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Abstract

Advanced applications of colloidal nanoparticles (NPs) become to depend on their
specific shape, which is controlled by the adsorption behavior of the capping agent
involved in their synthesis. To understand the way in which citric acid determines the
shape of gold NPs, the adsorption behavior of citrate on gold under the synthesis
conditions is here investigated from electrochemical experiments on well-defined
surfaces. Gibb excesses and charge numbers for the citrate adlayers deposited on the
Au(111), Au(100) and Au(110) electrodes when a potential is applied were estimated at
pHs 1 and 3. From these results, FTIR spectra and DFT calculations, it is concluded that
solvated citrate can become simultaneously adsorbed through three dehydrogenated
carboxylic groups in bidentate configuration on Au(111), but only through two on
Au(100) and Au(110). As a result of this behavior, citrate can become more strongly
adsorbed on Au(111) than on the other two basal planes of gold under the synthesis
conditions, which would explain why tetrahedral and octahedral colloidal gold NPs are
preferentially shaped when citric acid is used as the capping agent in water. This

conclusion coincides with the previously one obtained on platinum, suggesting that the

mechanism here described would operate also on other metals having fcc structure.



1. Introduction.

The shape of metal nanoparticles (NPs) is connected to the symmetry of the
crystalline surfaces exposed by their faces. Thus, advanced applications of metal NPs
require not only size but also shape control. Optimal in shape and size metal NPs
(usually platinum) allow to enhance the activity of a given load of catalyst in fuel cells
[1]. And, optimal in shape and size biocompatible metal NPs (mainly gold) can be
functionalized to selectively link them to specific biological receptors with
extraordinary selectivity [2-5]. Once linked to their targets, the selective optical
excitation of the NPs can drive advanced per image diagnostic procedures. The
thermalization of such a kind of specific excitations enables the localized treatment of
tumors and infectious diseases. And, the selective adsorption of active principles on the
specific surfaces exposed by the NPs allows selective drug delivery [2-5]. Thus,
methods of producing metal NPs having specific shape and size are enabling
technologies in Nanomedicine and Nanotecnology.

In recent years, procedures for obtaining colloidal metal NPs with a preferential
shape, exposing surfaces having a dominant symmetry, have been developed [6-12]. To
this end, citric acid (2-hydroxypropane-1,2,3-tricarboxylic acid) has been extensively
employed, not only as a mild reductive agent, but also as capping agent to produce
nanoparticles with a preferential shape. Citric acid presents some advantages with
respect to other shaping agents, such as biocompatibility in physiological environments
and low cost. Thus, different processes using this molecule as the capping agent have
been reported. Among them, the Turkevich method is the most commonly employed for
gold (AuNPs) in water [13], which was further refined by Frens et al [14].

The currently available colloidal synthesis methods of metol NPs are mainly the

result of trial-and-error procedures. However, mechanistic knowledge of the way in



which capping agents shape metal NPs could boost the engineering of future methods
and shaping agents. Several works report on the citrate adsorption on the Au(111)
surface [15, 16]. Scanning tunneling microscopy (STM) studies show that adsorbed
citrate species forms a stable and well-ordered adlayers exhibiting (4 x 2V3) symmetry
on Au(111) [17]. The nature of the adsorbed species has been identified using in situ
subtractive normalized interfacial Fourier transform infrared spectroscopy (SNIFTIRS).
The spectra are compatible with citrate species adsorbed through deprotonated
carboxylic groups oriented tilted with respect the surface normal [18]. Moreover,
thermodynamic studies at pH=1 points to a maximum citrate coverage of 3x107'° mol
cm™? on Au(111) (equivalent to 1.8x10'* ion cm?), and to electrosorption valency and
reciprocal of the Esin-Markov coefficient greater than 2, at high surface densities [19].
However, the citrate adsorption on the other two basal planes of gold (Au(100) and
Au(110)) has not yet been characterized, reason why the shaping mechanism of citrate
on gold has not yet been completely untangled.

Here we report on the citrate adsorption on Au (111), Au (100) and Au (110)
single crystal electrodes. Through a set of electrochemical experiments, FTIR spectra
and DFT calculations on well-defined surfaces, the adsorption behavior of citrate on the
three basal lanes of gold is unequivocally characterized. From these results, the shaping

mechanism of citrate on gold in water is proposed.

2. Experimental and computational methods.

2.1. Experimental methods

Au(hkl) single crystal electrodes were prepared using the Clavilier procedure for
platinum [20], which has been extended to other noble metals. Single crystal beads

were obtained by fusion and subsequent crystallization of an ultrapure 0.5 mm diameter



gold wire. After careful cooling, these beads were mounted in a four-cycle goniometer
on an optical bench, oriented using the reflection of a laser, and cut and polished along
the desired orientation. Before their use, they were flame annealed and cooled down
with water, keeping a protective droplet in equilibrium with the atmosphere.

A 25 nm-thick gold thin film (99.999%, Kurt J. Lesker Ltd.) thermally
evaporated on one of the faces of a low oxygen-content silicon prism beveled at 60°
(Pastec Ltd, Japan) was used as working electrode in the internal reflection infrared
spectroscopy experiments (ATR-SEIRAS). Deposition was carried out in the vacuum
chamber of a coating system (PVD75, Kurt J. Lesker Ltd.) at a base pressure around
10 Torr using a quartz crystal microbalance to control both the thickness of the gold
film and the deposition rate (fixed at 0.006 nm s™'). Once in the spectroelectrochemical
cell, the gold thin film electrodes were cleaned by applying a few voltammetric cycles
up to the onset of surface oxidation in the 0.1 M HClO4 solution. Then, sodium acetate
was added up to a 10 mM concentration to the working solution and an electrochemical
annealing of the electrode surface was carried out by cycling the electrode potential at
20 mV-s' between 0.05 and 1.10 V for one hour [21]. Subsequently, the
spectroelectrochemical cell was thoroughly flushed with a 0.1 M HClO4 until acetate
anions were removed. Based on the preferential (111) orientation of the samples
obtained with this procedure [22], the previously used Au(111)-25nm notation [23] will
also be employed in this work.

All the voltammetric and in situ infrared experiments were performed in glass
cells using a reversible hydrogen electrode (RHE) for pH=1 solutions, a Ag/AgClsat
electrode (which has been converted to RHE scale for data comparison for pH=3) as
reference electrodes and a gold wire as the counter electrode. Working solutions were

prepared from, citric acid (299.5% Sigma-Aldrich), concentrated perchloric acid (Merck



Suprapur®) and ultrapure water (18.2 MQ-cm, TOC 50 ppb max, Elga Vivendi). In
some experiments, solutions were prepared in deuterium oxide (99% D, Aldrich), which
was used as received. Solutions were deaerated with Ar (N50, Air Liquide) and
blanketed with this gas during the experiments. Voltammetric experiments were carried
out with a Wave signal generator (EG&G PARC 175), potentiostat (eDAQ 161), and
digital recorder (eDAQ e-corder 401) workstation. All experiments were carried out at
room temperature.

In situ infrared experiments were carried out with a Nexus 8700 (Thermo
Scientific) spectrometer equipped with a MCT-A detector and a wire grid ZnSe
polarizer (Pike Tech). The spectroelectrochemical cell [24], equipped with a Si (ATR-
SEIRAS) window beveled at 60°, was placed at the top of a Veemax (Pike Tech.)
reflectance accessory. All the potential-dependent spectra were collected with a
resolution of 8 cm™ and are presented in absorbance units (a.u.) as —log(R/Ro), where R
and Ro represent the reflectivities at the sample and reference potentials, respectively.
Thus, positive and negative bands correspond to gain and loss of species at the sample
potential with respect to the reference potential, respectively. In most of the
experiments, the electrode potential was stepped from the reference to the sample
potential collecting 100 interferograms at each potential. All the spectra are referred to
the reference single beam spectrum obtained in the citrate or citric acid containing

solutions at 0.10 V. Cyclic voltammograms were recorded at v=20 mV s\

2.2. Computational methods

All DFT calculations were carried out using numerical basis sets [25], semi-core
pseudopotentials [26] (which include scalar relativistic effects) and the PBE [27] and

RPBE [28] functionals as implemented in the Dmol® code [29]. When considered,



dispersion forces were corrected by the Tkatchenko and Scheffler method [30].
Continuous solvation effects were taken into account by the COSMO model [31]. The
effects of non-zero dipole moments, in the supercells, were canceled by means of
external fields [32]. Proton-coupled electrons transfers were modeled by means of the
computational hydrogen electrode formalism [33].

Being specifically developed for catalysis, it is generally assumed that RPBE
provides a better description of adsorption on transition metals than PBE. In fact, it is
known that PBE systematically over-bind regarding RPBE. Moreover, due to the size of
the investigated adsorbate, it can be anticipated that the effect of the dispersion forces
could become significant. However, the treatment of the dispersion forces under the
RPBE functional is not supported by the aforementioned software package. In order to
obtain dispersion corrected RPBE results, dispersion corrected PBE results were in turn
corrected by the difference between dispersion uncorrected PBE and RPBE results.
Constant lattices were specifically estimated for each numerical treatment, that is, PBE,
RPBE, and PBE-D, and the corresponding one was used in the assembling of each
model.

The Au(111), Au(100) and Au(110) surfaces were modeled by means of
periodic supercells comprising 48 Pt atoms (four layers of metal atoms) and a vacuum
slab of 20 A. The bottom 24 Au atoms were frozen in their bulk crystal locations,
meanwhile, the remaining 24 Au atoms were completely relaxed joint to the adsorbates.
The shortest distance between periodic images was in the order of 8.90 A for all the

models. Additional details, about the computational methods, are provided in [16].



3. Results and discussions

3.1. Citrate adsorption on gold from experiments

3.1.1. Citrate adsorption on the Au(111) electrode

Insights into the citrate adsorption behavior on the Au(111) surface in water can
be derived from the voltammetric profiles displayed in Figure 1, obtained at different
citric acid concentrations under pHs 1 (0.1 M HCIO4) and 3 (2.99x102 M HClO4+
4.84x102? NaF). Since the thermodynamic analysis that will be employed later requires
that the total ionic strength and the pH is kept constant (so that the activity coefficients
are also constant) citric acid was used to increase the total concentration of citrate
species in solution. The presence of citric acid in solution gives rise to the appearance of
a complex voltammetric signal related with the citrate adsorption process between 0.23
and 1.2 V. At low potentials, the Au(111) surface is reconstructed, forming a (22x73)
structure (also termed as herringbone structure) [34-36]. Under this reorganization, the
adsorption of citrate leads to the lifting of the reconstruction, which is marked by the
sharp spike at ca. 0.70 V for pH=1 and the lowest citrate concentration [37]. As can be
seen, the potential for this process diminishes as the citrate concentration increases, in a
similar way to the behavior observed for other adsorbed anions such as sulfate [37-39].
Finally, at ca. 1.2 V, just before the onset for the oxidation of the surface, the measured
current is similar to that observed in the absence of citrate, signaling the almost
completion of the adlayer. However, the measured current for the different
concentrations of citrate at 1.2 V is not the same, which suggests that the adlayer might
not be fully completed when the surface oxidation starts. As the citric acid concentration
increases, the citrate adsorption wave shifts to lower potential values, in a similar way
to what is observed for sulfate [40-42]. Regarding the pH effect, the curves for pHs 1

and 3 are very similar, with similar onset potential for the adsorption of citrate in the



RHE scale. Additionally, the lifting of the reconstruction takes place at comparable

values, which also corroborates that this lifting is triggered by a given citrate coverage.
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Figure 1 Voltammetric profiles of the Au(111) electrode at different citric acid concentrations under A)
0.1 M HCIO4 (pH=1.2) and B) 2.99x10> M HClO4s+ 4.84x10"2 NaF (pH=2.9) conditions. Scan rate 20
mV s, The vertical line marks the position of the pzc of the unreconstructed surface.

When the scan is reversed, the voltammetric profile is not symmetrical with
respect to the potential axis, because the surface reconstruction is a slow process. Unlike
the lifting process, which is fast and readily triggered by the citrate coverage, the
reconstruction process requires potentials below 0.3 V and enough time to reach a
significant extension [41, 42]. Furthermore, continuous cycling of the electrode tends to
maximize the unreconstructed-surface dominance, and the reconstructed surface is only
fully restored by maintaining the electrode at low potential for long periods, as has been
already reported on the Au(100) electrode [43]. Sine the relevant signals corresponding
to citrate adsorption in the negative scan direction are observed at potentials higher than
that required to trigger the formation of the reconstructed surface, it can be considered
that the signals corresponds mainly to adsorption processes in the (1x1) surface of the
Au(111) electrode [44], although provably some interference in the lower potentials
values is always possible.

To calculate the citrate surface excesses and the electrosorption valency, a

thermodynamic analysis using the electrocapillary equation can be employed. In order



to do that, the surface structure should be identical for the initial and final state, to avoid
interferences in the analysis due to changes in the reconstruction. As aforementioned,
only the negative scan direction can be used, which corresponds to desorption from a
(1x1) surface. It can be considered that, during the desoprtion time, the extension of the
reconstruction giving rise to the herringbone structure is almost negligible. Using the
same procedure as that employed for the adsorption of citrate on the Pt(111) electrode
[16] (summarized in the supporting information), charge densities can be obtained by
the integration of the current measured in the negative scan direction. Since the potential
of zero charge (pzc) for the supporting electrolyte are known, being 0.55 and 0.47 V vs.
SHE for the (22x\3) and (1x1), respectively [44-46], the latter value was used as an
integration constant, assigning zero as value for the charge at this potential. In Figure 1,
the position of the pzc for each pH has been marked by a vertical dashed line. Since the
presence of citrate should shift the pzc to negative values, the charge at 0.47 V is
dependent on the citrate concentration. However, the charge at the lower limit (0 V)
should be the same for all the citrate concentrations, given that citrate has been
completely desorbed. Thus, the charge value measured at 0 V in the supporting
electrolyte was used as integration constant for all the citrate-containing curves.

The charge density curves for citrate in different solutions at pHs 1 and 3,
displayed in Figure S1, are very similar to those observed for other anions [40, 47-50].
At low potentials, these curves for different concentrations overlap, since there is no
citrate adsorption at these values. After the onset potential for the adsorption, the curves
are different for different concentrations, which should finally eventually converge, at
high potentials, when the adlayer has been completed (defined as that reaching the

maximum coverage). However, as can be seen, such a kind of convergence is not



reached on the Au(l11) surface, implying that the adlayer has not reached its
completion at the upper potential, as suggested by the voltammetric behavior.

From these charge density curves, and using the procedure described in the
supporting information, values for the difference in the Parsons function at a given

potential and that measured at the potential of zero charge, £—¢, _, (figure S4) and,

from that, surface excesses for citrate species can be calculated (Figure 2). It should be
highlighted that the calculated excesses accumulate the excesses of all the possible
citrate species in the adlayer: citric acid, dihydrogen citrate, monohydrogen citrate and
citrate. The maximum excess calculated for citrate at pH=1 (Figure 2A) is 2.8x10'* ions
cm™, which is consistent with the previous observation that complete adlayers are not
formed on the Au(111) surface before surface oxidation. If the adlayer would be
complete, the excess would probably be very close to 3x10' ions cm™, which
corresponds to a surface coverage of 0.2. This value is also the maximum surface
coverage for adsorbed sulfate on Au(111) [40] and adsorbed citrate on Pt(111) [16]. For
pH=3 (Figure 2B), the shape of the citrate excess curves is very similar to that obtained
for pH=1, though the maximum coverage at 1.2 V is close to 3x10'* ions cm™, higher
than that obtained for pH=1, which was also found by Lipkowski et al. [19]. It is
important to highlight that the calculated Gibbs excesses are quasi-independent of the
citrate concentration in the potential range 0.280 V < E < 0.540 V for pH 1, which
suggest that the interaction of the citrate species with the surface at low coverages for
this pH value is different from that taking place at higher coverages. Thus, the initial
interaction of citrate with the surface does not follow the typical behavior of adsorbed

anions.
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Figure 2. Gibb excess vs. Potential of the Au(111) electrode in different solutions A) 0.1 M HCIO,
(pH=1.2); B) 2.99x10 M HCIO4+ 4.84x10"2 NaF (pH=2.9); under different citric acid concentrations.
Scan rate 20 mV s™!. The vertical line marks the position of the pzc of the unreconstructed surface.

When the citrate adsorption process on Au(l11) is compared with that on
Pt(111), some important differences can be observed. First, the potential window under
which citrate adsorption takes place is significantly smaller on Pt. From the onset
potential, only ca. 250 mV are required to complete the adlayer on platinum, whereas
more than ca. 1 V is required on gold. This fact implies that the specific interaction of
the citrate species with the surface is significantly weaker for gold. On the other hand,
the pH effect on the adsorption process is also different. The excess vs. electrode
potential curves in the RHE scale are practically pH independent on platinum, whereas
the obtained excess are slightly higher at pH=3 than at pH=1 for a given potential on
gold (Figure 3A). To achieve a given surface excess, the required potential in the RHE
scale is ca. 60 mV lower for pH=3 than for pH=1, which implies that the process shifts
ca. 180 mV to more negative values in the SHE scale, when changing 2 pH units. This
number implies protons to exchanged electrons ratio 3/2. Thus, the proposed citrate
adsorption reaction would be:

Au+C¢HgO0;—Au-CcHs05+3HT +2¢e (1)

In this reaction, the negative charge of the adsorbed citrate is counterbalanced with Na*

ions, so that adsorbed species is neutral.



To corroborate this equation, the charge numbers for the adsorption reaction
were calculated (Figure 3B). The value 2 was obtained for the central region of the
potential window where the adsorption takes place, which is consistent with the
proposed equation. Significant deviations from this value at low coverages would be
due to measurement errors. At low coverages, the relative error in the calculated excess
is higher, which leads also to large errors in the charge numbers. It is worth highlighting
that the proposed adsorption equation for gold (equation (1)) is different from that
proposed for platinum [16], given that citrate is completely discharged upon adsorption
on Pt(111) (i.e., with a charge number close to 3), whereas adsorbed citrate retains some
negative charge in the adsorbent/adsorbate complex on Au(111). This difference in the
charge state explains why the potential window for these adsorption processes are so
different on Pt(111) and Au(111). This behavior is connected with the stronger
interaction of the citrate species with platinum. Finally, the fact that adsorbed citrate
retains some negative charge, giving rise to repulsive interactions among neighboring
adsorbed citrate species, also explains why complete citrate adlayers are not deposited

on Au(111) before the onset of surface oxidation.
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Figure 3. A) Gibb excesses and B) charge number vs. potential at different pH under 10~ M citric acid.



3.1.2. Citrate adsorption on the Au(100) electrode.

Surface excesses and charge numbers were also determined on the Au(100)
electrode, using the previously applied procedure. The corresponding voltammograms
at pHs 1 and 3 for the different citrate concentrations are displayed in Figure 4. Between
0.2 and 1.2 V, a voltammetric wave related to citrate adsorption emerges with a
maximum around 0.6-0.7 V. On to top of this wave, the characteristic peak associated
with the lifting of the surface reconstruction from the Au(100)-hex to the (1x1) surface
is clearly visible [38, 51-53]. As expected, increasing the citrate concentration moves
the adsorption/desorption states and the reconstruction peak to more negative potential,
reducing the stability of the reconstructed surface [54]. The effect of the pH in the
voltammogram shape is almost negligible. The only minor change is the appearance of
a shoulder above 0.4 V at pH 3, which can be related to a change in the electrode

surface charge under these conditions, as happens on Au(111).

10 T T T T T T T T T T T T T T

12 Fresipric e ]
Citric acid] / mM A [Citric acid] / mM
8 0 . 0

10 - ——o0.1

—0.1

. Ly

j/pA cm?

j/pA em?

0.0 0.2 0.4 0.6 0.8 1.0 1.2 i 0.0 0.2 0.4 0.6 0.8 1.0 1.2
Evs.RHE/V Evs.RHE/V

Figure 4. Voltammetric profiles of the Au(100) electrode in different solutions A) 0.1 M HCIO,4

(pH=1.2); B) 2.99x102 M HCIO4+ 4.84x102 NaF (pH=2.9); under different citric acid concentrations.

Scan rate 20 mV s’!. The vertical line marks the position of the pzc of the unreconstructed surface.
Unlike what is observed on the Au(111) surface, the charge density vs. E curves

on the Au(100) surface (Figure S2) overlap at 1.2 V, pointing to the formation of a

complete adlayer during the adsorption process on this surface. In fact, according to the



corresponding Gibbs excesses, displayed in Figure 5, citrate seems to form full adlayers
when adsorbs on Au(100), being the maximum coverage independent on the
concentration. The maximum coverages are around 1.65x10'* ions cm™? (pH=1) and
1.8x10' ions cm™ (pH=3), which correspond to coverages of 0.14 and 0.15,
respectively. The Gibbs excesses behavior from pH=1 to pH=3 on Au(100) (Figure 6A)
is similar to that observed on Au(111), that is, the surface excess at a constant RHE
potential is higher for pH=3, implying that the number of protons exchanged during the
central region of the adsorption process is larger than that of electrons, as stated in
equation (1).

However, from the charge numbers displayed in Figure 6B, it can be seen that
whereas the charge number fluctuates in the central region of the adsorption process
moves between 2 to 2.5, it increases to 3 at the completion of the layer. This change
involves a shift in the adsorption reaction, from equation (1) to a process in which 3

electrons are exchanged (similarly to what is observed on Pt(111) [16]):
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Figure 5. Gibb excesses vs. Potential of the Au(100) electrode in different solutions A) 0.1 M HCIO,4
(pH=1.2); B) 2.99x102 M HCIlO4s+ 4.84x10 NaF (pH=2.9); under different citric acid concentrations.
Scan rate 20 mV s™'.
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Figure 6. (A) Gibb excesses and (B) charge number vs. potential at different pHs for 10 M citric acid
concentration.

3.1.3. Citrate adsorption on the Au(110) electrode.

Unlike the voltammetric profiles obtained for the Au(111) and Au(100)
electrodes, the one measured for the Au(110) surface presents two peaks, being almost
reversible (Figure 7). The first peak, associated with citrate adsorption, appears at ca.
0.4 V, having shoulders that are more evident for pH=3 at low potentials, and shifts to
more negative potential when increasing citrate concentration. The second adsorption
process is observed between 0.6 and 1.2 V, showing an ill-defined peak centered at ca.
0.95 V. The complex behavior on this surface is connected with the nature of the
surface, since the (110) surface of an fcc metal is also a stepped surface exposing 1
atom-wide terraces of (111) symmetry separated by (111) monoatomic steps
((111)%(111)). Additionally, it is know that this surface also reconstructs in solution,
reaching (1x2) reconstruction (or missing row reconstruction), which is lifted at positive

potentials to form the (1x1) structure [55, 56].
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Figure 7. Voltammetric profiles of the Au(110) electrode in different solutions A) 0.1 M HCIO,4
(pH=1.2); B) 2.99x102 M HCIO4+ 4.84x102 NaF (pH=2.9); under different citric acid concentrations.
Scan rate 20 mV s’!. The vertical line marks the position of the pzc of the unreconstructed surface.

The Gibb excesses calculated on the Au(110), from the E vs. charge density
curves displayed in figure S5, clearly show that a two-step adsorption process is taking
place on this surface (Figure 8). The two steps are separated by a region of nearly
constant excess, which is more visible for pH=3. In the first adsorption step, between
0.2 and 0.6 V, the maximum coverage reaches the value of ca. 1.1x10' ion cm?,
implying that the surface coverage is ca. 0.13. After that, there is a potential region
where the coverage is nearly constant, especially for pH=3. Finally, a second step,
reaching surface excesses of 1.77x10 ' ions cm™ and 1.45x10'* jons cm™ at pHs 1 and
3, corresponding to coverages of 0.2 and 0.17, respectively, takes place. It should be

highlighted that the maximum coverage for pH=1 is higher than that measured for

pH=3, unlike the other two electrodes (Figure 9A).
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The charge numbers in the first active region, both at pHs 1 and 3, are 2
electrons (Figure 9B), indicating that citrate is being adsorbed in the form of
monohydrogen citrate following the reaction:

Au+C¢HgO0;—Au-CcHyg 0, +2H1 +2¢ 3)

Nevertheless, the second adsorption process that takes place at each pH after the
plateau show an increase in the charge number getting close to 2.5, which is similar to

the behavior on the Au(111) surface.
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Figure 9. (A) Gibb excesses and (B) charge number vs. potential excess at different pH under citric acid
107 M.



3.2. IR results on a Au(111)-25 nm film in ATR configuration.

In order to obtain additional information on the nature of the adsorbed species,
FTIR experiments were carried out. To avoid the interference of the solution species,
the spectra were taken using the ATR configuration on a gold film evaporated over the
prism. The deposition procedure (see methods) leads to the formation of a gold surface

with a (111) preferential orientation.
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Figure 10. A) Stationary cyclic voltammograms of Au(111)-25 nm thin film electrode in contact with 0.1
M HCIO; solutions containing citrate. The curves correspond to the blank electrolyte a) and with added
citrate to reach concentrations equal to 0.01 mM b); 0.1 mM c); 1 mM d) and 10 mM e). Sweep rate for
all curves: 50 mV s’!. B) Potential-dependent ATR-SEIRAS spectra obtained for Au(111)-25nm thin film
electrode in a 10 mM citrate + 0.1 M HCIOs solutions. C) ATR-SEIRA spectra obtained at 1.2 V for
Au(111)-25nm thin film electrode in x mM citrate + 0.1 M HCIO4 solutions. Reference potential 0.1 V vs
RHE. 100 interferograms were collected at each potential.

The stationary cyclic voltammograms of Au(111)-25nm in contact with 0.1 M
perchloric acid solutions containing citric acid with concentrations ranging from 0.01 to
10 mM are displayed in Figure 10A. The observed behavior is similar to that presented
in Figure 1 for massive Au(111). Small differences are due to the higher number of
defects present in the Au(111)-25 nm film. The ATR-SEIRA spectra for this electrode
is shown as Figure 10B and C. Figure 10B corresponds to the potential-dependent

spectra collected in a 10 mM citrate solution whereas Figure 10C shows the spectra



collected at 1.2 V in solutions with citrate concentrations ranging from 0.01 mM to ca.
10 mM.

The spectra show several bands associated to perchlorate, citrate, and water
interacting with the surface. The band at 1100-1130 ¢cm™ can be assigned to the
asymmetrical tension of the CI-O binding (as ClO4) of adsorbed perchlorate [57, 58].
Moreover, it is expected that citrate species compete with perchlorate for the adsorption
sites, which can be observed in Figure 10C, where the intensity of the band at 1133 cm’!
diminishes as the citrate concentration increases.

Citrate adsorption takes place usually through the carboxylic groups [59],
involving their deprotonation. Carboxylic groups in solution exhibits asymmetric and
symmetric stretching vibration bands which appear typically around 1500-1630 cm’!
and 1305-1415 cm’!, respectively. However, as has been observed for other species
having carboxylic groups (oxalate, acetate), citrate species adsorb on gold through both
of the oxygen atoms, of each involved carboxylic group, in a bidentate configuration,
leaving the C-C axis perpendicular to the surface (n2-COO-bridging). Under this
configuration, the dynamic dipole for the asymmetric stretching vibration (asO-C-O
mode) is parallel to the electrode surface, and the corresponding band cannot be
observed in the spectra, as a result of the surface selection rule [60, 61]. Therefore,
independently of the citrate coverage, no asymmetric O-C-O band appears between
1500-1600 cm!. This behavior was also observed by Floate et al. on Au(111) [18]. On
the other hand, the band at ca. 1392 c¢m, assigned to the symmetric O-C-O vibrational
mode, shows the expected behavior: increase with the electrode potential (Figure 10B)
and citrate concentration (Figure 10C).

Regarding the dependence on the potential of the vibrational properties of

interfacial water molecules, the stretching v(OH) and bending 8(OH) of the OH bonds



of the water molecule appear between 3600-3000 and 1650-1610 cm™!, respectively. At
potentials below the potential of zero charge (Epzc=0.55 V [23]), negative bands around

3470 and 1612 cm are observed. These bands are displaced at higher and lower
frequencies, respectively, with respect to those observed in the liquid water spectrum

[62]. These bands are due to weakened water molecules as they are oriented with
hydrogen atoms towards the metal surface when it is negatively charged. At E>Epzc, a

wideband at 3400 cm! is observed, attributed to the tension of the binding OH (which
are interacting with other water molecules) [63]. The weak band observed at 3606 cm™!,
which appears at 0.6-0.7 V, which also increases with the applied potential, is due to the

unbound OH tension very close to the perchlorate anions. A positive band around 3650
cm™ (not shown) (E=0.8-0.9 V>Ep,) can be attributed to isolated water molecules

between citrate anions. The presence of this band suggests that the adsorbed citrate
anions at low coverages partially break the interfacial water network, hindering the
interaction of perchlorate anions with the electrode. The change in the sign of the bands
above 1.0 V may be related to changes in the binding mode of water upon completion of
the adlayer or the incipient OH adsorption on the surface at the highest potential values.
Increasing the potential in the positive scan direction, additional positive bands
at 2600, 1716, 1508, 1270 and 1091 cm’' appear, whose intensity increases with
potential and coverage. The small peaks at 3000 and 2600 cm™ could be attributed to O-
H stretching between hydrogen-bonded carboxylic acid groups [64, 65]. Max et al.
assigned the bands between 3000 and 2600 cm™ to carboxylic OH groups hydrogen-
bonded to either other carboxylic groups or water molecules. Moreover, Martin et al.
suggested the formation of oxalic acid dimers during the adsorption of oxalic acid onto
Cu (110) surfaces under UHV conditions [65]. In this case, the existence of these bands

should be related to the presence of undissociated carboxylic groups in the interphase.



Thus, these small peaks at 3000 and 2600 cm™! are connected with the appearance of the
band at 1704 cm™, which is assigned to hydrogen bonding in carboxylic groups.
Delgado et al. assigned the 1704 cm™ band to the v(C-O) mode of succinate
(COOCCH2CH2COQ)[65], which suggests the formation of COOH hydrogen bonding
between adsorbed succinate anions, supporting the hydrogen bonding through terminal
COOH groups between neighboring citrate species [66].

Bands are also observed at 1508, 1260, and 1090 cm™ at high potential and high
coverage. The band to 1508 cm™ could be attributed to O-H in-plane bending, which
appears only under acidic condition [64], being this vibration band the characteristic
coordination of the alcoholic oxygen atom of citrate to a metal ion [67]. The band at ca.
1260 cm™! could be tentatively related to the v(C-OH) + §(C-O-H) band as observed in
adsorbed bioxalate [68, 69].

As final thoughts, it can be pointed out, that the presence of citrate anions and
hydrogen bonding between free COOH groups could contribute to the formation of
multiple citrate layers on the surface, and that the electric field (applied potential) may
contract the citrate layer leading to a slightly smaller thickness [70]. The combination of
the FTIR and thermodynamic analysis indicates that citrate is deprotonated upon
adsorption and the free carboxylic groups not bonded to the surface have hydrogen
bonds with additional citric acid molecules. These results are in agreements with
previous results on the adsorption of citrate using external reflection FTIR on Au(111)

electrodes which suggested that citrate was fully deprotonated upon adsorption [71].

3.3. DFT adsorption calculations of citrate on gold

To value the experimentally derived insights for citrate adsorption on gold,

chemisorbed states of citrate on the different basal planes of gold (Au(100), Au(110)



and Au(111)) where searched using DFT. Adsorbed citrate configurations bonded to the
surface through one, two and three carboxylic groups, each one of them in bidentate
configuration, with the adsorbate main chain laying parallel to the surface, were
considered, as suggested by the FTIR spectra (no vibrational modes other than those
related to the carboxylic group in bidentate configuration where detected for the
adsorbate). Since each adsorbed carboxylic group in bidentate configurations involves
its deprotonation, giving rise to a proton-coupled electron transfer (PCET), free energies
(AG) and equilibrium potentials (E), for the most relevant configurations, were

calculated according to the electrode reactions:

Au+CsHsO7> Au-C¢H707+1/2H2 4)
Au+CsHsO7> Au-Ce¢HsO7+H2 (5)
Au+CeHsO7> Au-CsHs507+3/2H> (6)

The most favorable adsorbent/adsorbate configuration found after each number of
PCTEs on each basal plane is shown in table S1, meanwhile the corresponding
energetics and potentials are summarized in Table 1. Additionally, the most relevant
configurations of citrate adsorbed on each basal plane of gold (that binding the higher
number possible of deprotonated carboxylic groups to the surface in bidentate
configuration) are displayed in Figure 11.

Table 1. Energetics (free energy AG and electrode potential E) of the adsorption
processes of citrate on the different basal planes of gold after one, two and three proton-

coupled electron transfers (PCETs) under the dehydrogenated carboxylic groups bonded
to the surface in bidentate configuration conditions.

Au(100) Au(110) Au(111)

AG/eV E/V AG/eV E/V AG/eV E/V
1 PCET 0.41 0.41 0.07 0.07 0.26 0.26
2 PCETs |[1.36 0.68 0.41 0.21 1.35 0.68
3 PCETs 2.68 0.89




Figure 11. Adsorbed citrate on (A) Au(100), (B) Au(110) and (C) Au(111) for the most favorable
configuration found binding the higher number possible of carboxylic groups to the surface in bidentate
configuration.
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From Table 1, it can be concluded that, according to these DFT results, citrate
can become simultaneously bonded to the surface through two deprotonated carboxylic
groups in bidentate configuration on each one of the basal planes of gold, being the
simultaneous bonding through the three deprotonated carboxylic groups in bidentate
configuration only possible on the Au(111) plane. At low potentials, in the order of
0.07,0.26 and 0.41 V for the Au(110), Au(111) and Au(100), respectively, only a single
PCET per adsorbed citrate can occur. Thus, at low potentials, citrate can become
adsorbed on each basal plane of gold only through a single carboxylic group in
bidentate configuration, following the activity order Au(110)>Au(111)>Au(100). As the
potential increases, from 0.68 V for the Au(111) and Au(100) and from 0.41 V for the
Au(110), the adsorption of citrate through two deprotonated carboxylic groups in
bidentate configuration becomes possible on each one of the basal planes of gold.

Finally, at higher potentials than 0.98 V, citrate adsorption through three
deprotonated carboxylic groups in bidentate configuration becomes possible only on the
Au(111) surface, as was also found for the Pt(111) surface [16]. The adsorption
behavior difference between Au(100) and Au(110) and that on A(111) is probably
related to the rigidity of the backbone of the adsorbate, which is not able to

accommodate its geometry to the layouts of the gold atoms exposed by the Au(100) and



Au(110) surfaces, so that the third deprotonated carboxylic group is bonded in the
bidentate configuration.

Thus, the adsorption behavior of citrate on single crystal gold electrodes would
be qualitatively the same than that found on single crystal platinum electrodes, though
the potentials at which each configuration would be favorable are significantly lower for
platinum, which is a clear manifestation of the stronger bonding of citrate species to

platinum.

3.4. Relationship between citrate adsorption behavior on gold and shape of colloidal

gold NPs.

The adsorption behavior of citrate on gold under the synthesis of colloidal
AuNPs in water conditions can be reliably determined from the reported adsorption
behavior of citrate on gold under electrochemical conditions, complemented by FTIR
spectra and DFT calculations. On the one side, the whole of the reported results points
to that citrate can become simultaneously adsorbed through two deprotonated
carboxylic groups in bidentate configuration on each one of the basal planes of gold
under the synthesis conditions of colloidal AuNPs in water. Pieces of evidence
supporting this assessment are multiple. First, it has been observed that adsorption
processes give rise to lower pKa values for adsorbed acids, favoring their deprotonation
[72]. Second, the charge numbers measured in the potential region where a significant
charge excess change was observed are close to 2 for the three basal planes. Third,
plausible chemisorbed states of citrate after two PCETs under the pre-established
conditions were found for each plane using DFT. Finally, the potential regions where
charge numbers close to 2 were measured coincide with those where the citrate

adsorption through two deprotonated carboxylic groups in bidentate configuration was



found to be possible for each plane using DFT. Thus, experimental and computational
results reinforce mutually. According to the experiments, the adsorbate coverages at the
potentials under which the citrate adsorption through two deprotonated carboxylic
groups in bidentate configuration becomes possible would be still low, on each basal
plane.

On the other side, DFT calculations provide evidence that citrate can become
simultaneously adsorbed through three dehydrogenated carboxylic groups in bidentate
configuration only on the Au(111) surface, at high potentials. In spite of that, this
adsorption mode was not detected either by the thermodynamic analysis or in the FTIR
spectra. The adsorption behavior difference between the Au(111) and the Au(100) and
Au(110) surfaces would be related to the rigidity of the backbone of the adsorbate,
which would be not able to accommodate its geometry to the layouts of the atoms
exposed by the Au(100) and Au(110) surfaces, so that third dehydrogenated group
cannot be bonded under the bidentate configuration. It should be mentioned that the
stable configuration is determined for a single molecule in the unit cell. The presence of
neighboring citrate molecules or water can alter the energetics of the process,
destabilizing the adsorption through the three carboxylic groups.

In any case, the citrate adsorption on the Au(111) surface through three
deprotonated carboxylic groups in bidentate configuration would become favorable only
at high coverages. Probably, this transformation is not observed experimentally (the
measured charge number is close to two) because it takes place at high potentials, which
can be translated to a preferential adsorption on Au(111) crystallographic facets. Also,
surface excesses at E>0.7 V follow the order Au(111)>Au(110)>Au(100) as can be
observed in figure S6. This implies that the Au(111) surface has the strongest

interactions with citrate, because the coverages are significantly higher. Therefore, by



controlling the kinetics of the reduction of AuCls™ for the synthesis of AuNPs, citrate
can direct the growth of the Au nanoseeds with the formation of (111) facets. The
control of the kinetics can be achieved by the use of a mild reducing agent, i.e., citrate,
which should be able to maintain the reduction potential above 0.7 V, so that adsorption
on the {111} facet is preferred over the other two possible orientations. Tetrahedral and

octahedral forms will arise from the {111} 3-dimentional growth of the AuNPs.

4. Conclusions

To engineer colloidal methods of synthesis and capping agents capable of producing
metal nanoparticles (NPs) of specific shape and size, knowledge about mechanisms
have to be improved. These mechanisms are actually driven by the adsorption behavior
of the involved species on the surfaces exposed by the growing NPs. Combining
electrochemical experiments, FTIR spectra ad DFT calculations on well-defined
surfaces, the adsorption behavior of citrate on the three basal planes of gold in water is
here characterized. DFT results indicate that citrate can be simultaneously adsorbed on
Au(111) through three dehydrogenated carboxylic groups, each of them in bidentate
configuration, instead of only two on Au(100) and Au(110) under the synthesis
conditions. This adsorption behavior suggests that citrate is stronger adsorbed on
Au(111) than on other two basal planes, which would explain why tetrahedral and
octahedral colloidal AuNPs are preferentially shaped when citric acid is used as the
capping agent in water. Moreover, FTIR results would indicate that, when citrate is
adsorbed on gold through only two dehydrogenated carboxylic groups, the third one
would favor the formation of a bilayer via hydrogen-bonding. This insight would be

consistent with the thermodynamic data, pointing mostly to 2 as charge number in the



active region of the adsorption processes. In any case, further studies would be needed
to completely understand the shaping mechanism.

Although a deep fundamental study has been carried out to understand the citrate
adsorption on the gold basal planes, further studies need to be achieved to understand
accurately the reason why the citrate is preferentially adsorbed during the nucleation

process of AuNPs synthesis, so guiding to the final shape of the nanoparticles.
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