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Mechanistic insights of the reduction of gold salts
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This paper presents fundamental understanding of the mechanism of the Turkevich protocol, the method
recommended by the National Institute of Standards and Technology for the synthesis of gold nano-
particles using sodium citrate as reducing agent. Herein, we reveal that the Turkevich mechanism consists
of two consecutive reduction steps (Au®* = Au™ = AuO) rather than a reduction followed by the dispro-
portionation reaction as conventionally believed. This new understanding has profound implications: i. the
second reduction step (Au™ — Au®), rather than the previously postulated first reduction step, is the rate-
limiting reduction step and ii. the formation of acetone dicarboxylate (DC?7) as an intermediate product
through the oxidation of citrate has a key role as stabilizer and as a reducing agent (stronger than sodium
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citrate). This knowledge enables the synthesis of monodispersed gold nanoparticles with sizes ranging
from 5.2 + 1.7 nm to 21.4 + 3.4 nm, with the lower end considerably smaller than previously reported
through the Turkevich route. This work provides fundamental guidance for the controllable synthesis of
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1. Introduction

Gold nanoparticles (Au NPs) have potential applications in
medicine, catalysis, electronics and photonics due to their
unique chemical and physical properties compared with their
bulk counterpart."® Au NPs are usually synthesized by the
reduction of chloroauric acid (HAuCl,) with a reducing agent
such as sodium borohydride,7 sodium citrate,® and ascorbic
acid.’ The Turkevich protocol is the most reliable and popular
method for the synthesis of Au NPs,'® and consequently the
recommended method by the National Institute of Standards
and Technology for reference material preparation.”* It con-
sists of the use of sodium citrate to reduce chloroauric acid at
elevated temperatures in an aqueous medium under various
conditions. The citrate ion also acts as a stabilizer, which can
be easily replaced post-synthesis by other ligands, in favor of
the functionalization of Au NPs.">

The accepted mechanism of the Turkevich method for the
synthesis of gold nanoparticles consists of the initial redox
reaction (R1) (Scheme 1),'”'®' where trivalent gold gets
reduced to monovalent gold by citrate which in turn gets oxi-
dised to acetone dicarboxylate (DC>”), the conjugated base of
dicarboxyacetone (DCA). This first redox step is deemed as the
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nanoparticles using DC?™ as a reducing agent directly applicable to other precious metals.

rate-determining step.'> Consecutively, the disproportionation
reaction (R2) (Scheme 1) takes place where metallic gold and
trivalent gold are produced. In the original paper by Gammons
et al. investigating the disproportionation reaction,'® the reac-
tion was conducted in the absence of any reducing agent and
stabilizer. It is thus expected that in the presence of reducing
agents, such as sodium citrate and DC>~ present in the con-
ventional Turkevich protocol, a competitive parallel reduction
of Au” to metallic gold might take place, however, to the best
of our knowledge, this parallel reduction reaction has not been
investigated.

Much research has been done to unravel the mechanism of
Turkevich protocol and optimize its synthesis conditions in
order to obtain monodispersed Au NPs with controllable
sizes B0 1371517719 The godium citrate : HAuCl, molar ratio has
shown to have a great effect on the particle size,>® while the
temperature does not play a considerable role from 50 °C to
100 °C.”" Increasing the sodium citrate : HAuCl, molar ratio
leads to smaller Au NPs due to higher nucleation rate and con-
sequently higher concentration of generated nuclei.>*>* The
pH value of the reaction medium has also been shown to have
an effect on both the particle size and kinetics,'®'*718:2%26
This pH effect is related to the hydrolysis of the citrate and
chloroauric species,'* as HCit*~ was found to be the strongest
reducing species whose concentration is maximised at pH
5.6.'"17182% gimilarly, AuCl,~ is the most reactive gold precur-
sor compared with its hydrolysed species at high pH values,
AuCl;(OH)~, AuCl,(OH),”, AuCl(OH);~ and Au(OH),”. As a
result, the reaction, especially the nucleation stage, is much

This journal is © The Royal Society of Chemistry 2020
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Scheme 1 The accepted mechanism for Turkevich protocol, consisting of the initial redox reaction (R1) and the disproportionation reaction (R2).

faster at pH values between ~3.7-6.5, compared with pH of
~6.5-7.7."7 The Au NPs size consequently decreases from
22 nm to 11 nm when pH increases from 3.0 to 5.4, then
increases to 28 nm when pH further increases from 5.4 to 7.5.
The pH has also a dominating effect on the polydispersity of
the Au NPs, being around 10% at pH values between 5.4 and
6.8, increasing to ~20% when pH is below 4.5 or higher than
7.5.'® The optimization of the reaction (1) by adjusting the pH
range of chloroauric acid solution to 3-3.6, and the pH of the
mixed solution between 5.4-6.0, at boiling temperature,
enabled the synthesis of the smallest Au particles using the
conventional Turkevich method to date (11.0 + 0.4 nm)."®*”

The order of addition of chloroauric acid and sodium
citrate during the synthesis has a great effect on the particle
size distribution.'™*® In the standard Turkevich method, a
concentrated sodium citrate solution is added to a diluted
HAuCl, solution. However, in the so-called reversed Turkevich
method, where the concentrated acidic HAuCl, solution is
injected to a diluted sodium citrate solution, localised low pH
values promote AuCl,~ species which contributes to the gene-
ration of more seeds and leads to smaller average particle
sizes.""

Despite the numerous mechanistic studies of the Turkevich
method, most of the researchers have focused on the optimi-
sation of the first Au®* to Au’ reduction step (R1).>%*°
However, some authors, including Turkevich, identified the
potential role of the intermediate product DC>~ as a reducing
agent.® Doyen et al. confirmed the formation of DCA (at 75 °C)
and its derived products acetoacetic acid, acetic acid and
acetone by NMR.>" The substitution of 10% sodium citrate by
DCA was found to accelerate the reaction and decrease the size
and Au NPs in the standard Turkevich protocol. It was postu-
lated that DCA forms a multidentate complex with Au® which
favors the disproportionation reaction, associated to the
smaller Au NPs with narrower size distribution obtained in the
reversed Turkevich method.*®

The morphology of the gold nanoparticles can be controlled
by the external addition of chemicals, for example, the pres-
ence of -tyrosine leads to the formation of gold nanoflowers.*?
Gold nanowires, which self-assemble to gold foams, can be
obtained by halting the Turkevich reaction or controlling low
sodium citrate concentration.**”** Similarly, the addition of
trace amounts of tannic acid in the presence of poly-vinyl-pyr-
rolidone (PVP) can lead to sub-10 nm particles.>**’

This journal is © The Royal Society of Chemistry 2020

This paper presents a systematic study to shed light upon
the mechanism of Turkevich for the synthesis of Au NPs by
revealing the actual role of DC>~ intermediate as a reducing
agent and confirming the reduction of Au’ over the previously
believed disproportionation reaction. This new knowledge
enables the design of the synthetic Turkevich conditions to
tune the gold particle size while obtaining narrow size
dispersions.

2. Experimental procedures

Materials

Gold(r) chloride AuCl (99.9% trace metal basis), DCA (technical
grade), sodium citrate dehydrate (>99%), chloroauric acid
(99.99% trace metal basis, 30 wt%), citric acid monohydrate
(>99%) and bovine serum albumin (BSA) are purchased from
Sigma Aldrich. Sodium hydroxide (0.1 M) is purchased from
Fisher Chemical. All chemicals are used without further purifi-
cations. 18.2 MQ cm pure water is from the MilliQ ultra-purifi-
cation system.

Synthesis of Au NPs

The synthesis of Au NPs is carried out following the reversed
Turkevich protocol in a 100 mL glass round-bottom flask
reactor equipped with a glass condenser. The water bath
temperature is controlled by an ETS-D5, IKA hotplate. In a
typical Turkevich synthesis, 48.0 mL of water are pre-heated
to 80 °C in a stirred round-bottom flask where a thermo-
meter is introduced. Once the temperature is stable, 672 pL
0.125 M sodium citrate solution and 328 pL 0.125 M citric
acid solution are added to the reaction vessel. The reaction
starts when 1.0 mL 0.0125 M HAuCl, solution is added to
reaction medium. In the reduction of HAuCl, by DC>™ at
80 °C, 46.0 mL of water are pre-heated in a stirred round
bottom flask, once the temperature is stable, 2.5 mL 0.1 M
NaOH are added to adjust the pH at 4.8 (for comparison pur-
poses with other experiments). 1 mL 0.0125 M HAuCl, is
added to start the reaction about 3 seconds after the
addition of 0.5 mL 0.25 M DCA. 1.5 mL samples are collected
periodically (every one minute), cooled down in an ice water
bath to quench the reaction and analyzed by UV-vis spec-
troscopy. The reaction is considered completed when the UV-
vis spectrum does not change with time. High reproducible
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results are obtained in all cases, confirmed by doing the
experiments in duplicates and comparing their respective
final UV-vis spectra.

Characterization

The UV-vis spectrum of the Au NP colloidal suspensions is
measured using an Agilent Cary-60 UV-Vis spectrophotometer.
PH is measured using a HI98100 Checker Hanna pH indicator,
with an accuracy of 0.2. Transmission electron microscopy
(TEM) images are obtained using a FEI Tecnai 20 equipment.
Image] software is used to analyze the area-equivalent dia-
meter of more than 200 particles. TEM samples are prepared
according to Michen et al’s protocol,®® which adopts BSA to
prevent post-synthesis agglomeration. 1 mL of colloidal solu-
tion is mixed with 1.0 mL 0.3 mg mL™" BSA solution before
kept at 5 °C for 2 h. Then, 5 pL mixed sample is drop on a
400 mesh carbon coated copper TEM grid and left to dry at
room temperature. Scanning electron microscopy is carried
out using a FEI Philips XL30 sFEG equipped with energy dis-
persive X-ray microscopy (EDS). X-ray photoelectron spec-
troscopy (XPS) is used to analyse the oxidation state of gold
precursor using a Thermo Fischer Escalab 250 Xi with Al K
alpha as source with 1486.68 eV energy and 50 €V pass energy.
Dwell time is set as 50 ms and step size is 0.1 eV. X-ray spot
size is 200 micrometres. The binding energy scale is calibrated
by setting the Au,y,, binding energy to 84.0 ev.>>*® XpS
samples are prepared dropping 5 pL of the Au NP colloidal
solution into a silicon sample wafer, dried in a vacuum tank
and then stored under argon atmosphere before characteriz-
ation. Electrochemical experiments are performed to measure
the oxidation potentials of sodium citate and DC>~ utilising a
standard three-electrode setup connected to a potentiostat
(VSP, Bio-Logic). A glassy carbon rod (Alfa Aesar, 2 mm dia-
meter) is utilised as working electrode, with an exposed geo-
metric surface area of 0.0314 cm” Pt wire (Alfa Aesar,
>99.997% purity, 0.5 mm diameter) is utilised as counter elec-
trode, Hg/HgSO, (SI Analytics) is utilised as reference elec-
trode. Prior to each experiment, glassy carbon and Pt electro-
des are thoroughly rinsed in sequence with isopropanol and
ultrapure water. All cyclic voltammetry experiments are per-
formed at a scan speed of 10 mV s™".
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3. Results and discussion

To understand the mechanism of the Turkevich method for
the synthesis of Au NPs, a first series of reactions at 25 and
80 °C is carried out following the reversed Turkevich method
to investigate the actual role of citrate and its in situ formed
oxidation form, dycarboxyacetone (DCA). Choloroauric acid
(HAuCl,) is used as gold precursor. The Au:reducing agent
molar ratio is kept constant at 1:10 at an initial pH 4.8-4.9
adjusted by addition of sodium citrate and citric acid mixtures
or by addition of NaOH (Table 1).

Although the Au NPs synthesis is very slow at room temp-
erature using citrate as reducing agent (A), with negligible for-
mation of Au NPs after 20-25 min, changes in absorbance in
the UV-region are observed (Fig. S1}), which are believed to be
related to the fast substitution of one of the chloride ions by
citrate in the Au environment as previously suggested by
Ojea-Jiménez et al.'* Increasing the reaction time to 24 h leads
to the slow formation of Au NPs (26.0 + 6.3 nm). On the other
hand, the faster nucleation at 80 °C (B) leads to smaller Au
NPs (15.2 + 4.2 nm). It is important to note that the UV-vis
spectra of the particles synthesized at room temperature show
a significant absorbance at ~700 nm (Fig. S1f), previously
associated to near-surface nucleation events during particle
growth®" a phenomena probably responsible of the irregular
Au NPs shape in Fig. 3a (see below) and not visible during the
synthesis at 80 °C. It is likely that autocatalysed secondary
nucleation on the surface of existing gold surface dominates
the process under slow reduction conditions at room tempera-
ture."* This effect of temperature on size is associated to the
kinetics of reduction of the gold precursor from Au®** — Au” —
Au® and consequently the generation of nuclei and/or seeds. A
number of synthesis mechanisms have been reported to date
from the original LaMer’s nucleation theory®* to the more
comprehensive seed-mediated growth mechanism.'®*>* In
both cases, when colloidal stability is guaranteed, the resulting
size of the particles is directly related to kinetics of the
reduction stage which determines not only the concentration
of nuclei/seeds where growth take place, but also the amount
of remaining precursor. Thus, faster reduction of the gold pre-
cursor at higher temperatures leads to a higher rate of nuclei/

Table 1 Summary of reaction conditions for the investigation of the role of citrate and DCA in the synthesis of Au NPs

[HAuCL)  [AuCl)/ [DCA)/  [Sodium citrate]/ [Citric acid]/ [NaOH]/  PVP/ Initial ~ Final  Diameter?/

No mM mM mM mM mM mM mM T/°C pH* pH nm

A 0.25 — — 1.68 0.82 — — 25 4.9 5.0 26.0 +6.3
B 0.25 — — 1.68 0.82 — — 80 4.9 4.9 15.2+4.2
C 0.25 — 2.5 — — 5 — 25 4.9 7.8 21.1+69
D 0.25 — 2.5 — — 5 — 80 4.9 7.5 10.7+1.4
E 0.25 — 2.5 2.5 — 1.62 — 25 4.8 6.0 23.0+5.6
F 0.25 — 2.5 2.5 — 1.62 — 80 4.8 6.7 13.9+3.0
G — 0.25 — — — 0.01 5 80 4.8 3.9 11.9+4.2
H — 0.25 — 1.35 1.15 — — 80 4.8 4.9 14.8 +4.3
I — 0.25 2.5 — — 4 — 25 4.8 7.0 9.8+3.2
J — 0.25 2.5 — — 4 — 80 4.8 7.8 6.8 +1.5

“The initial pH was always measured at 25 °C for comparison purposes. ” Measured by TEM.
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seeds formation and a smaller particle size in agreement with
our observations. In addition, the resulting dispersity of the
particles will depend on the degree of separation between the
nucleation/seed formation and growth stages.**

Reduction of gold precursor by citrate leads to its oxidation
and thus the formation of DC*". Although the concentration
of the latter is normally comparatively small to that of citrate
ions during the conventional Turkevich method, for compari-
son purposes, gold nanoparticles are also synthesized by using
directly DC*™ as reducing agent rather than sodium citrate (C-
D, note that initial pH has been kept constant by adding
NaOH into the reaction medium). In this case, the formation
of Au NPs can take place even at room temperature (e.g. 25 °C)
while increasing the temperature to 80 °C leads to faster kine-
tics (as expected). Due to the faster nucleation at 80 °C con-
siderably smaller particles (10.7 + 1.4 nm) are obtained com-
pared with 25 °C (21.1 + 6.9 nm).'®?°

Fig. 1 shows the time-evolution of the formation of Au NPs
using the absorption data. At 25 °C, while the reduction of
gold is considerably quicker during the first ~30 min of reac-
tion when DC>” is used as reducing agent compared with
citrate, the kinetics of the reduction greatly slows down after
this time. Indeed, it requires ~20 days to achieve full conver-
sion. On the other hand, full reduction of the gold precursor is
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achieved in ~24 h in the presence of citrate despite the slower
initial kinetics. The decrease of reaction kinetics using DC*~
as the reducing agent is likely to its adsorption on the surface
of the formed Au NPs, resulting in a decrease of its concen-
tration in the solution." In addition, changes in pH (~0.1) in
the first ~30 min could also affect the hydrolysis of the gold
precursor from AuCl,” at pH of 4.9 to AuCl3(OH)~, which is
less reactive.”® Indeed, after 20 days, pH increases from the
initial value of 4.9 to 7.8 when DC>” is used as the reducing
agent, a rise caused by the hydroxide ions resulting from the
decomposition of DC>7, as shown in reaction (3), Scheme 2."?
In contrast, sodium citrate acts as a buffer keeping the pH con-
stant during the reaction. In any case, since the initial seed
particle formation is faster when DC*” is used as the reducing
agent, the resulting Au NPs are smaller, 21.1 + 6.9 nm, com-
pared with 26.0 + 6.3 nm when sodium citrate is the reducing
agent.

The differences in the kinetics of the reduction are also
observed at 80 °C, however, in this case, full conversion of the
Au NPs is observed in both cases within ~15 min (Fig. 1b).
Similarly than before, when DC>” is used as reducing agent,
smaller and more monodispersed Au NPs (10.7 + 1.4 nm,
+13%, Fig. 3d) are obtained compared with sodium citrate
(15.2 + 4.2 nm, +28%, Fig. 3b). Both colloidal stability and
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Fig. 1 Comparison of the rate of formation of gold nanoparticles (represented by the relative height of the absorption peak) using sodium citrate or
DC?" as a reducing agent at a. 25 °C and b. 80 °C. Conditions: [HAUCL,]: 0.25 mM, pH: 4.8-4.9, reducing agent: [sodium citratel: 2.5 mM, [DC?7]:
2.5 mM; or [sodium citrate] 2.5 mM + [DC27] 2.5 mM, as in experiments A—F (Table 1).

O O O
2H,0 + 'OWO'
DC?

Scheme 2 Decomposition of DC?~. 13
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Fig. 2 Current vs. voltage response for sodium citrate ([sodium citrate]:
1.35 mM, [citric acid]: 1.15 mM), DC?~ (IDCA]: 2.5 mM, [NaOHI: 4 mM),
and diluted HCl solution. Conditions: 25 °C, pH 4.9.

chemistry of reduction should be taken into consideration to
explain the difference.>® As mentioned above, DC>~ promotes
a faster reduction kinetics of the gold precursor leading to a
higher concentration of initial seeds. In addition, DC*>~ has a
stronger stabilization effect compared with citrate according to
Grasseschi et al.,'> which may stabilize smaller stable seeds
compared with citrate, leading to more seeds even when the
same amount of gold precursor is initially reduced.'®**> Both
factors simultaneously lead to a higher concentration of seeds
and thus, they lead to smaller Au NPs for the same precursor
concentration.

These results agree with the measured oxidation potential
of the two reducing agents as shown in Fig. 2, where it is
shown that DC?>” is a stronger reducing agent with an oxi-
dation potential of 0.50 V, compared to sodium citrate at 0.97
V at the studied conditions.

The reason of the higher monodispersity of the Au NPs
formed using DC>~ as reducing agent at 80 °C is threefold -
firstly, DC>~ serves as the stabilizer for Au NPs. Although DC*~
is not stable in the aqueous solution, its enol form coordinates
with Au NPs forming a complex and consequently stabilising
DCA versus its decomposition."” On the other hand, the enol-
Au NPs complex is negatively charged, stabilising the particles
electrostatically. Secondly, a fast nucleation takes place due to
the high reducing potential of DC>  as discussed above,
leading to the formation of seeds to which the remaining DC*~
coordinates.” Both aspects consequently lead to a lower con-
centration of DC>~ in the solution, decreasing the reduction
kinetics and thus the formation of new nuclei. Thirdly, an
increase in pH due to DC> decomposition (as discussed
above) leads to the hydrolysis of the remaining gold precursor
to less reactive forms. These new conditions reduce the seed
formation rate to a minimum, separating the seed formation
and their growth stages.'®**

2744 | Nanoscale, 2020, 12, 2740-275]
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Fig. 3 Representative TEM images and particle size distribution of Au
NPs synthesised using chloroauric acid as the precursor a. [sodium
citrate] 2.5 mM at 25 °C, b. [sodium citrate] 2.5 mM at 80 °C, c. [DC?]
2.5 mM at 25 °C, d. [DC?7] 2.5 mM at 80 °C, e. [sodium citrate] 2.5 mM
and [DC?7] 2.5 mM at 80 °C. Conditions: [HAUCl,l: 0.25 mM, pH:
4.8-4.9, samples are taken after reaction completion.
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Both Au NPs stabilized by DC*>~ and citrate are stable for at gold atoms, e.g. 4-mercaptopyridine, which enables the con-
least 5 month as confirmed by UV-vis analysis. Grasseschi venient post-synthesis functionalization of Au NPs.
et al."* have previously demonstrated that DC>~ have a stronger It is important to note that this high monodispersity of Au
interaction with the Au surface than citrate ions however, both  NPs achieved with DC>~ as reducing agent is only feasible
can be easily replaced by molecules with stronger affinity to  at pH values >~4.8 when the DCA fully deprotonates into DC>~
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Fig. 4 Comparison of the rate of formation of gold nanoparticles (shown by the relative height of the absorption peak) (a) using different gold pre-
cursors and reducing agents at 80 °C. Conditions: [HAUCl,]: 0.25 mM, [AuCl]: 0.25 mM, [sodium citrate]: 2.5 mM, [DC?7]: 2.5 mM, pH: 4.8-4.9.
Original data are shown in Fig. $3.7 (b) By the reduction or the disproportionation reaction of AuCl with DC2~ or sodium citrate as a reducing agent
(same with (a)), or PVP as stabilizer in the absence of sodium citrate and DC?~. Conditions: [AuCl]: 0.25 mM, [PVP monomerl: 5 mM, pH: 4.8, 80 °C.
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Fig. 5 Representative TEM images and particle size distribution of Au NPs synthesised using AuCl as the precursor a. in the absence of reducing
agent using PVP as stabilizer, b. sodium citrate and c. DC?~. Conditions: [AuCl]: 0.25 mM, [reducing agent]: 2.5 mM (when applicable), 80 °C pH: 4.8,
time: 15-180 min.
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Fig. 6 XPS of a. [HAUCl,l: 0.25 mM, [DCZ7]: 2.5 mM, sampling time: 5 min; b. [AuCll: 0.25 mM, [DC?7]: 2.5 mM, sampling time: 15 min. Conditions:

pH: 4.8, 25 °C.

Table 2 Summary of reaction conditions for the investigation of the Au* reduction step in the Turkevich method

[AuCl]/ [DCA]/ [Sodium citrate]/ [Citric acid]/ [NaOH]/ Initial Final Diameter/
No mM mM mM mM mM T/°C pH pH nm
K 0.25 5 7.62 80 4.4 9.2 6.6 £2.1
L 0.25 5 5 80 4.4 6.5 6.9+1.9
M 0.25 2.5 3.68 1.32 80 4.4 5.2 7.2+1.6
N 0.25 0.25 2.53 2.47 80 4.4 4.4 10.8 + 2.5
O 0.25 5 5 80 2.5 2.8 21.4+3.4
P 0.25 5 3.21 1.79 80 3.6 5.1 12.6 +3.4
Q 0.25 5 5 7.72 6.2 7.6 52+1.7
R 0.25 5 5 10 80 9.0 8.6 6.8 +£2.5
S 0.25 5 5 10.1 80 9.9 9.0 7.8+1.8

species. Indeed, in contrast to our observations, Wuithschick
et al. concluded that the reduction of chloroauric acid with
DCA results on the quick formation of polydispersed and non-
reproducible Au NPs,”*> while this experiment is done three
times to confirm the reproducibility as shown in Fig. S4.1 The
differences are related to the pH conditions. In their case, pH
values <4.8, lead to the protonated form of DCA, which is
known to have a low reducing and stabilisation power.'"?®
Similarly, Ojea-Jiménez et al. reported that no Au NPs for-
mation is observed at pH 3.7 and 100 °C due to the low reactiv-
ity of the protonated form of DCA.”® In addition, it is likely
that high temperatures (e.g. boiling conditions) of these two
studies lead to the fast decomposition of DCA.

In the presence of both reducing agents, citrate and DC>”,
at 80 °C, the seed particle formation rate is faster in compari-
son with citrate-only but slower than with DC>-only (Fig. 1b).
This is reflected on the resulting Au NPs size with sizes of 10.7
+ 1.4 nm, 15.2 + 4.2 and 13.9 + 3.0 nm obtained with only-
DC?”, only-citrate and a DC> -citrate mixture (keeping the
individual concentration constant) respectively. A possible
explanation is the competitive substitution of chloride ligands
in the gold precursor by both DC*~ and citrate, which follows
the substitution of chloride ligands in the gold precursor by
hydroxycarboxylates proposed by Ojea-Jimenez et al. which was
later extended to a range of a-hydroxycarboxylate ions with car-
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boxyl and hydroxyl groups by Bartosewicz et a
According to Grasseschi et al.,"> DC>” can isomerize to form a
carbon-carbon double bond and a hydroxyl group (enol form)
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Fig. 7 Comparison of the rate of formation of gold nanoparticles
(shown by the height of the absorption peak) by varying the
[DC?7]: [AuCl] molar ratio at 80 °C. Conditions: [AuCll: 0.25 mM,
[citrate]: 5 mM, pH: 4.4, 80 °C.
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which would be expected to have a similar ligand exchange
capability although further mechanistic studies would be
needed to verify this. Similar results are obtained at 25 °C; the
nucleation rate is faster when only DC> is used as reducing
agent, while the combination of citrate and DC>" gives a faster
nucleation than citrate only (Fig. 1a).

According to the accepted mechanism of the Turkevich
method, the second reduction step (Au™ to Au®) and conse-
quently the formation of NPs takes place through the dispro-

View Article Online
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portionation reaction (reaction (2)). To investigate the role of
the reducing agents and specially the DC>~ formed as an inter-
mediate species in this second reduction step, a similar series
of reactions is carried out but in this case, intermediate Au*
species (AuCl) is used as gold precursor rather than Au®
present in chloroauric acid (HAuCl,).

Both citrate and DC>™ are capable of reducing AuCl to form
Au NPs at 80 °C. When AuCl is the gold precursor, DC>~ shows
a faster a nucleation kinetics, (Fig. 4a), and thus, smaller Au
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Fig. 8 Representative TEM images and particle size distribution of Au NPs synthesised using AuCl as precursor with a DC?~: Au molar ratio of a.
20:1, b.10:1and c. 1:1. Conditions: [AuCl]: 0.25 mM, [citrate]: 5 mM, pH: 4.4, 80 °C, time: 7 min—11 min.
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Fig. 9 Effect of pH on a. Au NP sizes (the error bars represent the standard deviation) and b. rate of formation. Conditions: [AuCl]: 0.25 mM, [DC?7]:

5 mM, [citrate]: 5 mM, 80 °C, time: 7 min—13 min.
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NPs (6.8 + 1.5 nm, Fig. 5¢), compared with sodium citrate (14.8
+ 4.3 nm, Fig. 5b), at the same pH.

Similar results to the ones above are obtained when HAuCl,
is used as gold precursor. Indeed, same kinetics and similar
Au NPs size distribution are observed when starting with
HAuCl, (15.2 + 4.2 nm) or AuCl (14.8 + 4.3 nm) using sodium
citrate as reducing agent (Fig. 4a). Considering that the
reduction of gold precursor consists of two reduction steps in
series Au®" — Au' — Au® as demonstrated above, the similar
rate of reaction shown in Fig. 4a indicate that under these con-
ditions and at 80 °C, the Au’ reduction is considerably slower
than the Au®" reduction to Au* and the dissolution of AuCL."

The solubility of AuCl in water is very low, however, DC>~
facilitates its dissolution by coordination,'**> which conse-
quently facilitates its reduction to Au® and the formation of Au
NPs. DC> drives the reduction of Au™, so indirectly further dis-
solves the AuCl.

As mentioned above, DC*” is not stable at high tempera-
tures and it decomposes quickly at 80 °C (according to
thermal stability studies followed by the characteristic absorp-
tion peak of DCA at 240 nm, Fig. S21). However, as shown in
Fig. 4, the reduction of AuCl is quicker than the decompo-
sition of DC?”, successfully leading to the formation of Au
NPs. In addition, as discussed before, the coordination of
DC”” to Au NPs enhances its stability."

Despite the low solubility of AuCl, a disproportionation reac-
tion starting with Au" is carried out (i.e. in the absence of DC*~
and citrate) at 80 °C and pH value of 4.8, using PVP as the
stabilizer for Au NPs.>’ Au NPs with average sizes of 11.9 +
4.2 nm are synthesized, as shown in Fig. 5a after 150 min. It is
important to note that the overall kinetics of the disproportiona-
tion reaction and the potential reduction of AuCl by PVP (with a
weak reduction potential*®) are considerably slower than the
reduction of AuCl by both sodium citrate and DC>~ (Fig. 4b).
These results suggest that in the presence of a reducing agent
(sodium citrate or DC*7), the formation of the Au NPs consists
of two reduction steps (Au** — Au” — Au’), the second one com-
peting over the much slower disproportionation reaction.

Indeed, our XPS results (Fig. 6) confirm that the extent of
the disproportionation reaction in the presence of DC>™ is
almost negligible. When HAuCl, is reduced by DC>~, Au®**, Au®
and Au® are all detected (Fig. 6a). This is consistent with the
XPS results of the reduction of HAuCl, by sodium citrate.*
However, when AuCl is reduced by DC>~ (Fig. 6b), only Au®
and Au® species are present, confirming the direct reduction of
Au” to Au’, with the disproportionation reaction negligible (i.e.
absence of Au®").

Once demonstrated that the second reduction step in the
Turkevich method is dominated by the reduction of the Au" by
the reducing agent, further understanding of this step is
needed to find out the relationship between reaction con-
ditions and particle size and distribution.

During the conventional Turkevich method, the second
reduction step takes place in the presence of both, citrate
(present as reactant) and DC>~ (present as intermediate
product in the first reduction step, reaction (1)). Thus, a new
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Fig. 10 Representative TEM images and particle size distribution of Au
NPs synthesised using AuCl as precursor at pH of a. 2.5, b. 3.6, c. 4.4, d.
6.2, e. 9.0 and f. 9.9. Conditions: [AuCll: 0.25 mM, [DC?>]: 5 mM,
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series of reactions is designed (Table 2) to investigate the sim-
ultaneous role of both reducing agents.

Before that, it is important to compare the results obtained
with only DC*~ (5 mM) as reducing agent and a mixture of
DC*>” and citrate (5 mM each) (experiments K and L in
Table 2). In both cases, similar Au NPs size and distribution
are achieved (6.6 = 2.1 nm and 6.9 + 1.9 nm, respectively)
which indicates that the presence of DC>” controls the seed
particle formation reaction and the stabilisation of the nano-
particles. On the other hand, the presence of sodium citrate
has a buffer effect which reduces pH variation during the dur-
ation of the reaction.

By keeping constant the concentration of citrate (5 mM)
and the pH (4.4), the effect of the [DC>]:[AuCl] molar ratio
on particle size and distribution is investigated. Fig. 7 shows
that the rate of gold nanoparticle formation increases rapidly
as the [DC*7]:[AuCl] molar ratio increases from 1:1 to 20:1
which simultaneously leads to a smaller size (from 10.8 to
6.9 nm, Fig. 8). These observations indicate that DC>~ plays a
key role in the nucleation stage as it is known that the quicker
the nucleation rate, the higher concentration of nuclei is
formed, leading to smaller particle sizes.'®>®

The effect of the pH during the reduction of AuCl on the size
of the Au NPs is also investigated by keeping constant the con-
centration of DC>~ (5 mM) and varying the ratio of sodium
citrate and citric acid, keeping the overall concentration of
citrate as 5 mM. NaOH is added to achieve high pH values.
Increasing the pH leads to a higher rate of reaction measured
by an increase of the absorbance peak associated to the Au NPs
as shown in Fig. 9b and a decrease of particle size at values of
PH below 4.4. At higher pH values, both the rate of formation of
Au NPs and the size (~6.8 nm) are very similar (Fig. 10). It is
important to note that the concentration of gold in the solution
is very similar within the whole pH range as confirmed by the
absorption of the initial solutions at 400 nm.>>*”

These observations demonstrate again the dominating role
of DCA over citrate on the second reduction step of Au" during
the Turkevich method. Indeed, both citrate and DCA species
are known to protonate/deprotonate in aqueous solutions as
shown in reactions (4) and (5) (Scheme 3) as a function of pH

O OH O O OH O
+ HY + HY
0 o y O OH s H
o) - o o
Citrate (Cit®) HCit?

0O O O + HY

0O O O
AN T AR T o N,

DC? HDC"

Scheme 3 The dissociation of citrate and DCA.
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Fig. 11 Relative concentration of the different dissociation species of
sodium citrate and DCA as a function of pH. HzCit, H,Cit™, HCit>~ and
Cit>~ represent different forms of citrate. DCA, HDC™ and DC?" rep-
resent different forms of dicarboxyacetone (according to reactions (3)
and (4). The pK, values for citrate hydrolysis are 3.1, 4.76, 6.4, respect-
ively; the pK, values for dicarboxyacetone are 2.74 and 3.72 respectively.

as shown in Fig. 11. Increasing the pH from 2.5 to 5.5 leads to
the complete deprotonation of DCA into DC>™ species, which
is believed to be the strongest reducing agent. In accordance,
further increase in pH does not lead to any further reduction
of particle size nor enhancement of the rate of Au NPs for-
mation (Fig. 9b).

These results are in agreement with the literature where
optimum pH values between 5.4 and 6.0 (ref. 18) are demon-
strated to maximize the molar fraction of HCit>~ in the solu-
tion. However, this work also demonstrates that this pH range
maximizes both, the HCit>~ and the DC>", both having a criti-
cal role in controlling the nucleation step, but the latter having
a higher reduction potential as previous shown.

Finally, when AuCl is used as a gold precursor, a black pre-
cipitation is always observed, formed from the beginning of
the reaction. SEM-EDX indicates it consists of mainly gold

O OH O O OH O

+ H*
(o) OH T HO OH (R4)
o o O OH

H,Cit Citric acid (H;Cit)

0O O O

+ H*
H (RS)

Dicarboxyacetone (DCA)
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with a minimum (~0.5%) of Cl. Such precipitates are not
observed when HAuCl, is used as precursor suggesting that
due to the low solubility of AuCl, its solid form serves as
nucleation points during the reduction process, leading to
such precipitation.

4. Conclusions

This study challenges the traditional Turkevich mechanism for
the synthesis of gold nanoparticles using citrate as reducing
agent demonstrating that it consists of two consecutive
reduction steps rather than a reduction followed by the dispro-
portionation reaction as commonly believed in the literature.
DC?, formed as intermediate product through the oxidation
of citrate, plays a key role in the synthesis as it has a consider-
ably higher reduction potential than citrate and enables the
electrostatic stabilization of the Au nanoparticles through
coordination of its enol form. As a consequence, high nuclea-
tion rates can be achieved in the presence of DC>~ leading to
monodispersed particles. Directly related, while previous
research considered the first reduction (Au®>* — Au®) as the
rate-determining step to control the size of Au nanoparticles,
in this paper, the second reduction reaction (Au™ — Au’) is
inferred as the rate-limiting step. In this way, the size of Au
NPs can be tuned from 5.2 + 1.7 nm to 21.4 + 3.4 nm by
tuning the conditions of the second reduction step.
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