobilized onto the sur-
face from a solution of H2O2 and glucose [34–39]. Combining these
sensors with luminol, the H2O2 side product from the sensoring
reaction is inducing an electrogenerated chemiluminescence [40].

When applying voltage cycles between −0.2 V and 0.8 V, sil-
ver nanoparticles have been found to oxidize glucose catalytically
[41]. Additionally, this oxidation behavior is used with bimetal-
lic materials based on silver which exhibit great performances for
microfluidic fuel cells for glucose [42,43].

The detailed interpretation of MIES or UPS spectra of glucose is
rather difficult since the literature lacks of any reference for the
valence band structures of glucose. Thus, we follow the ansatz
of L. Klarhöfer, taking into account the valence states of differ-
ent kinds of model systems [24] in the following way: The typical
binding energy for valence bands of hydrocarbons, i.e. C 2p based
molecular orbitals (MO) from CH3 groups, as well as from carbon
atoms inside organic chains at C C or C C bonds are deducted
from the valence states of propane [44], propene [44], polypropyl-
ene [45,46], polyethylene [47] and benzene [44]. The C 2p and O
2p based molecular orbitals were identified by comparison with
phenol [44] and polyvinyl alcohol (PVA) [48–50] for OH groups
bound to organic molecules, polyoxyethylene (POE) [48] for C O C
groups, and poly(methyl methacrylate) (PMMA) [51,52] for O CH3
groups. Polycarbonate (PC) [53] and PMMA  have both been used as
model systems for valence band states of C O groups.

2. Experimental details

An ultra high vacuum apparatus with a base pressure of 5
× 10−11 hPa, which has been described in detail previously [54–57],
is used to carry out the experiments. All measurements were per-
formed at room temperature.

Electron spectroscopy is performed using a hemispherical ana-
lyzer (Leybold EA 10) in combination with a source for metastable
helium atoms (mainly He* 3S1) and ultraviolet photons (HeI line). A
commercial non-monochromatic X-ray source (Fisons XR3E2-324)
is utilized for XPS.

During XPS, X-ray photons hit the surface under an angle of
80◦ to the surface normal, illuminating a spot of several mm in
diameter. For all measurements presented here, the Al K� line with
a photon energy of 1486.6 eV is used. Electrons are recorded by
the hemispherical analyzer with an energy resolution of 1.1 eV for
detail spectra and 2.2 eV for survey spectra, respectively, under an
angle of 10◦ to the surface normal. All XPS spectra are displayed as
a function of binding energy with respect to the Fermi level.

For quantitative XPS analysis, photoelectron peak areas are cal-
culated via mathematical fitting with Gauss-type profiles using
OriginPro 7G including the PFM fitting module, which applies
Levenberg–Marquardt algorithms to achieve the best agreement
between experimental data and fit. To optimize our fitting pro-
cedure, Voigt-profiles have been applied to various oxidic and
metallic systems but for most systems the Lorentzian contribution
converges to 0. Therefore all XPS peaks are fitted with Gaussian

shapes. Photoelectric cross sections as calculated by Scofield [58]
with asymmetry factors following [59,60] and inelastic mean free
paths from the NIST database [61] (using the database of Tanuma,
Powell and Penn for elementary contributions and the TPP-2M
equation for molecules) as well as the energy dependent trans-
mission function of our hemispherical analyzer are taken into
account when calculating the stoichiometries. According to Ref.
[23], the detail spectra of the C 1s region are analyzed by fitting
single Gaussians of equal width for every chemical species. It is
assumed to be composed of contributions from carbon carbon or
carbon hydrogen bonds (C0), carbon oxygen bonds (C1), carbon
linked to two  oxygen atoms or twice to one oxygen atom (C2), and a
shake-up feature (C*). For neither of the spectra any contributions
of carboxyl groups were found. During the fitting procedure, the
relative positions i.e. binding energy differences have been fixed to
1.5 eV for C0 C1, 2.9 eV for C0 C2 and 6.5 eV for C0 C*.

MIES and UPS are performed applying a cold cathode gas dis-
charge via a two-stage pumping system. A time-of-flight technique
is employed to separate electrons emitted by He* (MIES) from those
caused by HeI (UPS) interaction with the surface. The combined
He*/HeI beam strikes the sample surface under an angle of 45◦ to
the surface normal and illuminates a spot of approximately 2 mm
in diameter. The spectra are recorded simultaneously by the hemi-
spherical analyzer with an energy resolution of 220 meV under
normal emission within 140 s.

MIES is an extremely surface sensitive technique probing solely
the outermost layer of the sample, because the He* atoms inter-
act with the surface typically 0.3 to 0.5 nm in front of it. This may
occur via a number of different mechanisms depending on surface
electronic structure and work function, as is described in detail
elsewhere [62–64]. Only the processes relevant for the spectra pre-
sented here shall be discussed shortly.

During Auger Deexcitation (AD), an electron from the sample
fills the 1s orbital of the impinging He*. Simultaneously, the He 2s
electron carrying the excess energy is emitted. The resulting spectra
reflect the Surface Density of States (SDOS) directly. AD-MIES and
UPS can be compared and allow a distinction between surface and
bulk effects. AD takes place for all systems shown here.

On pure and partly oxidized metal surfaces with a work function
beyond about 3.5 eV, Auger neutralization (AN) occurs as long as the
surface shows metallic behavior. As a result the impinging He* atom
is ionized in the vicinity of the surface by resonant transfer (RT) of
its 2s electron in unoccupied metallic surface states. Afterwards, the
remaining He+ ion is neutralized by a surface electron thus emitting
a second surface electron carrying the excess energy. The observed
electron spectrum is rather structureless and originates from a self
convolution of the surface density of states (SDOS).

All MIES and UPS spectra are displayed as a function of the elec-
tron binding energy with respect to the Fermi level, thus being able
to compare MIES and UPS spectra more easily. Obviously, the bind-
ing energy scale is only valid for the AD process. Nevertheless, all
spectra including structures originating in the AN process have also
been displayed in this particular manner. The surface work func-
tion can be determined from the high binding energy onset of the
MIES or the UPS spectra with an accuracy of ±0.1 eV.

Atomic force microscopy (AFM) is applied to study the surface
topography and determine the size of the silver nanoparticles. A
Veeco Dimension 3100 SPM is employed to perform the AFM mea-
surements in Tapping Mode. Silicon cantilevers (NSC15 with Al
backside coating from Mikromasch) with a resonance frequency
of about 308 kHz and a spring constant of about 40 N/m were used
together with an optical lever detection technique. All images were
gained with a line-scan frequency of 0.5 Hz or 1 Hz, respectively,
with 512 pixels for each of the 512 lines.

The experiments on glucose were carried out on inert Au sub-
strates with (1 1 1) or (1 0 0) crystal surfaces. These substrates have
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been cleaned prior to the experiments by Ar-sputtering at 3 kV and
5 mA  for 60 min  and subsequent heating up to 1000 K. The Ag refer-
ence was prepared by adsorption onto a Si(1 0 0) substrate, which
was preliminary cleaned by flashing up to 1400 K.

Silver (Sigma–Aldrich, 99%) was evaporated with a commer-
cial UHV evaporator (Omicron EFM3) onto the samples. On a clean
Si(1 0 0) target metallic silver films grow at a rate of 0.23 nm min−1

at room temperature when evaporated with an Ag+ ion flux of 1 �A
at the fluxmeter of the EFM3. This flux is a degree for the number of
Ag atoms moving toward the sample per second. The film growth
rate for Ag has been estimated from the Si 2p peak attenuation in
XPS.
d-(+)-Glucose (Sigma–Aldrich Co., >99.5%) was evaporated in a

directly connected preparation chamber (base pressure < 10−9 hPa)
using a temperature controlled evaporator (Kentax TCE-BS). During
all experiments glucose has been evaporated at 140 ◦C.

3. Results and discussion

In this section, we present our results for the adsorption of sil-
ver on glucose that was preliminary evaporated onto an Au(1 1 1)
surface. Glucose films have been prepared as described in Section 2
at thicknesses of about 7.1 nm after 60 s of evaporation for the thick
film and 1.1 nm after 24 s of evaporation for the thin film. Film thick-
nesses were calculated from the attenuation of the Au 4f7/2 peak in
XPS by the adsorbates [64]. For better comprehensibility, results
and discussions are divided into two parts, the spectroscopic and
the microscopic results.

3.1. Spectroscopic results

Fig. 1 shows MIES (left) and UPS HeI (top right) spectra of a
thick film of glucose on Au(1 1 1) as prepared (black lines, “A”), after
silver adsorption (red lines, “B”) and after subsequent exposure to
3.8 × 1013 L of air (blue lines, “C”), as well as a thin film of glucose
on Au(1 0 0) after silver adsorption (orange lines, “D”) and a thick
film of pure silver on a cleaned Si(1 0 0) waver (green lines, “E”), as
well as UPS HeII spectra (bottom right) of the thick film of glucose
before (black lines, “A”) and after silver adsorption (red lines, “B”).
(For interpretation of the references to color in the text, the reader
is referred to the web version of the article.)

The MIES spectrum of pure glucose (“A”) consists of three main
features around 6.1 eV, 9.9 eV and between 11.9–13.4 eV. An addi-
tional shoulder is visible around 7.8 eV, while structures are too
broad in UPS to be distinguished clearly. The feature at 6.1 eV is
related to �-type MO from C H bonds like the C 4a” state of phenol
at 8.7 eV [44]. The slightly lower binding energy for glucose com-
pared to the phenol is most likely be due to the inhibiting impact
of the multiple OH groups on the � system of the carbon ring. Even
though the hybridization of the � orbitals from the C 2p and O
2p atomic orbitals at the OH groups attached to the carbon ring
leads to a higher localization of the resulting molecular orbitals,
the formation of a ringlike � system is possible. Nevertheless, the
sharper localization of the hybridized MO  out of the carbon ring
plane clearly leads to a smaller overlap of the � orbitals and thus
any � system formation can only yield significantly less gain of
energy compared to benzene. Therefore, the binding energies of
such a � ring must always be lower than the corresponding states
of benzene. The same arguments as given above for the first glu-
cose valence band state support the interpretation of the structure
at 9.9 eV to be related to the phenol C 3a” MO  at 9.39 eV [44] and
thus to C H bonds.

The slightly broadened structure between 11.9–13.4 eV consists
of different types of bonds. Since any potential � system should be
found at lower binding energies compared to benzene, it is quite

unlikely to have a pronounced fraction of states related to such a
� system within this broadened structure as corresponding to the
benzene states C 1e1g at 9.25 eV, C 3e2g at 11.53 eV and C 1a2u at
12.38 eV, or the phenol states C 2a” at 11.59 eV, C 21a’ at 12.02 eV,
C 20a’ at 12.61 eV and C 19a’ at 13.44 eV, respectively [44]. Thus,
this broad band is due to the � type oxygen state corresponding
to C O H groups like the orbital found for polycarbonate from
12.9 eV to 13.8 eV [53]. The weak structure around 7.8 eV in MIES
represents the OH groups’ 1� state [65].

The MIES spectrum of a pure silver film (green line, “E”) reveals
two  main structures between 2–6 eV and 6–11 eV belonging to the
Auger neutralization (AN) process involving the Ag 4d and Ag 5s
states [66]. The UPS HeI spectrum shows the Ag 4d structure around
5.5 eV as well as some intensity up to the Fermi level due to the
conduction band [66].

The adsorption of silver on the thick film of glucose (see red MIES
and UPS spectra, “B”) does induce a broadening of the valence struc-
tures of glucose, while no features corresponding to silver can be
observed, as compared to the silver reference spectra (green lines,
“E”). This is best seen in the UPS HeI and HeII spectra for the absence
of the Ag 4d structure which is usually appearing with compara-
tively high intensities. In the MIES spectrum the low energy AN
structure with its maximum around 3.5 eV should be clearly vis-
ible as shoulder alongside the valence states of glucose. After the
adsorption of silver, the thin film of glucose exhibits (orange lines,
“D”) a mixture of the Ag 4d and the Au 5d structures in UPS, while
the typical AN features from the Ag 4d and Ag 5s states are still not
visible in MIES. This indicates the presence of the silver beneath the
glucose film, thus the silver atoms can interact with the UV photons
while being out of reach for the metastable helium atoms. Some of
the silver may  be located at the interface between the gold substrate
and the glucose film, while the appearance of the gold structures
indicates a decreasing thickness of the glucose film. Nevertheless,
the gold substrate is not visible in any of the MIES spectra, thus
the silver found in the UPS spectrum for the thin film of glucose
after silver adsorption must be located within the glucose film, just
beneath the surface. For both thicknesses of the glucose film, the
adsorption of silver leaves the peak at 6.1 eV almost unchanged in
shape while its intensity gets slightly decreased.

The feature around 10 eV appears to be shifted slightly toward
higher binding energies upon silver adsorption. This indicates
an increased impact of oxygen states through the 3� state of
physisorbed water at 11.8 eV [65]. The exposure to air and thus the
exposure to water, oxygen and others subsequent to the adsorp-
tion of silver on the thick film of glucose (blue lines, “C”) leaves
the features around 6 eV, 10 eV and above 12.5 eV unchanged. The
oxygen state around 8 eV gets slightly increased, thus supporting
the assumption of its correlation to physisorbed water. The MIES
spectrum shows an apparent decrease of intensity around 11.6 eV
that most probably is due to an interaction between the adsorbed
water with the OH groups of the glucose.

Fig. 2 displays XPS spectra of the C 1s region of a thick film of
glucose on Au(1 1 1) as prepared (black lines and squares; top spec-
trum), after silver adsorption (red lines and triangles; upper middle
spectrum) and after subsequent exposure to 3.8 × 1013 L of air (blue
lines and circles; lower middle spectrum), as well as a thin film of
glucose on Au(1 0 0) after silver adsorption (orange lines and dia-
monds; bottom spectrum). (For interpretation of the references to
color in the text, the reader is referred to the web version of the arti-
cle.) The thick film of glucose yields five peaks with the main one
corresponding to C O bonds. The adjacent peak at the high binding
energy side belongs to C O bonds, while the one at the low binding
energy side originates from aliphatic carbon atoms. The outermost,
minor peaks most probably correspond to adventitious carbon and
carbonate groups at the sample holder. The presence of carboxyl
groups and aliphatic carbon as well as a slightly too large fraction
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Fig. 1. MIES (left) and UPS HeI (top right) spectra of a thick film of glucose on Au(1 1 1) as prepared (black lines, “A”), after silver adsorption (red lines, “B”) and after subsequent
exposure  to 3.8 × 1013 L of air (blue lines, “C”), as well as a thin film of glucose on Au(1 0 0) after silver adsorption (orange lines, “D”) and a thick film of pure silver on a cleaned
Si(1  0 0) waver (green lines, “E”), as well as UPS HeII spectra (bottom right) of the thick film of glucose before (black lines, “A”) and after silver adsorption (red lines, “B”).

of carbonyl groups compared to the methoxyl groups indicate the
dissociation of some of the glucose molecules upon evaporation.
During the further steps of the experiment, the two  minor peaks
as well as the carboxyl remain nearly unchanged. The methoxyl
groups on the other hand get reduced to aliphatic carbon upon both,
the silver adsorption as well as the exposure to water.

The silver coated, thin film of glucose exhibits a similar distribu-
tion of the aliphatic, methoxyl and carbonyl groups as found earlier
for the thick film of pure glucose, while the overall intensity is seri-
ously smaller in this case due to the smaller film thickness. Thus,
the carbon peak attributed to adventitious carbon on the sample

holder appears to be much more prominent. All XPS fit results for
the C 1s regions have been summarized in detail in Table 1.

Fig. 3 contains XPS spectra of the O 1s region of a thick film
of glucose on Au(1 1 1) as prepared (black lines and squares; top
spectrum), after silver adsorption (red lines and triangles; upper
middle spectrum) and after subsequent exposure to 3.8 × 1013 L of
air (blue lines and circles; lower middle spectrum), as well as a thin
film of glucose on Au(1 0 0) after silver adsorption (orange lines and
diamonds; bottom spectrum). (For interpretation of the references
to color in the text, the reader is referred to the web version of the
article.) The thick film of glucose shows just one single peak, which
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Fig. 2. XPS spectra of the C 1s region of (in order of appearance from top to bottom)
a  thick film of glucose on Au(1 1 1) as prepared (black lines and squares), after silver
adsorption (red lines and triangles) and after subsequent exposure to 3.8 × 1013 L of
air  (blue lines and circles), as well as a thin film of glucose on Au(1 0 0) after silver
adsorption (orange lines and diamonds).

Fig. 3. XPS spectra of the O 1s region of (in order of appearance from top to bottom)
a  thick film of glucose on Au(1 1 1) as prepared (black lines and squares), after silver
adsorption (red lines and triangles) and after subsequent exposure to 3.8 × 1013 L of
air  (blue lines and circles), as well as a thin film of glucose on Au(1 0 0) after silver
adsorption (orange lines and diamonds).
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Table 1
Summarized XPS results for the C 1s region.

Energy FWHM Species Relative
intensity

Thick glucose/Au(1 1 1) 286.8 1.47 Mount 0.08
288.3  1.47 C C, C H 0.17
289.8  1.47 C O 0.50
291.2  1.47 O C O, C O 0.18
292.6  1.47 Mount 0.06

Ag/thick
glucose/Au(1 1 1)

286.6 1.64 Mount 0.06
288.4 1.64 C C, C H 0.36
289.9 1.64 C O 0.35
291.3  1.64 O C O, C O 0.16
292.6  1.64 Mount 0.07

Air/Ag/thick
glucose/Au(1 1 1)

286.7 1.62 Mount 0.06
288.2  1.62 C C, C H 0.42
289.7 1.62 C O 0.30
291.1  1.62 O C O, C O 0.15
292.5  1.62 Mount 0.08

Ag/thin
glucose/Au(1 0 0)

287.4 1.80 0.29
288.0 1.80 C C, C H 0.16
289.5 1.80 C O 0.36
290.9  1.80 O C O, C O 0.19

Table 2
Summarized XPS results for the O 1s region.

Energy FWHM Relative Intensity

Thick glucose/Au(1 1 1) 535.6 1.99 1.00
Ag/thick glucose/Au(1 1 1) 535.5 2.3 1.00
Air/Ag/thick glucose/Au(1 1 1) 535.3 2.53 1.00
Ag/thin glucose/Au(1 0 0) 533.0 2.09 0.45

535.3 2.74 0.55

Table 3
Summarized XPS results for the Ag 3d region.

Energy FWHM Species Relative intensity

Ag/thick
glucose/Au(1 1 1)

371.2 1.60 5/2 0.58
377.1 1.60 3/2 0.42

Air/Ag/thick
glucose/Au(1 1 1)

371.1 1.54 5/2 0.58
377.1 1.54 3/2 0.42

Ag/thin
glucose/Au(1 0 0)

370.8 1.29 5/2 0.49
372.2 1.29 5/2 0.08
376.8 1.29 3/2 0.37
378.3 1.29 3/2 0.06

gets decreased continuously by the silver adsorption as well as the
subsequent water dosage. Thereagainst, the silver coated thin film
of glucose yields two peaks for the O 1s that might indicate the
formation of Ag2O (cf. [67,68]). All XPS fit results for the O 1s regions
have been summarized in detail in Table 2.

Fig. 4 exhibits XPS spectra of the Ag 3d region of a thick film
of glucose on Au(1 1 1) as prepared (black lines and squares; top
spectrum), after silver adsorption (red lines and triangles; upper
middle spectrum) and after subsequent exposure to 3.8 × 1013 L of
air (blue lines and circles; lower middle spectrum), as well as a thin
film of glucose on Au(1 0 0) after silver adsorption (orange lines and
diamonds; bottom spectrum). The thick film of glucose yields the
expected peak doublet of Ag 3d5/2 and Ag 3d3/2 showing just peak
for each one. Even though the background subtraction using the
combination of a Shirley-type and a linear background is somehow
insufficient, the features shape corresponds very well to a pure film
of metallic silver [66]. In contrast to that, the Ag 3d structure of the
thin film of glucose after silver adsorption clearly shows a second
feature in the shoulders of the peak doublet. This surplus feature
may  well correspond to Ag2O [67,68]. All XPS fit results for the Ag
3d regions have been summarized in detail in Table 3.

Fig. 4. XPS spectra of the Ag 3d region of (in order of appearance from top to bottom)
a  thick film of glucose on Au(1 1 1) after silver adsorption (red lines and triangles) and
after subsequent exposure to 3.8 × 1013 L of air (blue lines and circles), as well as a
thin  film of glucose on Au(1 0 0) after silver adsorption (orange lines and diamonds).

3.2. Microscopic results

Fig. 5 shows the topography of the used Au(1 1 1) substrate with
a field of view of 1 × 1 �m and a height range of approximately
8.5 nm,  one can say the base is rather smooth.

Fig. 6 depicts the thin film of glucose on Au(1 1 1) with adsorbed
silver in a range of 5 �m times 5 �m and a height range of circa
350 nm.  One can see a closed droplet structure with nanoparti-
cles on top. The nanoparticles have a diameter of about 400 nm
and a height of about 50 nm,  whereas the droplets have a size of
some micrometers. The spacing between the nanoparticles varies
between closed and some hundred nanometers.

Fig. 7 displays the thick glucose film on Au(1 1 1) with adsorbed
silver in a range of 0.5 �m times 0.4 �m and a height range of 10 nm.
It maps, as in Fig. 6 nearby nanoparticles, but with a diameter of
about 15 nm and a height of 6 nm
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Fig. 5. AFM images of a cleaned Au(1 1 1) substrate (a) and a thick film of glucose on Au(1 1 1) after silver adsorption (b).

Fig. 6. AFM images of a thin film of glucose on Au(1 0 0) after silver adsorption.
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Fig. 7. AFM image of a thin film of glucose on Au(1 0 0) after silver adsorption.

3.3. Discussion

The large droplet structures found in the AFM images are most
certainly related to glucose, since the amount of silver evaporated
onto the system would not be sufficient at all. The estimation of
the film thickness from XPS bases on the assumption of a closed,
homogeneous film. Therefore, the film thicknesses estimation for
these droplets of glucose will possibly seriously vary from the real
amount of glucose adsorbed on the substrate. Nevertheless, these
results still give an impression of the order of magnitude and can
be well considered to observe changes in the amount of glucose
remaining on the surface during the ongoing experiments. Since
no relevant changes in the estimated film thicknesses have been
found, the desorption or decomposition of glucose can be mostly
excluded.

The silver evaporated onto the glucose films did not give any
trace in any MIES spectrum, thus it has to be beneath the glucose.
For the thin film of glucose, silver structures have been found in UPS,
while still no features from the gold substrate could be observed.
This indicates that the silver can not be present at the interface
between the glucose film and the gold substrate, but has to be
within the glucose film.

The smaller particle structures on top of the glucose droplets
can’t be just due to the adsorbed silver, since no silver was visible
in MIES and for the thick film of glucose even no silver was  found
in UPS. On the other hand, the minimization of surface energies
would most probably lead to glucose droplets with homogeneous
surfaces, rather than the segregation of smaller structures on top of
them. Therefore, the particles also can’t be just due to the glucose,
but have to result from some kind of interaction between glucose
and silver.

Glucose has been found to stabilize Ag nanoparticle in aque-
ous solutions by Serra et al. [32]. Similar to previous findings on
Au nanoparticles [69], the interaction of Ag O2 and Ag OH groups
with the OH groups within the glucose via hydrogen bonding has
been identified as origin of the stabilizing effect. The same inter-
action has been found between other metallic nanostructures and
glucose, e.g. for Pt nanocrystals that form nanowire-like structures
due to stabilization and self-assembly on the interaction with glu-
cose [70].

These interaction between the glucose and the adsorbed silver
is considered as the origin for the small particle structures on top
of the glucose droplets. The interaction may  most probably lead to

the encapsulation of silver clusters or particles, once the adsorbed
silver atoms would start to agglomerate. On  the other hand, the
amount of silver would not be sufficient for the found density and
size of the particles. Therefore, the glucose film encapsulating the
silver nanoparticles has to be considered relatively large, poten-
tially containing silver particles at a diameter of 82 nm for the thick
film of glucose and 9.2 nm for the thin film, respectively.

The XPS spectra yield the reduction of OH groups that are
attached to the ring after silver adsorption. The water dosage
seemed to induce furthermore reduction of the glucose, while no
complete decomposition has taken place. This must occur within
the glucose film, since MIES and UPS don’t show this reduction
effect. The reduction of glucose was quite unexpected, since all pre-
vious studies only reported the oxidation of glucose toward glucose
oxidase [7,25–31,38]. One possible explanation of this reduction
effect may  be the influence of the spectroscopic investigations. The
measuring techniques MIES, UPS and XPS are all based on the emis-
sion of electrons, which may  lead to a charging of insulated samples.
In the case of the silver nanoparticles encapsulated by the glucose,
the charging amounted to about 3 V. Even though the reducing
behavior has not been investigated electrochemically before, this
voltage should probably be enough for the reduction of glucose.

4. Summary

Glucose has been found to adsorb on gold substrates in the
form of micro droplets. Due the lack of any reference data on glu-
cose, the valence band structures have been discussed using several
model systems which posses all chemical groups of the glucose.
The adsorption of silver on glucose has been found to form silver
nanoparticles that are encapsulated by a large film of glucose. The
origin of this effect has been discussed and a H-bonding between
the silver and the glucose has been proposed, according to similar
findings from the literature. Furthermore, the silver nanoparticles
have been found to reduce glucose, most probably due to the impact
of electron spectroscopic measurements.
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