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S1 Electrochemical Equations

Table S1. Reduction reaction of Au* and oxidation reactions and corresponding standard electrochemical potentials of the
reducing agent (Ra) reductants used in bottom-up mechanochemical synthesis of Au nanoparticles.

Half-reaction E°(V vs.SHE)*
Aut +e” - Aul

Ely=+1830V (Eq.S1)
Sodium borohydride** — NaBH,
BH; + 3H,0 » B(OH); + 7H* + 8¢~ E,;=+0481V (Eq.S2)
Ascorbic Acid — C4HgOq
CeHgOg > CgHgOg + 2H* + 2e~ ES,;=-0077V (Eq.S3)
Hydroquinone — C¢Hg(OH),
CeHg(OH); = CeH,0, + 2H™ + 2e~ EY,,=-0699V (Eq.S4)
Sodium citrate — Na;C¢Hs0;

(Eq.S5)

CeHs03™ + 2H,0 » 3 CH,0 + 3 CO, + 3H™ + 6e~ ES,=—-1271V

*Potentials based on the standard hydrogen electrode

**in a neutral medium

According to Table S1, the overall balanced reactions, the cell potential (AEZ,;;), and
variation of free energy of the reaction (AG) can be calculated from equations Eq.S6
and S7, respectively. F is Faraday’s constant (96,485 C.mol?) and n is the number of

electrons transferred in the balanced equation (Eq.S8-S11).
AEgell = Eged + E(())xi (Eq-SG)

AG = —nFAE (Eq.S7)

Table S2. Overall balanced electrochemical reactions for Au* reduction with different reducing agents (Ra): NaBH,4, Ascorbic acid
(AA), Hydroguinone (HQ) and sodium citrate (Ctr) and the corresponding cell potential (AES,;;), number of transferred electrons

(n) and the Gibbs free energy for each reaction (AG).

Ra Overall reaction AES,,, V) m AG(kJ.mol™)

NaBH: 8Au® + BH; + 3 H,0 —» 8 Au® + B(OH)s + 7 H* (Eq.S8) +2311 8 -1783.8
AA 2 Aut + CeHgOg — 2 Au® + CeHgOg + 2 H* (Eq.89)  +1753 2 -338.3
HQ  2Au* + C4Hy(OH), — 2 AuC + CoH,0, + 2 H* (Eq.S10) +1.131 2 -218.2
Ctr  6Au* + CgHs03™ + 2 H,0 > 6 Au® + 3 CH,0 + CO, + 3H*  (Eq.S11) +0559 6 -3236




Table S3. Overall balanced electrochemical reactions per mol of Au* reduced.

Ra Reduced Overall reaction per mol of Au*

NaBHs  Au* + 1/gBH; +3/g H,0 > au® + 1/gB(OH); +7 /g H* (Eq.S12)
AA - aut + 1/, CoHgO > Au® + 1/, CoHg06 + H* (Eq.S13)
HQ  Au* + 1/, CeHy(OH), - Au® + 1/, CoH,0, + H* (Eq.S14)

Ctr Au* + 1/ CeHs03 +1/3 H,0 > Au® +1/5 CH,0 + 1/ CO, + 1/, HY  (Eq.S15)

S1.1 — General discussion of the trends of reaction rate and cell potential in

solution

Solution-phase bottom-up synthesis of metal particles is known to follow Marcus
Theory for electron transfer reactions.! It follows that electron transfer reactions in
solution follow rates that are proportional to the cell potentials of the red-ox (reductant
— precursor) pair.? This is exemplified for the reduction of Au"' — Au°, in which the
strong reduction power of NaBHas results in the fastest reduction kinetics® when
compared with other reducing agents such as hydroquinone* or ascorbic acid® in
certain conditions, for example.? It was recently demonstrated that the Au"' — Au°
reduction occurs in two stages, Au'' - Au' - Au®, with the second reduction being the
rate limiting step.® As such, although explicit measurement of the AuCl (Au') reduction
kinetics are not recorded in solution, it follows that they must be consistent with those
previously recorded for reduction of Au'"'. An identical trend correlating the red-ox
potential and reaction rates for the reduction of Au'" has been also identified for a series

of amine reducing agents.’



S2 Experimental Protocol

S2.1 Composition of the reactive mixtures

Table S4. Composition of mixtures used for mechanochemical synthesis of gold nanoparticles and their relative amounts.

Reducing Ra AuCl  AuCl: Ra AuCl:Ra  AuCl:Ra AuCl Ra
agent (Ra) (mg) (mg) IMR? EMR® mass ratio mass fraction® mass fraction®
NaBH4 2.0 48.6 1:1/8 1:1/4 24.25 0.323 0.013
Ascorbic acid 21.6 285 1:1/2 11 1.32 0.190 0.144
(AA)
Hydroquinone 16.1 34.0 1:1.2 11 2.11 0.227 0.107
(HQ)
Sodium citrate  15.0 35.2 1:1/3 2.34 0.235 0.100
(Ctr) 19.5 30.5 116 1:1/2 1.56 0.203 0.130
280 220 ' 1:1 0.79 0.147 0.187
36.0 14.1 1:2 0.39 0.094 0.240

agtoichiometric ratio, according to equations Eq S12-S15 (ESI), to reduce one mol of Au'. PMolar ratio used in
the experiments — in all cases the reducing agents were used in excess. Overall mass fraction including PVP
(100 mg) + AuCl + Ra.



S2.2 Powder X-ray diffraction (PXRD)

The reduction of AuCl into metallic Au was monitored by PXRD. Following each milling
reaction, PXRD patterns were acquired immediately, thereby limiting any effects of
aging on the resulting powder samples. PXRD profiles were collected using a Bruker
D8 Advance (Bruker AXS GmbH, Germany) diffractometer in Bragg-Brentano
geometry using Cu Ka (1 = 1.5406 A) with a Ni filter or in a D8 Discover (Bruker AXS
GmbH, Germany) diffractometer in transmission mode also with Cu Ka (1 = 1.5406 A);
For this last, Samples were placed into Lindemann glass capillaries (¢ = 0.5 mm) and
installed on a rotating sample holder to avoid any artifacts due to preferential
orientations of crystallites. Diffraction data were collected over a range of 15-80° 20
(step width 0.02° 26, count time 1 s/step, total collection time 55 min). The effect of
aging on the observed composition was found to be negligible, and within the expected
experimental errors of our analytical methods. Figure S1 displays two PXRD profiles
collected in immediate succession for the same powder sample. After 55 min (i.e. the
collection time) the Au® content changes by only ca 4% (from 0.43 to 0.47).
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Figure S1. PXRD patterns of the mechanochemical synthesis of AuNPs from the reduction of AuCl by NaBH4. These are
subsequent acquisitions to verify aging effects, which was negligible (ca 4% in the Au® content)



Figure S2 displays the collected XRD patterns for each reducing agent as function of

milling time.
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Figure S2. PXRD patterns as function of milling time for Au NP BUMS from the reduction of AuCl by different reducing agents.
Simulated Au® and AuCl patterns are displayed for comparison. Scattering angles correspond to A = 1.5406 A.

S2.3 Rietveld refinement

Quantitative Rietveld refinements were performed using the FullProf Suite v3.0.0.8 To
account for the influence of the instrument-related peak broadening a LaBs standard
was measured and treated by full pattern Rietveld refinement. The profile parameters
obtained in this way were used to create an instrument resolution function which was
considered in each refinement. As starting models for the refinement, gold (ICSD
44362) and gold(l) chloride (ICSD 6052) were applied. A clear bimodal distribution of
particle sizes was evident in the powder diffraction profiles as evidenced from the
obvious superposition of two dominant reflection line widths, Figure S3. To address
the bimodal size distribution, refinements were performed by including each phase
twice: one modeled with a small domain size (and hence large peak width), and the
second with a large domain size (and correspondingly small peak width). Figure S4
displays the volume fraction of each phase for the case when NaBH4 was used as

reducing agent.
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Figure S3. Rietveld refinements for powder diffraction monitoring of AuCl reduction using NaBH, as reducing agent. The
experimental data (black) are shown in each case alongside the fit (red) and difference curves (blue). Tick marks for Bragg
reflections corresponding to each phase are shown. Note ‘Au’ / ‘AuCl’ correspond to the large domain size Au phase and ‘Au NP’
/ ‘AuCl NP’ to the small domain size phase (see S2.3 text for discussion). Scattering angles correspond to A = 1.5406 A.



100

1 m AuCl
90 e AU°-total ®
] Au® - fce
go M °©
.ii o Au?-fcc nano
E,‘P\ 70 + i @
.5 60 - L ¢ o]
B ] ¢
S s50f 2
0
=] B * o 9
S sf ¢ ,° % o
20-!§ o o
_5 o ©
10P8s © © L
P
0 T T T T T T T

. — . . . . . ——
0 50 100 150 200 250 300 350 400 450 500
Milling time / min

Figure S4. AuCl and AU’ phase quantification from Rietveld refinement as function of milling time for the bottom-up
mechanochemical synthesis of Au NPs using NaBH, as reducing agent.
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S2.4 Integrated peak intensity and calibration

The quality of the data was not always suitable for quantitative Rietveld refinement.
Therefore, to facilitate determination of the transformation trends, we correlated the
Rietveld quantification of total Au® in the NaBHa4 run (Figure S4) to the ratio of the

integrated peak intensities of the main peaks of AuCl (/(o11)auci) and Au® (I (111)au0 OF
I 200)4w°) Phases. To obtain values of I the powder diffraction profiles were

processed in the HighScorePlus suite (3.0e).° The background was fit to a routine
polynomial function and subtracted, followed by peak fitting and integration. Figure S5
shows the correlation curves generated from the Rietveld refinements (S2.3 and
Figure S4) against two dominant Bragg reflection intensities from Au®. These
calibration curves were used subsequently to estimate the Au® fraction from the ratios
of Au/AuCl integrated peak intensities for the runs where hydroquinone, ascorbic acid
and sodium citrate were employed as reductants. In Figure S6, we can see that both

AuC integrate peak intensities yield the same trend of transformation.
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S2.5 Experimental data fitting

Considering the complexity to determine the elementary steps of ball milling reactions,
it is more appropriate to discuss the rate of the transformation in terms of an overall
(apparent) rate constant k’. Such that the overall macroscopic transformation (a) can

be described according to a general equation,

a=1-— e(—k'tn) Eq. S16

The form of Equation S16 can fit any profile containing an induction period, an
acceleration and a deceleration stage.'® In the case of Au NP BUMS, an offset (yo)
was included in the equation. This is because at the beginning of the reaction there
were already traces of Au® from the disproportionation of AuCl during storage (Figure

S7). Hence, the final form of Eq.S16 used in this work follows as

y =y, +[1— e(—k'tn)] Eq. S17
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Figure S7. PXRD pattern of AuCl dispersed in PVP (physical mixture). It is possible to detect traces of Au0, resulting from the
disproportionation of AuCI*! during storage. Simulated patterns of AuCl (COD 1510088) and Au (COD 1100138) are also included.
Scattering angles correspond to A = 1.5406 A.

The fittings for the experimental data to Eq.S17 are displayed in Figure S8 for each
reducing agent used for the AuCl reduction. When ascorbic acid (AA) or NaBH4 were
used as reducing agents we see a monotonic increase in Au NP formation. For these

two cases n (Equation S17) was refined near unity. When hydroquinone (HQ) or
13



sodium citrate (Ctr) were employed, the reaction followed a sigmoidal trend. Fitting with
k’and n as free parameters, n approached to 2 in all cases (Figure S8C-G). Therefore,
for a rationale comparison of the rate constants for the citrate concentration studies,
we fixed n=2. We do not attempt to extract meaningful mechanistic information from
these obviously different values of n in the different reducing agents in this work.
However, it does suggest that there may be important differences between the modes
of action of these reducing agents under BUMS conditions, and warrants follow up

investigation.
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S2.6 Particle size distribution

TEM was used for AUNPs imaging. Particle size was measured using ImageJ version
1.52a.*? For the particle size distribution histograms at least 200 particles were

counted.

25 - 20 —
A 10.8 + 5.0 nm B 1.9+ 3.9 nm
20

. }157 morN

215} g \

o )

o S 10 \

210F g /

[T Ll‘: / —‘

5 | 5¢

o JUIIIIITH | 1.

0 | |

° 5 10 18 20 25 0O 5 10 15 20 25

Diameter / nm Diameter / nm

6.6 +4.8 nm

C ,17.1489mm

20t
) 3
c c
0] o]
=} 3
T o
o o
L I

0 10 20 30 40 50 10 15 20
Diameter / nm Diameter / nm

Figure S9. Particle size distribution of AUNPs synthesized using (A) NaBH,, (B) Ascorbic acid (AA), (C) Hydroguinone (HQ) and
(D) Sodium Citrate (Ctr) (AuCl:Ctr molar ratio 1:1/3) as reducing agents.
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