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a  b  s  t  r  a  c  t

Citrate  is  an  important  stabilizing,  reducing,  and  complexing  reagent  in  the wet  chemical  synthesis  of
nanoparticles  of silver  and  other  metals,  however,  the  exact  nature  of  adsorbates,  and  its  mechanism  of
action  are still uncertain.  Here,  we  applied  X-ray  photoelectron  spectroscopy,  soft  X-ray  absorption  near-
edge  spectroscopy,  and  other  techniques  in  order  to  determine  the  surface  composition  and  to  specify  the
citrate-related  species  at Ag nanoparticles  immobilized  from  the dense  hydrosol  prepared  using room-
temperature  reduction  of aqueous  Ag+ ions  with  ferrous  ions  and  citrate  as  stabilizer  (Carey  Lea  method).
It  was  found  that,  contrary  to the  common  view,  the species  adsorbed  on the Ag  nanoparticles  are,  in  large
part,  products  of citrate  decomposition  comprising  an  alcohol  group  and  one  or  two  carboxylate  bound  to
itrate capping
-ray photoelectron spectroscopy

the surface  Ag,  and  minor  unbound  carboxylate  group;  these  may  also  be  mixtures  of  citrate  with  lower
molecular  weight  anions.  No  ketone  groups  were specified,  and  very  minor  surface  Ag(I)  and  Fe  (mainly,
ferric  oxyhydroxides)  species  were  detected.  Moreover,  the  adsorbates  were  different  at  AgNPs  having
various size  and  shape.  The  relation  between  the  capping  and  the particle  growth,  colloidal  stability  of
the  high-concentration  sol and  properties  of AgNPs  is  briefly  considered.

© 2017  Elsevier  B.V.  All  rights  reserved.
. Introduction

The optical, chemical, bioactive, and other unique properties of
g nanoparticles (AgNPs) and other nanomaterials can be tuned
y varying the size, shape, and surface composition, particularly
apping ligands [1,2]. Citrate ions are widely utilized in the wet
hemical synthesis of silver [3–14], gold [15–21], platinum [22], and
ther nanoparticles, acting as reducing (direct reduction of aqueous
g+ ions by citrate occurs under boiling or hydrothermal conditions

9–13]), complexing, and stabilizing agent, although the precise
echanisms are far from being fully understood. Citrate is a key

eagent for the preparation of silver nanoplates, cubes, disks, etc., as

he selective adsorption of citrate on Ag (111) facets impedes their
rowth and promotes the yield of anisotropic particles [12,23–25].
ransformation of rounded AgNPs to anisotropic ones under illumi-

∗ Corresponding author.
E-mail address: yumikh@icct.ru (Y.L. Mikhlin).

ttp://dx.doi.org/10.1016/j.apsusc.2017.09.026
169-4332/© 2017 Elsevier B.V. All rights reserved.
nation [26–28] is believed to be due to decomposition of the citrate
capping. Under the synthetic conditions, and also upon the bio-
chemical oxidation of citric acid that is vital for aerobic organisms
(the Krebs cycle) [29], citrate is known to oxidize to acetonedicar-
boxylic and acetoacetic acids, other intermediates, and CO2 as the
final product.

The solution-based synthesis and modification of AgNPs typ-
ically involve diluted sols (at most 10 mM)  due to the restricted
colloidal stability. High-concentration fluid dispersions such as
inkjet inks can be obtained using large amounts of surfactants
or/and polymer stabilizers [30], which generally should be removed
to attain required characteristics of materials. The method of reduc-
tion of aqueous Ag+ with ferrous ions in the presence of sodium
citrate proposed by Carey Lea [3] as long ago as 1889 is still a rare
example of metal colloids stable up to 1 M concentration without
high-molecular-weight reagents [4–10]. It has been reported [5–7]

that the AgNPs are negatively charged due to adsorption of citrate
anions, and their behavior obeys the Derjaguin-Landau-Verwey-
Overbeek (DLVO) model, but the studies have been performed for

dx.doi.org/10.1016/j.apsusc.2017.09.026
http://www.sciencedirect.com/science/journal/01694332
http://www.elsevier.com/locate/apsusc
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2017.09.026&domain=pdf
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iluted solutions, and the reasons behind stability of the dense sols
emain elusive. Several forms of citrate bonded to the Ag surface
hrough carboxylate groups have been proposed mainly on the base
f surface-enhanced Raman scattering (SERS) [8–12,23], and DFT
imulation [24,25]. A hydrogen bond involving an alcohol hydroxyl
roup has been suggested too, while oxidized derivatives of citrate
ave been observed on the AgNPs only after heating in air [9,10]. In
eneral, however, the results on the surface composition of nanosil-
er are still scarce and inconclusive, in particular as SERS is not
ppropriate for quantitative surface analysis.

In this research we attempted to clarify the nature of citrate-
elated adsorbates at various fractions of AgNPs manufactured
sing the Carey Lea method, i.e. avoiding direct oxidation of citrate,
pplying X-ray photoelectron spectroscopy (XPS) in conjunction
ith soft X-ray absorption near-edge spectroscopy (XANES), and

ther techniques, as a prerequisite for understanding the proper-
ies and behaviour of AgNPs in the synthesis, dense colloids, the
nvironment and biological systems.

. Experimental details

.1. Materials and sample preparation

Silver nitrate (AgNO3), iron sulfate (FeSO4·7H2O), trisodium cit-
ate (Na3cit·2H2O), sodium nitrate (NaNO3), and potassium nitrate
KNO3) were analytical grade and used as received. Deionized water
Millipore Milli-Q grade) was utilized to prepare all the solutions,
o redisperse AgNPs and to rinse the samples deposited onto sub-
trates. Silver nanoparticles were synthesized using the Carey Lea
ethod [3,4], slightly modified here. In a typical procedure, 7 mL

f Na3cit·2H2O solution (400 g/L) and 5 mL  of freshly prepared
eSO4

.7H2O solution (300 g/L) were mixed, and then 5 mL  of AgNO3
olution (100 g/L) was added under agitation at room temperature.
he black residue that formed in about 1 h was separated from
he supernatant by centrifugation (3000 rpm for 5 min) and redis-
ersed in a portion of fresh water (10 mL). This hydrosol purified
rom the excessive reagents and soluble products of the reaction
as referred in this research as an “initial” sample; the discarded

upernatant contained sodium and iron cations, citrate, sulfate and
itrate anions together with minor AgNPs was analyzed as a refer-
nce.

The AgNP sol was then fractioned in several ways via coagula-
ion of nanosilver by adding electrolyte solutions (NaNO3 or KNO3)
f various concentrations, centrifugation, and following redisper-
ion of the precipitated gel in water. The samples of two AgNP
ractions, which spectra are presented below, were prepared as
ollows. 5 mL  of the initial Carey Lea sol was mixed with 5 mL  of
.5 M KNO3 solution, resulting in coagulation of less stable colloids,
hich were centrifuged (3000 rpm, 5 min) and then redispersed in
ater (5 mL). This sol contained larger particles was referred as

ample (i). The supernatant produced by the centrifugation was
ixed with 1 M KNO3 solution (5 mL)  to coagulate the next frac-

ion of Ag NPs, which was separated by centrifugation and then
edispersed in water (sample ii).

Specimens for XPS, XANES, and scanning electron microscopy
ere prepared by placing a droplet (10 �L) of the AgNP sols on

reshly renewed surface of HOPG, copper foil with a native oxide
ayer, or some other supports, and drying in air at room tempera-
ure. These samples were analyzed as-prepared, and also cautiously
insed with water and re-analyzed after drying.
.2. X-ray photoelectron spectroscopy

X-ray photoelectron spectra and X-ray excited Ag M4,5VV Auger
pectra were taken with a SPECS instrument equipped with a PHOI-
Science 427 (2018) 687–694

BOS 150 MCD  9 hemispherical analyzer at electron take-off angle
90◦ with the pass energy of 10 eV for high-resolution spectra and
20 eV for survey spectra. The spectra presented in this paper were
excited by monochromatic Al K� irradiation (1486.6 eV) of an X-ray
tube. The spectra were also acquired using Mg  K� line (1253.6 eV)
in order to avoid possible overlapping of O 1s and Auger Na KLL
spectra, and to check reproducibility. The pressure in an analytical
chamber was in the range of 10−9 mBar. The C 1s, O 1s, Ag 3d spectra
were fitted with Gaussian-Lorentzian peak profiles after subtrac-
tion of a Shirley-type background utilizing CasaXPS software.

2.3. X-ray absorption near-edge structure

The C K-, O K-, Fe L3,2-, Cu L3,2, and S L3,2-edge XANES spectra
were recorded in the total electron yield (TEY) mode measuring the
drain current through the specimen with a Keathley picoammeter
at room temperature at the Russian–German endstation located at
the bending magnet beamline D161 (BESSY II synchrotron facility,
Helmholtz Zentrum Berlin). The analyzer chamber pressure was
about 10−10 mBar, the X-ray spot size on the specimen was  about
0.2 mm.  The estimated monochromator resolution was better than
0.1 eV, the transmission of the monochromator was accounted for
by measuring the TEY of clean Au foil, the energy scales were
referred to gaseous Ne K-edge absorption.

XPS and XANES measurements with similarly prepared AgNP
colloids, including in different spots of the colloid samples dried at
various supports, were repeated 4–6 times and 2–3 times, respec-
tively, and the typical well-reproducible spectra are presented in
this contribution. The experiments showed that the effects of a
support, which could adsorb citrate-related species, interact with
the sols, etc., and possible carbonaceous contamination were not
important; only the XANES spectra for Cu foil are presented here as
an example. On the other hand, the surface composition varies, as
illustrated below, with sample preparation, handling (e.g., centrifu-
gation, washing) and AgNP fractionation in a complicated manner
that is worthy of further investigation.

2.4. Transmission and scanning electron microscopy

JEM-2100 transmission electron microscope (JEOL) operating at
200 kV was  used for TEM characterization of the Carey Lea hydrosol
samples, which were prepared by placing a droplet of a diluted
colloid on a carbon coated copper grid and allowing the solution
to evaporate at room temperature. The particle size distribution
was estimated from micrographs for a minimum of 200 particles.
Scanning electron micrographs were obtained utilizing a Hitachi
S5500 instrument operated at acceleration voltage of 15 kV.

2.5. Small-angle X-ray scattering, dynamic light scattering and
zeta potential measurements

SAXS patterns were acquired from the sols loaded in standard
X-ray quartz capillaries (1.5 mm)  with Kristalloflex-805 (Siemens)
instrument applying Cu K irradiation (� = 0.154 nm). The SAXS
patterns were corrected for X-ray absorption, collimation, and
background scattering, particle size distribution functions were
calculated for spherical nanoparticles using the indirect Fourier
transform algorithm implemented in the GNOM program from the
ATSAS package [31].
DLS and zeta potential studies were conducted using Zetasizer
Nano ZS spectrometer (Malvern Instruments Ltd) at scattering
angle 173◦ in a folded polystyrene cell or polycarbonate cell with
Pd electrodes, typically at 25 ◦C.
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. Results

.1. TEM, SEM, SAXS characterization

Fig. 1 shows a representative TEM micrograph of AgNPs from
he Carey Lea sol diluted to ∼1 g/L Ag, and a SEM image of the
s-prepared dense sol (about 100 g/L Ag) deposited onto highly
riented pyrolytic graphite (HOPG) and then rinsed with water.
article size distribution calculated from the SAXS pattern is also
resented. The Ag NPs are mainly spheroids of 10–12 nm with a
hare of ∼5 nm in the diameter, and bigger particles, many of which
re nanoplates of 20–50 nm in the lateral dimension. The concen-
rated sol dried on HOPG forms a multilayer film with some pores
xposing the substrate.

.2. XPS characterization

The XPS spectra from the AgNPs were collected before and
fter washing the dried residue with water (Fig. 2, spectra b and
, respectively), and were compared with those (a) acquired from
he supernatant, which remained after the AgNPs were precipitated
rom the raw reaction mixture, dessicated on the substrate with-
ut washing. The composition of the latter is close to trisodium
itrate, with small quantities of Fe, sulfate and nitrate ions, and
etallic Ag (see also Table S1, Supplementary Material). For the
gNPs samples separated from the solution, the atomic Ag/Na and
g/Fe ratios equal to ∼20 or more, and increase after washing the
amples. The Fe 2p spectrum of the supernatant shows the main Fe
p3/2 maximum at the binding energy (BE) of ∼709 eV attributable
o Fe2+ ions, and the intensity at higher BEs can be assigned to
maller quantities of Fe3+ ions, which may  occur as sulfates, cit-
ate complexes [5,32,33], or/and iron oxyhydroxides [34]. For the
mmobilized AgNPs, the Fe 2p3/2 band centered at ∼711 eV is char-
cteristic of Fe3+-O species [34], and only minor signal from Fe2+

s present. The Ag 3d5/2 peak at 368.3 eV with a narrow full width
t half maximum (FWHM) of 0.894 eV, along with the position of
uger Ag M5VV maximum at the kinetic energy of 357.7 eV, indi-
ate that silver is in elemental form [14,35,36], while contributions
f Ag+ species are negligible.

The C 1s spectrum from the supernatant (Fig. 2, a) exhibits
hree peaks related to aliphatic carbon (∼285 eV) including some
dventitious carbon, alcohol (286.7 eV), and carboxylate (288.8 eV)
18,36,37], with their intensity ratio close to 3.2:1:3 (Table S1), in
greement with the citrate composition −OOC-CH2-C(OH)COO−-
H2-COO−. The C 1s spectra of the AgNPs immobilized after the
olution was rejected by centrifugation are notably different. The
and of carboxylate can be fitted with the smaller peak at ∼289 eV
nd the larger one at ∼288 eV. The BE of the alcohol group line
lso decreases by about 0.4 eV, and the intensity ratio of aliphatic
arbon, alcohol, and both carboxylate signals changed to 2.6:1:2.2.
fter the sample has been washed with water, the relative intensity
f alcohol carbon increases, the component at 289 eV decreases, and
he carboxylate-to-alcohol ratio approaches ca.  1. Consequently,
he line at ∼289 eV can be assigned to carboxylate not bound to
g, and that at ∼288 eV is due to carboxylate binding to surface
g atoms and accepting electron density from the metal. The low-
nergy shift of the peak of alcohol group suggests the binding of
-O to Ag too. The peak assigned to aliphatic carbon somewhat
rows and shifts towards lower BEs, probably, because of exposing
raphite support after washing away a part of AgNPs together with
emaining electrolyte. Although the fitting of the overlapping peaks
t ∼285 eV and ∼284.5 eV is not unequivocal, it is possible to deduce

hat the ratio of aliphatic carbon to carboxylate remains close to 1
nd certainly less than 2 for this and all other AgNP samples. This
eans, in particular, that the contribution of contaminations to the

pectra was minor.
Science 427 (2018) 687–694 689

These conclusions are in principal agreement with the O 1s spec-
tra, which can be fitted with the peak at 531.1 eV attributable to
O atoms in COO− groups, including Na and Fe citrates, and, par-
tially, OH chemisorbed on Ag and/or in iron (hydro)oxides, the
component at 532.3 eV from an alcohol group in citrate, and the
contributions of adsorbed water and possible ketone at BE higher
than 533 eV [14,18,35–37]. The ratio of oxygen in COO− group to
that of an alcohol group is close to 3 instead of 6 in citrate. A weak
maximum observable sometimes at 529.8 eV (such spectra are not
presented in Figures) should be assigned to Fe3+ oxyhydroxides
rather than silver oxide, judging from the spectra of Ag and the
relative intensities of the Fe and O lines.

Essentially the same XPS results were acquired for AgNPs
deposited onto a copper foil and other supports (not shown in Fig-
ures). The findings signify that a considerable part of the species
adsorbed on AgNPs contain one alcohol group, and one or two car-
boxylate rather than three as the citrate. It is important that the
contribution of ketone groups at 287–287.5 eV [36,37], which are
commonly accepted to emerge due to oxidation of the −COH group
[9–13,20,21,26–29], was  very minor if any, in agreement with the
SERS data [9,10].

3.3. XANES

Carbon and oxygen species often can be easier resolved in
their K-edge XANES spectra [38]. Fig. 3 shows synchrotron radi-
ation excited C K-, O K-, and Fe L-edge XANES measured in the
total electron yield (TEY) mode from the Carey Lea nanoparti-
cles deposited onto HOPG and Cu foil, and crystalline trisodium
citrate as a reference. The C K-edge spectra are dominated by
the resonance at 288.4 eV from electron transitions from C 1s to
vacant antibonding �* states in COO− groups [38]; the peak is
much higher and narrower, and its energy is somewhat less for
trisodium citrate than for AgNPs. A shoulder at ∼287.5 eV should
be assigned to aliphatic carbon, and broad maxima near 290 eV are
attributable to alcohol groups, while signals from ketone groups
expected at 286.1–286.5 eV are negligible. The probing depths of
TEY XANES are greater than those of XPS, resulting, in particular,
in a higher contribution of HOPG and oxidized Cu to the spectra.
So, the maxima at ∼285 eV and 291.2 eV, which are rather strong
for the HOPG-supported sample, are due to the electron transi-
tions to �* and �* states of sp2-hybridized carbon in HOPG. The
strongest feature in O K-edge XANES is the leading maximum from
carboxylate at 532.1 eV; its relative intensity decreases, while the
one at ∼534 eV from alcohol oxygen atoms increases for AgNPs in
comparison with sodium citrate. A signal of oxygen in potential
ketone groups (531 eV) is almost absent; the contribution observed
at 530–531 eV for Cu foil-supported specimen is due to underly-
ing copper (hydro)oxide. In the Fe L3,2-edge spectra, the relative
intensities of A and B features are characteristic of Fe(III) ions
in octahedral coordination with oxygen, alike Fe2O3 or FeOOH,
although minor quantities of Fe(II) species may  occur too [39,40].
In general, the C K- and O K-edge XANES data basically corroborate
the XPS results.

3.4. Surface analysis of different AgNP fractions

One can suggest that some sorts of AgNPs (see the TEM and SEM
images in Fig. 1) are preferentially removed by water rinsing, and
the changes of the XPS spectra after washing (Fig. 2) are related
to distinct species adsorbed on different AgNPs. A complete frac-
tionation of the dense sols is challenging because of an effective

interaction and association of the colloidal particles. On this rea-
son, the hydrodynamic diameters determined with DLS were larger
than the size determined using TEM and SAXS, and dependent on
the sol dilution, concentration of electrolyte employed for the frac-
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ig. 1. TEM image (a) of the diluted hydrosol (1 mM Ag), SEM image (b) of the 0.4 M
attern  and the relevant particle size distribution, respectively.

ionation, and other factors. For the colloid fractions, which were
eparated by coagulation of the initial sol adding sodium nitrate
some examples can be seen in Fig. S3, Supplementary Material),
he hydrodynamic diameters decrease as more concentrated elec-
rolyte solutions were employed for coagulation. Zeta potentials of
gNPs measured using laser Doppler electrophoresis are negative,
nd show fairly wide distributions, with the average value ranged
rom −25 mV  to −50 mV  for different fractions.

Fig. 4 shows the photoelectron C 1s spectra (more XPS data are
iven in Supplementary Material) from two fractions of the Carey
ea sol prepared as follows: (i) Ag NPs were separated by elec-
rolytic coagulation with 0.5 M KNO3 followed by centrifugation,
nd then redispersion in water; (ii) nanoparticles from the super-
atant were coagulated by 1 M KNO3, centrifuged, and redispersed

n fresh water. The C 1s spectrum from the sample (i) dried on
OPG (Fig. 4, a) exhibits the carboxylate-to-alcohol ratio of 2.7

hat is higher than for the AgNPs before fractioning but is less
han for citrate (Fig. 2). The spectrum contains, in addition to the
trong signal of Ag-bound carboxylate at 288.2 eV, the component
t ∼289 eV (30% of total carboxylate), which preserves after wash-
ng the sample (spectrum b), when the total carboxylate-to-alcohol
atio decreased to 1.7. The intensity of K 2p doublet corresponds to
he ratios of total carboxylate and pendant COO− groups to K+ of
.6 and 0.7, respectively (Table S1), and the K signal disappeared
fter the washing. The amount of Fe was near the detection limit of
PS (carboxylate to Fe ratio greater than ∼50).

For the sample (ii) that consists of 5–7 nm particles (TEM image
n Fig. 4), the ratio of carboxylate and alcohol groups is ∼1, a rel-
tive share of the pendant COO− is small (∼10%), and both values
nsignificantly change after washing (c and d). The increased quan-
ity of K+ before the washing operation, which completely removes
 and N, is due to potassium nitrate, with the ratio of carboxylate
o K+ being 1.2 after subtraction of the KNO3 content. The results
btained for the fractions (i) and (ii) suggest that alkali cations are
y Lea hydrosol dried and then washed on HOPG; (c, d) small-angle X-ray scattering

weakly (electrostatically) attached to AgNPs; the cations are prob-
ably localized near both unbound COO− groups and those bound to
Ag surface, similar to Na+ in gold NPs – citrate system [20], albeit
some minor citrate salts from the dried solution may  still contribute
to the spectra.

4. Discussion

4.1. Composition of surface species

The above findings can be explained as follows. Uncompro-
mised citrate anions, which bind to surface Ag atoms via two
carboxylate and alcohol oxygen, appear to exist, in a mixture with
other adsorbates, on spherical AgNPs of ∼10–12 nm (Fig. 5, a). The
rounded nanoparticles Ag NPs of ∼6 nm in diameter are capped
with ligands composed of one carboxylate anion and one alco-
hol group, both bound to the surface Ag atoms, and one or two
aliphatic carbon atoms. Fig. 5, b exemplifies 3-hydroxybutyrate
formed by the removal of two  carboxylate groups; the lowest-
molecular-weight adsorbates may  be hydroxypropionates (see Fig.
S4 in Supplementary Material), although this requires C C bond
cleavage. These NPs bear a lower negative charge and tend to
association but are more stable towards electrolytic coagulation.
The small size of the NPs may be due to dense capping, which
impedes attachment of aqueous Ag+ ions and the crystal growth.
Silver nanoplates and rods are preferentially covered with ligands
having two  carboxylates, either one or two of them bound to Ag
atoms together with alcohol oxygen, produced by decarboxylation
of citrate (Fig. 5, c). Zhang et al. [21] have elucidated that the pro-
duction of anisotropic Ag particles is promoted, aside from citrate,

by reagents containing two  carboxylates, which retard the growth
of Ag(111) facets, and this seems to be the case for the anisotropic
AgNPs in the Carey Lea synthesis. It should be admitted that the
exact number of aliphatic carbon atoms (owing to contributions
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Fig. 2. X-ray photoelectron spectra of dispersion droplets dried on HOPG: (a) supernatant of the reaction mixture, (b) AgNPs separated from the mixture by centrifugation
and  redispersed in water, and the sample (b) washed with water on HOPG (c).
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Fig. 3. TEY XANES of (a) trisodium citrate and the Carey Lea s

f adventitious carbon and supports), positions of the functional
roups in the adsorbate molecules (taking in mind, in particular,
hat the formation of isocitrate may  precede its oxidation, simi-
ar to the biochemical reaction [29]), and details of the binding to
g cannot be surely specified with XPS, so the structures depicted

n Fig. 5 are arbitrary and require further research. Moreover, it is

ossible that the compositions specified using XPS actually orig-

nate from simultaneous presence of two or more molecules; for
xample, there can be a mixture of citrate and hydroxypropionate
nstead of the structures shown in Fig. 5, c.
plet dried and water washed on (b) HOPG and (c) copper foil.

4.2. Origin of the citrate-derived ligands

The decomposition of citrate can involve Fe(III) and oxygen as
oxidizing agents, and catalytic effect of Ag surface and Fe sub-
stances. It is noteworthy that the smaller AgNPs are capped with the
lower molecular weight ligands with the carboxylate-to-alcohol

ratio of 1, which, therefore, form, possibly via radical reactions
[41,42], at early stages of the process, arresting the crystal growth
(Fig. 5, b). The mechanisms need further study, but, anyway, the
reactions are different from those in the solution bulk or living
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Fig. 4. X-ray photoelectron spectra of sol droplets dried on HOPG (a, b) coagulated with 0.5 M KNO3, centrifuged and redispersed in water, (c, d) AgNPs coagulated from the
supernatant with 1 M KNO3; (b), (d) samples rinsed with water on HOPG, and TEM image of the sol (c).
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Fig. 5. Scheme illustrating proposed compositions of the

ell mitochondria, which proceed via the stages of oxidation of an
lcohol group to ketone as an intermediate, dehydration and decar-
oxylation [13,26–29]. Conversely, no ketones were found at all the
g surfaces, and no surface C O groups have been revealed with

n situ SERS for the iron-free media too [9,10], probably because
f stabilization of alcohol group bound to silver. Li et al. [10], have
nterpreted the SERS spectra from the bimodal paste composed of
10 nm and 50 nm AgNPs produced by the Carey Lea and the citrate
oiling methods, respectively, in terms of citrate attached to surface
g atoms via one carboxylate and alcohol hydroxyl; the adsorbed
itrate has been suggested to volatilize at 130–180 ◦C, and ketone
roups to form at higher temperatures. Among other things, this
onfirms that the current XPS findings are not caused by ex situ
henomena, and one expects that the surface ligands specified here
re similar to those formed in different reactions. It is also interest-
ng that several studies have reported untypical intermediates of
he Krebs cycle caused by a silver impact [43,44], implying that
gNPs may  disturb the biochemical enzymatic oxidation of citrate
y stabilizing the alcohol group as one of the mechanisms of silver
oxicity.

.3. Multimodality and colloidal stability of the Carey Lea
ydrosol

The Carey Lea dispersion is comprised of at least three sorts of
gNPs, differing by their size, shape, and surface coating. At the
ame time, quantities of surface Ag+, Fe2+/Fe3+ citrate complexes
nd Fe oxyhydroxides are small and unlikely influence the dis-

ersion characteristics, so we hypothesize that the multimodality

s the main reason of remarkable colloidal stability of this high-
oncentration sol. In addition to electrostatic repulsion and van der

aals attraction described by the DLVO theory for uniform parti-
e-derived surface species on various fractions of AgNPs.

cles, more effects take place in multimodal dispersions, including
very concentrated ones [45–50]: the repulsion or attraction forces
emerge as the space between larger particles depletes with smaller
nanoparticles [45,46]; sols can be stabilized by a halo of charged NPs
around almost neutral particles [47,49,50]; the structural effects
arise from adsorbed NPs confined between the interacting surfaces
[48,49]. Up to now, these phenomena have been studied mainly
in binary colloidal mixtures of positively charged zirconia NPs and
negligibly charged silica spheres and some other suspensions, but
metal colloids, to the best of our knowledge, have been never con-
sidered in these terms. We  may  guess that lower surface charge and
some hydrophobicity of the AgNPs coated with citrate derivatives,
and structuring of AgNPs play a role. Understanding these effects
could pave the ways, in particular, for preparation of Ag-based fluid
nanodispersions without polymer stabilizers.

5. Conclusions

In summary, the surface analysis based mainly on the pho-
toelectron C 1s spectra revealed that ligands covering the Ag
nanoparticles prepared via Fe2+-mediated reduction of Ag+ are
composed of an alcohol group and one or two  carboxylate bound
to the surface Ag, and minor unbound carboxylate group; alter-
natively, the adsorbates may  represent mixtures of citrate and the
products of its decomposition. The surface species differ for various
fractions of AgNPs (about 10 nm spheroids, nanoplates, and ∼6 nm
rounded AgNPs remaining in the supernatant after electrolytic
coagulation) probably due to a specific effect of each sort of adsor-

bates on the crystal growth, rendering the particle size and shape.
Ketone groups were absent at for all these nanoparticles because
the alcohol was stabilized against oxidation by its binding to Ag.
The surface concentrations of iron that occurred as Fe3+ oxyhy-
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roxides rather than Fe-citrate complexes were minor, particularly
fter several coagulation-peptization cycles. The fact that the adsor-
ates are distinct from citrate sheds new light on the behavior of
citrate-stabilized” AgNPs under various conditions, including the
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