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S1: Experimental Details

Plasma reduction of a HAuChnd AgNQ mixed solution was used to synthesize Au-
Ag alloy NPs (as described in Figure 1(b-c)). Aféit electrode (DJS-1¢$12%x120,
INESA Scientific Instrument Co. Ltd), which servadl an anode, was immersed in the
electrolyte and was positioned 2-3 cm away fromdathode which was a stainless-
steel capillary (175um inside diameter, 10 cm length, Unimicro Technaednc.)

with the opening 1-2 mm above the electrolyte suafa

The electrolyte was composed of silver nitrate,ocdduric acid and fructose (a
stabilizer that prevents uncontrolled particle gtowand agglomeration, this is
discussed in more detail in S8 of the Sl). The eotration of HAUC] and AgNQ
was adjusted to 5.0 x Pav (with the ratio of Au and Ag being 1:4 - the ammb of
HAuCl, being limited to avoid an overabundance o01),Gb avoid the precipitation of

AgCl. The concentration of fructose was 5.0 % M.

By coupling the capillary tube with 25 sccm heligas and applying a high dc voltage
(=1 kV) to the anode, the microplasma was generiatdte gas phase over the surface
of electrolyte. The volume of the electrolyte isnh, the discharge current was kept
constant at 5 mA during the reduction. The soltiarere analyzeth situ by using
Avalight-DH-S-BAL as the light source of the absambe spectra and the Avaspec-
2048-2-USB2 as the detector of the UV-Vis absorbaspectra (peak fitting of
absorbance spectra described in Section S5). Thphwlogy of AuAg:x NPs was
studied by using transmission electron microscdeM) at an accelerating voltage of

200 kV (TEM, JEM-2100F).
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S2: Estimate of energy required for microplasma-method vs citrate method

Microplasma-based method

A voltage of ~1 kV is needed to ignite the plasmbich takes approximately 1 seconds

(note, it can actually be a little less). The Hege current is 5SmA.

Power =1 kV-5mA =5J/s
Energy expended for ignition: E =5 [J/s] * 1 [sh3

Once the plasma has ignited, the voltage decrdasa900 V to 500 V. For the sake of

this estimate, we will take the average value &f VO

Hence, Total energy required = Energy requiredgoition + energy required during the

microplasma exposure

1. Total energyexpended for 1 min: 5 J + [60*(0.7 kV*5mA)] = 549210J =215
2. Total energyexpended for 2 min: 5 J + [120*(0.7 kV*5mA)] = 50420 J =425 ]
3. Total energyexpended for 3 min: 5 J + [180*(0.7 kV*5mA)] = 54630 J = 635 J

4. Total energyexpended for 4 min: 5 J + [240*(0.7 kV*5mA)] = 51840 J =845 J

Citrate-based method:

This involves heating ~95 mL of solution to boilingLet us assume we start at room
temperature 28C and raise the temperature to £@0(henceAT = 75 K), we’'ll be using the

basic data of kD for this example.

Q =mcAT = 0.095 4190- 75 = 2.99 x 1HJ

whereQ is the heat required to raise 95 mL of water f@5IC to 100°C andc is the specific
heat capacity of . This estimate does not even consider how muelggnt takes to keep

it boiling for another 35 min as required by standldarocesses.
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Assume a bath with a power output of 1.3 kW, if f@n35 min—> Eoupu= 2.73 X 16J.
Therefore, the minimum energy cost is (2.73 %010 (2.99 x 10) J> 2.76 x 16 J

We can thus conclude that our plasma-based methaibie energy efficient by at least a
factor of 10, most likely considerably more (i.actor of 1000, if one considers the energy
required to maintain the temperature during thg \@arg commonly used synthesis process).

Comment: We note that our choice of reactions for comparisas prompted by the ubiquity
of the citrate technique. We stress that the nmgbrtant factor in this comparison is proof of
principle, i.e. whether the alloyed, crystalline A&gunanoparticles can be synthesized or not.
Our technique is not yet at mass production staige this point is clearly outside the scope of
this work. However, we acknowledge the need forfthiare study of the scalability of this
method and the associated increase in the massughianl of the nanoparticles. The

production yield estimates will be carried out dgrthe optimization and scale up stage.
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S3: More Au,AQ,.« overview TEMsand particle size distributions

This section contains a range of TEMs for,Agix NPs synthesized with 1 to 4
microplasma exposure. Particle size distributiSD) based on TEM measurements

sizes were 0.2 nm, 3D data was plotted against the median value ofahge- i.e. if 5 - 5.2,
then it was plotted against 5.1) as well as astetiGaussian fit (see Equatio3.1, below)

data is provided.
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Figure S3-1: More TEMs for samples synthesized at 1 min micrapla exposure (sce
bars: (a) 50 nm, (b) 100 nm, (c) 20 nm, (d) 50 anmg (e) PSD with fitted gaussian, (f) Ori¢
fit report —parameters as in3.1 (e&f) based on 874 measurements sorted inta@ 2ins
from 4.6 nm to 18.2 nm. Note one measurementldf Om appeared to be an outlier and

excluded from fit analysis, the next smallest vakss 4.7 nm. From the raw damin. size

= 4.7 nm, max. size= 17.05r
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Parameters
Value Standard Error
yo 0.36815 0.80713
xc  11.09557 0.04932
w 35123 0.12161
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sigma 1.75615 0.06081
FWHM 4.13542 0.14319
Height ~ 55.98969 1478
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Figure S3-2. More TEMs for smples synthesized at 2 min microplasma exposurag
bars: (a) 50 nm, (b) 20 nm, (c) 20 nm, (c) 50 nmj a (e) PSD with a fitted gaussian,
Origin fit report —parameters as in3.1. (e & f) based on 1260 measurements sortedDit

nm bins from 5rm to 20.2 nm From the raw datanin. size = 5.7 nm, max. size = 18

nm

Reduced Chi-sqr = 19.2426136399

COD(R*2) = 0.95412740750269

Iterations Performed = 6

Total lterations in Session =7

Fit converged. Chi-Sqr tolerance value of 1E-9 was reached.
sigma, FWHM, Height are derived parameter(s).

Statistics
Number
Number of Points 76
Degrees of Freedom 72
Reduced Chi-Sqr 19.24261
Residual Sum of Squares 1385.46818
Adj. R-Square 0.95222
Fit Status = Succeeded(100)

Fit Status Code :
100 : Fit converged. Chi-Sar tolerance value of 1E-9 was reached
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Nonlinear Curve Fit (Gauss) (23/05/2013 10:01:10)

Parameters
‘ Value | Standard Error
y0 0.51793 | 0.85662
xc 1093588 0.0549
w 415273 0.13503
Number A 32418928 11.94629
sigma  2.07636 0.06752
FWHM  4.88946 0.15899
‘ Height 62.28815 1.55595
B 3 min :
o L, Fit parameters: Reduced Chi-sqr = 24.9453557421
(e) Peak: (10.94 + 0.05) nm COD(R"2) = 0.95207563954774
FWHM: (4.89 + 0.16) nm |  \erations Performed =8
Total i in Session=7
Fit converged. Chi-Sqr tolerance value of 1E-9 was reached.
sigma, FWHM, Height are derived parameter(s).
Statistics
7 Number )
Number of Points 88
Degrees of Frsedomn e
~ Reduced Chi-Sqr ) 2494536
Residual Sum of Squares 2095.4_0988_
Adj. R-Square 0.95036
Fit Status Succeeded(100)
12 14
Size [nm] Fit Status Code :

100 : Fit converaed. Chi-Sar tolerance value of 1E-9 was reached

Figure S3-3: More TEMs for samples synthesized at 3 min micrapla exposure (sce
bars: (a) 50 nm, (b) 20 nm, (c) 20 nm, (d) 50 nmJ a (e) PSD with a fitted gauss, (f)
Origin fit report —parameters as in3.1. (e&f) based on 1664 measurements sorted i2t
nm bins from 4.8 nm to 22.4 n From the raw datanin. size = 4.87 nm, max. size = 19

nm
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Nonlinear Curve Fit (Gauss) (23/05/2013 09:55:17)
Parameters

yo

XC

w

A
sigma
FWHM
Height
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Value
-0.13995
13.25475
4.32586
343.47813
2.16293
5.09331
63.35295

Standard Error
0.71686
0.05279
0.12616
10.9805
0.06308
0.14854
1.43206

Reduced Chi-sqr = 22.9103288593

COD(R”2) = 0.9553347844024

lterations Performed = 6

Total lterations in Session =7

Fit converged. Chi-Sqr tolerance value of 1E-9 was reached.
sigma, FWHM, Height are derived parameter(s)

Statistics

Number
102

98
22.91033

Number of Points
Degrees of Freedom
Reduced Chi-Sqr
Residual Sum of Squares 2245.21223
Adj. R-Square 0.95397

Fit Status Succeeded(100)

Fit Status Code :
100 : Fit converged. Chi-Sqr tolerance value of 1E-9 was reached

Figure S3-4: More TEMs for samples synthesized at 4 min micrampla exposure -d) scale

bars: 50 nm, (e) particle size distribution withfiked gaussian, (f) Origin fit repor—

parameters as in 93 (e&f) based on 1703 measurements sorted i2to®. bins from nm

to 25.4 nm) From the raw damin. size = 7.68 nm; max. size = 21.2
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Comments regarding possible interpretation of TEMs: We have included a range of
TEMSs to provide visual information for the nanopaés produced. We emphasize that these
TEMs are complementary information to the UV-VIRE, and EDX data provided which
give information based on a much larger numberasfigles than is possible from a standard
TEM image. The contrast in the TEMs may be intetgnt in a number of ways, from
faceting on the surface of the NP, to differentstailine features (recall in the main text we
observed a range of crystalline planes from the Xifx from (311), (111), (200) and (220)),
to different absorption of the electron beam byakd Ag atoms. Due to the limitations of
the TEM study in this particular work we cannoteggdrically ascribe the contrast to any one
of these particular possibilities. Instead, we died the data holistically and based our

conclusions on all of the information (UV-Vis, XREDX, TEM, HR-TEM) available to us.

Regarding Storage: Storage is indeed an issue that is important fooparticle synthesis.

Our particles have good stability in water solutenmd can also be stored in a powder form
after depositing on specially prepared surfacegichigh some particles appear agglomerated
in TEM images, the extent of the agglomeration ceduat a longer process duration. To
prevent the particles form agglomeration, whilsswafactant was not used, a stabilizer

(fructose) was indeed incorporated into the synsh@®cess (see ESI, Section S1).

10



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2014

HA. X-ray diffraction spectra
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Figure $4-1: XRD spectra of the AuAg samp

X-ray diffraction spectra were acquired onxAgix samples in a powder form using
Scintag XDS2000 diffractometer operated at 40 kV and 40 mAvBuK, radiation and a

diffracted beam monochromator (Bru-D8 Advance), with Zranging between 30 and®.

The crystallinity of the NPs is evident frome X-+ay diffraction data above in Figure-1
which shows clear peaks corresponding to the (1(2D0), (220) and (311) crystal plan
We note that these XRD spectra demonstrate thatadliye alloys were obtained prior

exposure to an electron beauring HF-TEM analysis.
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S5. Peak fit for UV-Vis absorbance data

0.3 : T : T : T : T : T :
— 4 min Gauss fit of 4 min
— 3min Gauss of 3 min
— . —2min eeeeee Asym2fit of 2 min
- —imin eceeeee GCASfit of 1 min
5,
0.2+
()
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m L
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S
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0
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0 0 : ] 1 ]
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Wavelength (nm)

For 4 min and 3 min:

Description Nonlinear Curve Fit / Model Gauss

Equation y=y0 + (A/(w*sqrt(P1/2)))*exp(-2*((x-xc)/w)"2)

Parameter 4min 4min (err) 3min 3min (err)
y0 0.09155 6.86155E-4 0.00631 0.00862
XC 403.01576 0.10729 422.15392 0.16727
w 74.17857 0.46306 120.09764 3.48139
A 12.85313 0.12718 30.44452 2.14654
sigma 37.08928 0.23153 60.04882 1.7407
FWHM 87.33859 0.54521 141.40416 4.09902
Height 0.13825 6.61991E-4 0.20226 0.00845
Number of Points 533 446

Degrees of Freedom 529 442

Reduced Chi-Sqr 1.48689E-5 1.75697E-5

Residual Sum of 0.00787 0.00777

Squares

Adj. R-Square 0.99265 0.98412

Fit Status Succeeded(100) Succeeded(100)

For 2 min and 1 min: ~ From a quick peak find, based on fit data (asym2 and gcas fits for 2 and 1
min, respectively), the peaks for 1 min is approximately 486 nm and 2 min is approximately 463 nm

12
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Time [min] | PEAKLCN  ERR
4 403.02 0.11
3 422.15 0.17
2 463.27
1 486.15

Peak wavelength has a clear pretty linear relationship with time (R* = 0.97)

Time (min)

Equation y=a+b*x
Weight No Weighting
Residual Sum 0.09809
of Squares
Pearson's r 0.99014
Adj. R-Square 0.97057

. Intercept
Time

Slope

Value
-12.47175
0.03375

Standard Error
1.50164
0.00338

N.B. Peak fit data from inbuilt functions in MicralcOrigin 8.6
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S6: Evidence of suitability of technique to produce other alloys: AuPt

The microplasmassisted electrochemical synthesis technique has demonstrated ft
production of AuPt NPs, with the processing metlgddescribed in the main text (5 r
processing time), but with different solutions afidws: HPtCk: 0.26 mV HAuCl,: 0.016
mM Fructose: 8.4 mM.Below, sample TEMs, EDX and L-Vis absorption spectra ha

been provided. More detailed results and analygisppear in a future pap:

.

Figure S6-1: AuPt NP alloys (a) TEM, scale bar is 50 nm, (b)-TEM, with lattice spacing
marked, (c) FFT of HRFEM in (b).

Pt23 66AU76.34

800 —
s
>
B * *
ﬂ'f, 400 -

v v v
0

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Energy(kV)

Figure S6-2: Energy Dispersive -ray Spectroscopy of AuPt alloy NPs.
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Figure S6-3: UV-Vis absorption spectra of samples before pasxposure (blue line) and

after plasma treatment for 5 min (red line).
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S7: A discussion of typical microplasma-species and plasma-related effects
on nanoparticle formation and a proposed mechanism for AuAQix

nanoparticle formation in liquid via microplasma-assisted electrochemistry.

(I Typical He microplasma-species

Whilst diagnostic information regarding the exagédes present in our He microplasma is
not available, we can discuss the species thdlikalg present by referring to the available
literature on atmospheric-pressure He microplagts jncluding the work of McKay et &f.
Note there may be some difference in species dtigetgapillary width (our jet has an inner
cappilary width of 175um, whereas McKayt al consider widths of 53@uim), hence this

section is included for illustration of the mainims only.

McKay et al found their jet contained the following species:
« He', N, 0", HO", N;" and Q" , H'(H,0),, wheren = 3-55
¢ O3 (Hx0)n, CO; (H20)n, O, (H20)m, HCOs (H20)n, HO, (H20), where n = 1-51 and
m= 2-53.

In addition, readers interested in the diagnosticsnicroplasmas may find the following
general review on the topic of interest:

Bruggeman, P., & Brandenburg, R. (2013). Atmospghereéssure discharge filaments and
microplasmas: physics, chemistry and diagnosimg.nal of Physics D: Applied
Physics, 46(46), 464001. doi:10.1088/0022-3727/46/46/464001

(1) Plasma-related effects on nanoparticle formation

Our results represent a new viable approach baseeaative, highly non-equilibrium plasma
chemistry®* ™ Here, the plasma is indeed directly responsible ther alloyed AuAg
synthesis. The most obvious evidence is that dasimprocess conducted in the same mixture
of reagents and under the same temperature bubwtiiny plasma, does not produce these

nanoparticles.

We believe that both metals are being reducedatieetmicroplasma, for 2 reasons:

16
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Firstly, microplasmas have previously been showretiuce both Au and Ag separately for
nanoparticle synthesis [APL 93 (2008) 131501]. Thie plasma is capable of reducing both

elements.

Secondly, based on our colour change observatiofigyure 1 (c) — i.e., red first, indicating
the NPs are more Au in nature, followed by the s@tubecoming increasingly green as time
progresses indicating the NPs possess more silVes. is also reinforced by our UV-Vis

spectra which show a blue shift with increasingetim

Aside from the above, there are 2 reasons why it beathat Au reduces first and solution

becomes increasingly green (Ag) as time passes:

Reason 1: Au has a higher reduction potential — it is likéd be reduced quicker in solution

than Ag.

Reason 2: There is less Au than Ag in the solution (ratid =), so it is used up very quickly,

after which, the Ag is then reduced by the plasma.

Therefore, by the appropriate choice of the smatiorof Au (with respect to Ag) in the

solution, the reduction of the two different elensetakes place with a quite small time delay.

For more details please see (Ill) below.

17
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(I1) Proposed mechanism for AuyAgix nanoparticle formation in liquid via

microplasma-assisted electr ochemistry

As discussed in the main text, silver and goldssaltsolution undergo dissociation, forming
ions which then undergo reduction, gaining elecrfsom the microplasma according to the

following half cell reactions:

Au**(aq) + 3¢ Au(s); P = 1.52 V**
Ag'(aq) + é> Ag(s); F° = 0.799 V™!

The Au and Ag may then agglomerate and form nariopes. However, these energetic

electrons from the microplasma may also interath e HO in the mixture as follows:

€+H0>H +O0H
€+H >H
H+M >H+M

Please note,
« His a hydrogen atom, which is unstable, so we lalzs a radical.
« M’ is a metal atom, which is stable, so we justical.
e Then:nH +M™ > nH + M

The M (i.e. where M is a neutral metal atom, irsttése, Ag or Au) may then go on to form
new NP nuclei or add onto existing NP nuclei (wHdlds the number of atoms), i.e.

NP+ M > NP
The other possibility is that these H radicalsasctatalysts and cause rearrangement of the
NP surface into a more crystalline configuratioartlypically observed in citrate-produced

alloyed NPs .

Another groug? when studying the nucleation of Au NPs igHvia plasma only-chemistry
(no other materials in solution, just HAUGInd HO, Au NP nucleation assumed to only

18



Electronic Supplementary Material (ESI) for Chemical Communications
This journal is © The Royal Society of Chemistry 2014

happen due to the presence of the plasma) havesgdghat reduction of HAugmay be
via hydrogen peroxide and proceed via the followimechanisnt?

e-p|asma+ Hzo 9 OH* + H'
20H = H,0,
3H,0, + 30H + AU > AW’ + 3HO, + 3HL,0

As we have a number of different species in satufitdAuCl, AQNOs, H,O, Fructose) it is
unlikely that this would be the sole mechanism odog in our AyAgix NP synthesis.
However, it may be one of the many reactions thatlld/ take place in the mixture, in
addition to the reactions posited above.

That being said, we note that reaction kineticaasthe main point of this work. As basic
reaction kinetics are well known, we refer the erath relevant literature/text books (i.e.
Silverberg, M. S.Chemistry: The Molecular Nature of Matter and Change; 3rd Edition.;
McGraw-Hill: New York, NY, 2003) and dedicated @epth studies concerning plasma-
liquid interactions can be found elsewh&t®.
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S8: Comparison of microplasma-assisted eectrochemistry to UV-,
microwave-, and ultrasound-based synthesis methods and comments

regar ding potential applications:

Whilst plasma is an excited state of matter, weertbat the plasma-assisted method is a
conceptually different approach compared to therewave, UV- and ultrasound assisted

techniques; this approach is also very differerthaexecution in a number of ways.

* Firstly, the plasma contains a number of agents usad in the aforementioned
techniques, namely electrons, ions and radicales&hspecies are active in the
reduction and nucleation process for AuAg alloyadaparticles.

* Secondly, the equipment involved in the plasma-dasenuch easier to use, for
example compared to very expensive microwave egempnwvith serious health-
related issues.

» Thirdly, these methods do not produce fine, crlisgl well alloyed AuAg NPs as we

have demonstrated in our work

Comments regarding potential applications: Whilst we note that the main point of our
work is proof of principle, not a demonstrationtb&é superiority of the AuAg in a specific
application. The size-dependent plasmonic respofisthe AuAg nanoparticles is a clear
indication of potential applications, for exampte fabeling the flow in the flow chemistry

systems that are rapidly gaining momentum.
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