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Laser photoreduction of metal ions onto graphene oxide (GO) is a facile, environmentally friendly
method to produce functional metal-GO nanocomposites for a variety of applications. This work
compares Au—-GO nanocomposites prepared by photoreduction of [AuCly]l™ in aqueous GO solution
using laser pulses of nanosecond (ns) and femtosecond (fs) duration. The presence of GO significantly
accelerates the [AuCly]™ photoreduction rate, with a more pronounced effect using ns laser pulses. This
difference is rationalized in terms of the stronger interaction of the 532 nm laser wavelength and long
pulse duration with the GO. Both the ns and fs lasers produce significant yields of sub-4 nm Au nano-
particles attached to GO, albeit with different size distributions: a broad 5.8 + 1.9 nm distribution for
the ns laser and two distinct distributions of 3.5 + 0.8 and 10.1 + 1.4 nm for the fs laser. Despite these
differences, both Au-GO nanocomposites had the same high catalytic activity towards p-nitrophenol
reduction as compared to unsupported 4-5 nm Au nanoparticles. These results point to the key role of
GO photoexcitation in catalyzing metal ion reduction and indicate that both ns and fs lasers are suitable

rsc.li/pccp

1 Introduction

The unique properties of both metal nanoparticles (NPs) and
graphene-based materials such as graphene oxide (GO) and
reduced graphene oxide (rGO) have prompted extensive research
into the synthesis of metal-GO/rGO nanocomposites.' GO and
rGO provide ideal supports for metal NPs due to their high
surface area, thermal and chemical stability, and plentiful
oxygen functional group defect sites, which facilitate attachment
of metal NPs to produce functional materials.'™ In particular,
functional nanocomposites consisting of Au NPs supported on
GO and rGO are used for biomedical sensing,** photothermal
cancer treatment,>” heterogeneous catalysis,”” and plasmon-
enhanced optoelectronic applications including photocatalysis,
photodetectors, and solar cells.®

Many synthesis routes to produce metal-GO/rGO materials
involve chemical reducing agents and surfactants,”*'* which
are often toxic and environmentally unsustainable. To avoid the
use of toxic chemicals, green synthesis approaches to metal-GO
nanocomposites using atmospheric plasma,*>'® gamma
radiation,'””*® UV irradiation,’®?* and lasers**™*? have been
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for producing functional metal-GO nanocomposites.

developed. Laser synthesis of metal-GO nanocomposites typi-
cally involves pre-fabrication of GO via the Hummers and
Offerman®® or related methods, followed by ablation of a solid
metal target*** or photoreduction of metal salts**™** in GO
solution. In addition to anchoring metal NPs onto GO in a
single step, laser processing typically results in reduction of the
oxygen functional groups on the GO to produce rGO or partially
reduced GO (prGO).26—28,33—37,39—42,44,45

While the facile “top-down” method of ablating solid metal
targets to produce NPs is widespread,® this method can present
difficulties in controlling metal NP sizes. In particular, nanocom-
posites consisting of Au NPs and GO synthesized through top-
down ablation have often reported broad Au NP size distributions
in the range of 10-50 nm,>>?*’ and even studies reporting
sub-10 nm Au NPs show polydisperse size distributions with
tails extending to ~15-20 nm.>*?® In contrast, “bottom up”
photoreduction of Au salt precursors can produce exclusively
sub-10 nm Au NPs when the processing time is limited.?>"*

Metal-GO nanocomposites have been synthesized via bottom-up
photoreduction using lasers with both nanosecond (10™° s, ns)**>®
and femtosecond (10" s, fs)**** pulse duration. Because laser
excitation of GO is known to induce metal ion reduction,?>*" it is
unclear whether the laser pulse duration or wavelength should
affect properties of metal-GO nanocomposites including the
metal NP sizes and degree of GO reduction. In the absence of
GO, we recently reported that photoreduction of [AuCl,]~ with
532 nm, 8 ns or 800 nm, 30 fs pulses in water under otherwise
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similar conditions (average laser power, beam diameter) produce
different Au NP size distributions.*” These results are attributed
to the distinct reduction mechanisms induced by the two lasers.
Photoreduction with fs lasers is driven by reactive species
such as hydrated electrons formed by water photolysis.”’° In
contrast, ns laser pulses induce thermal decomposition of the
[AuCl]™ precursor and photothermal autocatalytic reduction in
the presence of AuNPs due to the 532 nm laser wavelength being
resonant with the surface plasmon resonance of Au."” In this
work, we report on the role of GO in determining Au NP size
distributions, prGO chemical composition, and catalytic activity
of Au-prGO nanocomposites produced using ns and fs lasers.
Despite the greater acceleration of [AuCl,]” reduction using the
ns laser in the presence of GO resulting and the distinct Au NP
size distributions using ns and fs laser processing, the Au-prGO
nanocomposites possess similar catalytic activity.

2 Experimental methods
2.1 Materials

Potassium tetrachloroaurate(m) (Strem Chemicals), HPLC-grade
water (Fisher Scientific), and potassium hydroxide (Fisher
Scientific) were used as obtained.

Graphene oxide (GO) was prepared according to the Hummers
and Offerman method,* by oxidizing high purity graphite powder
(99.9999%, 200 mesh, Alfa Aesar). The resulting yellowish-brown
cake was then repeatedly washed with hot deionized (DI) water,
and dried under vacuum overnight at 70 °C. A homogeneous
yellow dispersion was then obtained by taking the dried 2 mg of
GO and sonicating it in 10 mL of DI water.

From stock solutions of KAuCl (25 mM), KOH (500 mM), and
GO (2 mg mL™ "), working solutions containing 0.1 mM KAuCly,
0.35 mM KOH, and GO (0.0033 mg mL ™" to 0.33 mg mL ') were
prepared. 0.33 mg mL " diluted GO solution was also prepared
from GO stock solution. The working solutions were prepared
24 hours in advance and stored at 6 °C. Prior to laser proces-
sing, working solutions were bought to room temperature and
3 mL was transferred to a 10 x 10 x 40 mm quartz cuvette.

Quantification of H,O, produced during laser processing
was performed using the titanium sulfate assay,”" as described
in detail in our previous work.*®”° Briefly, deionized water and
0.33 mg mL~" GO solution were processed with the fs laser for
240 s and then filtered to remove solid products. Following
filtration, 400 pL of titanium(wv) sulfate (25 mM) was added to
the cuvettes and the absorbance of pertitanic acid at 407 nm
quantified.

2.2 Instrumentation

The laser systems and experimental setups for ns and fs laser
processing have been described in detail in our previous
work.?” Briefly, the Nd:YAG ns laser system (Lab 170-30, Spectra
Physics; 532 nm, 8 ns, 30 Hz repetition rate) was set to a pulse
energy of 100 m]. The titanium-sapphire chirped-pulse fs
amplifier (Astrella, Coherent, Inc.; 800 nm, 30 fs, 1 kHz repeti-
tion rate) was set to deliver 3 mJ pulses. The average power of

Phys. Chem. Chem. Phys.

View Article Online

PCCP

both lasers was 3 W. Both laser beams were down-collimated to
diameters of 7.0 mm and 5.5 mm for the ns and fs lasers,
respectively, before interaction with the precursor solutions.
The calculated fluences (F,) peak powers (P,) and intensities (Z,)
excluding nonlinear effects were Fy = 0.24 ] cm™ 2, Py = 12.5 MW,
I, =3 x 107 W cm™? for the ns laser and F, = 0.012 ] cm ™2,
Py, = 100 GW, I, = 4 x 10" W ecm™? for the fs laser. The
significantly lower fluence for the fs laser was due to the lower
attainable pulse energy; generating a similar fluence to the ns
laser would have required substantially tighter focusing condi-
tions than used for the ns laser, which would have prevented
direct comparison of the two lasers. Under the chosen condi-
tions, both P, values exceed the self-focusing threshold in
water,”®>® so self-focusing and filamentation are expected to
increase the actual intensities by a factor of 10 or more. The
resulting effective intensities are well below the threshold for
optical breakdown in water.>*

Solutions of KAuCl, and GO were subject to laser processing
for sufficient time for complete conversion of [AuCl,]” to
AuNPs. Processing time ranged from 240 to 900 s with the fs
laser and from 30 to 420 s with the ns laser, depending on the
GO concentration. For the fs laser experiments, conversion of
[AuCl,]” to AuNPs was determined using a home-built UV-vis
spectrometer*® to monitor the growth of the surface plasmon
resonance (SPR) peak of AuNPs around 520 nm. In the presence
of high quantities of GO, conversion of [AuCl,]” to AuNPs using
ns laser processing was too fast to resolve in the home-built
instrument, so solutions were irradiated for 5, 10, 15, and 30 s
and characterized in a commercial UV-vis spectrophotometer
(Agilent 8453).

2.3 Characterization

Transmission electron microscopy (TEM). The Au-prGO
nanocomposites were visualized using TEM (JEOL JEM-1230
TEM). A small volume of the processed solution was drop-
casted onto a carbon-coated grid (Ted Pella, Inc.) and left to dry
for at least 24 hours. Size distributions of the Au NPs were
measured using Image] software from different areas of the
TEM grid.

Fourier transform infrared spectroscopy (FTIR). FTIR
measurements were obtained using the Thermo Scientific,
NICOLET iS50 FT-IR instrument. The Diamond Attenuated
Total Reflectance (DATR) attachment was used along with the
KBR beamsplitter and the DTGS detector.

Raman spectroscopy. Raman spectra were obtained using
the Thermo Scientific DXR SmartRaman instrument at 532 nm
and 10 mW. An aperture slit of 25 pm was used along with a
180 degree accessory.

X-ray diffraction (XRD). A PANalytical MPD X’/Pert Pro
diffractometer with voltage 45 kV and current 40 mA was used
to measure the X-ray diffraction patterns at room temperature
using Ni-filtered Cu Ko, radiation.

X-ray photoelectron spectroscopy (XPS). Spectra were obtained
using the ThermoFisher Scientific ESCALAB 250 with a micro-
focused monochromatic AlKo X-ray source (15 kV) and a double-
focusing full 180° spherical sector electron analyzer.
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2.4 Catalytic reduction of p-nitrophenol

The Au-prGO nanocomposites were tested for their catalytic
activity towards p-nitrophenol (PNP) reduction to p-amino-
phenol (PAP). Freshly prepared solutions of sodium borohydride
(50 mM) were used for each reaction. PNP stock solution
(1.5 mM), stored at 6 °C, was equilibrated to room temperature
prior to use. Working solutions of PNP (0.1 mM) and NaBH,
(10 mM) were prepared in 10 x 10 x 40 mm cuvettes. 500 puL of
Au-prGO solution was added to initiate the PNP reduction. The
reaction progress was monitored via in situ UV-vis spectroscopy
by the decay of the p-nitrophenolate absorbance peak at 400 nm.
Reaction completion was determined by the 400 nm peak
ceasing to decay and remaining static for 30 s.

3 Results
3.1 Effect of GO on [AuCl,]” reduction

Fig. 1 displays the UV-Vis spectra taken during laser processing
of 0.1 mM [AuCl,]~ with 0.33 mg mL~" GO at different times
with the ns (a) and fs (b) lasers. The spectra show the emergence
of the characteristic Au NP SPR feature around 520 nm***° with
increased laser processing time. Complete conversion to AuNPs
was established when the SPR band growth stopped, which
required 15 s of processing using the ns laser and 240 s using
the fs laser. For comparison, complete reduction of the same
quantity of [AuCl,]” in the absence of GO required 500 s using
the ns laser and 900 s using the fs laser under the same laser
processing conditions.?” This significant acceleration of [AuCl,]~
reduction rate in the presence of GO is consistent with previous
reports of the photocatalytic activity of GO for accelerating metal
ion reduction.>®*® It is notable that GO decreases the required
processing time by more than 95% using the ns laser and only by
68% for the fs laser, which suggests that GO plays a more
significant role in [AuCl,]” reduction using the ns laser. The
origin of this difference will be discussed further in Section 4.

3.2 Characterization of Au-prGO nanocomposites

To assess the effect of GO on the size distributions of Au NPs
present in the Au-prGO nanocomposites, TEM analysis
was performed on samples prepared with 0.0033 mg mL ™"
and 0.33 mg mL~ " GO using both ns and fs laser processing.
Representative images and the measured size distributions for

160|532 nm, 8 ns (a) o8 800 nm, 30 fs (b)
0.7 processing 0.7 processing
time (s) time (s)

absorbance (OD)
absorbance (OD)

400 500 600 700 400 500 600 700
wavelength (nm) wavelength (nm)

Fig. 1 UV-vis spectra of [AuCly]~ GO solution taken at varying processing
times using (a) ns and (b) fs lasers.
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these four samples are shown in Fig. 2. The size distribution of
5.6 + 1.1 nm obtained with the ns laser and 0.0033 mg mL ™"
GO (Fig. 2(a)) is similar to the 5.1 + 1.1 nm previously reported
for the same laser conditions with no added GO.*’ Increasing
the GO concentration to 0.33 mg mL™' broadens the size
distribution to 5.8 £+ 1.9 nm (Fig. 2(b)). The fraction of sub-4 nm

(a) ns, 0.0033 mg/ml

i gs ~ 5.6+1.1
2 4 6 8 10 12
diameter (nm)
j 5.8+1.9
/M .
2 4 6 8 10 12
diameter (nm)

2.7+0.8
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diameter (nm)

: L a s 3.5+0.8
’ ® ! 10.1+1.4
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. R‘ | .
- .' a >
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0 5 10 15 20 25
100 nm | e <~ diameter (nm)

Fig. 2 TEM images and size distributions for (a) ns laser, 0.0033 mg mL™*
GO; (b) ns laser, 0.33 mg mL™* GO; (c) fs laser, 0.0033 mg mL™* GO; (d) fs
laser, 0.33 mg mL~* GO.
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Au NPs more than doubles from 7% with 0.0033 mg mL™" GO
to 16% with 0.33 mg mL ™" GO. A more dramatic change in Au
NP size distributions with increased GO concentration is
observed using the fs laser. For 0.0033 mg mL ™", the majority
of the Au NPs are large (18.7 £ 1.7 nm, Fig. 2(c)), but more
monodisperse than the 18 + 8 nm distribution previously
reported in the absence of GO under the same conditions.*’
In some areas there is a separate population of ultrasmall
2.7 £ 0.8 nm clusters, indicated by the magenta arrows in the
inset of Fig. 2(c). When the GO concentration is increased to
0.33 mg mL™ ", the size distribution of the large NPs decreases
to 10.1 £+ 1.4 nm (Fig. 2(d)). The ultrasmall clusters become
more numerous relative to the fewer large particles present,
and exhibit a modest size increase to 3.5 + 0.8 nm. Additional
TEM images can be found in the ESIL, Fig. S1 and S2.

FTIR spectroscopy was used to elucidate the nature of the
carbon species present after laser processing with ns and fs
lasers of GO alone and in the presence of [AuCl,] . The
spectrum for unprocessed GO (Fig. 3, black) shows a strong
band at 1620 cm ™' corresponding to aromatic C=C stretch,
along with bands for C=O stretch of COOH groups at
1720 em ™', O-H deformations of C-OH groups at 1360 cm ™",
C-O stretch of epoxide groups at 1220 cm ™', and C-O stretching

pristine GO

~"" epoxy
carboxylic aromatic “of co
Cc=0 c=C

C-0

% Transmittance

Au-prGO-fs

Au-prGO-ns

1800 1600 1400 1200 1000 800
Wavenumber cm™)

Fig. 3 FTIR spectra of pristine GO (black) and laser processed samples:
GO only with fs (red) and ns (orange), and GO/[AuCl,]~ with fs (green) and
ns (blue) laser.
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vibrations at 900-1100 em™".** A significant decrease in the
intensity of the C=0 stretch band at 1720 cm ™" were observed
for the prGO and Au-prGO samples prepared by both ns and fs
laser processing (Fig. 3, red, orange, green, blue). However, no
significant decrease is observed in the C-OH and C-O bands
around 1400 cm ™' and 1050 cm ™', respectively. These changes
indicate partial reduction of the GO sheets. Interestingly, a small
shift to lower energy for the C—C stretching vibrations from
~1610 cm™ ' to ~1590 cm ™" was observed for the laser-prepared
samples, indicating partial restoration of the aromatic structures.

Raman spectroscopy was used to evaluate the degree of graphiti-
zation present within prGO prepared without and with [AuCl,]~ by
ns and fs laser processing. The Raman spectra (Fig. 4) exhibit a
broad G band at ~1600 cm™' and D band at ~1350 cm
corresponding to the in-plane vibrational modes of sp>hybridized
carbon atoms and structural disorder at defect sites, respectively.*®
The intensity ratio of the D band to that of the G band can be used to
elucidate the degree of graphitization because this ratio approaches
zero for highly oriented pyrolytic graphite.** The I/I; ratios deter-
mined for the laser-prepared samples ranges from 1.02 to 1.11, as
compared to 1.02 for pristine GO, indicating no significant changes
in graphitization due to laser processing.

PrGO-ns
Ip/lg = 1.02

Intensity (a.u.)

lp/lg = 1.08

Au-prGO-ns
Ip/lg = 1.11

800 1000 1200 1400 1600 1800 2000
Raman shift (cm™)

Fig. 4 Raman spectra of pristine GO (black) and laser processed samples:
GO only with fs (red) and ns (orange), and GO/[AuCly] ™ with fs (green) and
ns (blue) laser.
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Fig. 5 XRD patterns of pristine GO (black) and laser processed samples:
GO only with fs laser (red) and ns laser (orange), and Au-prGO with fs laser
(green) and ns laser (blue).

The XRD pattern of GO (Fig. 5, black) shows a peak at 12.40°,
characteristic of (001) GO with an interlayer spacing of 7.15 A,
which results from the insertion of hydroxyl and epoxy groups
between the graphite sheets during graphite oxidation.*® This
peak completely disappears for prGO prepared by fs laser
processing (Fig. 5, red) and is significantly reduced and shifted
to the right by 2° for prGO prepared by ns laser processing
(Fig. 5, orange). The disappearance and shift of the (001) GO
peak is attributed to partial reduction of the oxygen-containing
functional groups of GO.>*®** The small peaks at 26.56° and
27.89° for prGO prepared by fs and ns laser processing corre-
spond to graphite (002) with interlayer spacing of 3.37 A
and 3.20 A, respectively.>® Both Au-containing samples exhibit
additional diffraction planes of graphitic carbon at 40.46° (100)
and 50.37° (102).”® The Au-prGO sample prepared with ns laser
processing (green) exhibits a broad (001) peak at ~12°, corres-
ponding to an interlayer spacing of 7.11 A and indicating
a partial reduction of GO. The complete disappearance of
the carbon (001) plane for the fs laser-processed samples
could be due to laser-induced fragmentation of the GO. Both
Au-containing samples exhibit peaks at 38.32°, 44.48°, 64.53°,
and 77.64°, corresponding to the (111), (200), (220), and (311),
planes of fcc Au (JCPDS 01-073-9564).
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Binding Energy (eV)

Fig. 6 Au 4f XP spectra for Au-prGO nanocomposites synthesized with fs
(top) and ns (bottom) laser processing. Two peaks corresponding to Au®
(green) and Au’* (red) were fit to the data.

Fig. 6 shows the Au 4f XP spectra for the Au-prGO compo-
sites prepared by fs (top) and ns (bottom) laser processing.
Both spectra show a Gaussian-Lorentzian deconvoluted peak at
centered 83.7 eV for the Au 4f;), species, slightly down-shifted
from the typical Au® value of 84.0 eV. This down-shifted value has
been observed in some previous reports of Au-GO composites'”*®
and in our previous reports of Au NPs synthesized by laser
processing.*”*>>® The down-shift can be attributed to interaction
with the GO support,"””" the presence of low-coordinated
Au atoms,*”****%7 or both. The peaks at 84.7 eV (fs) and
85.0 eV (ns) are slightly lower than the reported for Au" (85.6 €V)
and correspond to partially oxidized Au atoms, denoted as Au’*.>®
The relative proportions of Au® and Au®" are similar with both ns
and fs laser processing.

Fig. 7 shows the C 1s XP spectra for pristine GO (black) and
the laser processed samples of only GO (red and orange) and
GO/[AuCl,]™ (green and blue). Each spectrum was fit to three
species assigned to C-C at 284.8 eV, C-O at 286.8 eV, and C=0

pristine GO

prGO-ns

Intensity (a.u.)

Au-prGO-fs

Au-prGO-ns

288 286 284
Binding Energy (eV)
Fig. 7 Cls XP spectra for pristine GO (black), prGO obtained from fs (red)

and ns (orange) processing, and Au—prGO nanocomposites obtained with
fs (green) and ns (blue) laser processing.

290 282
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Table1l Relative intensities of fitted Cls peaks and total atomic % of C and
O in pristine GO and laser processed samples

sample Cc-C Cc-0 C=0 C/O
pristine GO 44.9 45.7 9.4 0.81
prGO-fs 59.7 29.0 11.3 1.48
prGO-ns 48.4 34.8 16.8 0.94
Au-prGO-fs 61.4 24.1 14.5 1.59
Au-prGO-ns 58.8 32.3 8.9 1.43

at 288.3 eV, in accordance with previous reports.’”*”** Processing
with both ns and fs lasers resulted in a significant decrease in C-O
peak intensity relative to pristine GO. While the intensity of the
C—O0 component rises in many of the laser processed samples,
this likely arises due to uncertainty in peak fitting for a minor
component. Table 1 quantifies the relative areas of each fitted
species along with the of C/O ratio obtained from taking the ratio
of the C-C to the sum of the C-O and C=0O features. The evident
reduction in total oxygenated carbon functional groups is consis-
tent with the changes observed in FTIR and Raman spectroscopy
(¢f., Fig. 3 and 4). Moreover, the C/O ratio is higher for the prGO
and Au-prGO samples obtained from fs laser processing as
compared to ns laser processing. This greater reduction of GO
during fs laser processing is attributed to a longer processing time
of 270 s as compared to the 30 s with ns pulses used for complete
[AuCl,]™ reduction.

3.3 Catalytic activity of Au-prGO nanocomposites

PNP reduction by NaBH, is a widely used benchmark reaction
for assessing the catalytic activity of metal NPs.>® Fig. 8(a) plots
the ratio of the natural log of the 400 nm PNP absorbance
feature at time ¢, 4, to the initial PNP absorbance, 4,, as a
function of reaction time for Au-prGO nanocomposites
produced with ns and fs lasers using 0.0033 mg mL ™" and
0.33 mg mL~* GO. These reaction kinetics can be used to extract
the apparent rate constant kyp,*° as indicated by the black lines
in Fig. 8(a). For both lasers, increasing the GO concentration
results in faster PNP conversion. However, the difference in k,pp
between Au-prGO composites synthesized with fs laser proces-
sing at low GO concentrations (red) and high GO concentrations
(blue) is significantly greater than for the corresponding
Au-prGO composites synthesized with ns laser processing at
low (magenta) and high GO concentrations (cyan).

The efficiency of the Au atoms present in the PNP reduction
reaction can be quantified by normalizing the kp, value to the
moles of Au added to the reaction.*® 500 uL of each Au-prGO
solution was used in the catalysis reactions, corresponding to
0.05 pmol of Au added. Fig. 8(b) shows the rate constant (k)
normalized to 0.05 pmol of Au obtained for Au-prGO nano-
composites synthesized by fs (red) and ns (green) lasers at low
and high GO concentrations. For reference, the k,, values
obtained from Au NPs synthesized under the same laser condi-
tions with no added GO are shown. When compared to these
reference Au NPs, the addition of low concentrations of GO
during irradiation has little effect on ks, values using both
lasers. In contrast, a significant increase in k,, values is observed
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Fig. 8 (a) Absorbance at 400 nm versus reaction time for PNP reduction
using Au—prGO nanocomposites obtained from ns (magenta and cyan)
and fs (red and blue) laser processing. Black lines denote the region used
to extract kspp. (b) Rate constant ka, for Au—prGO nanocomposites
obtained from fs (red) and ns (green) laser processing. Error bars denote
standard deviation over at least three independent reactions.

for Au-prGO nanocomposites synthesized with high concentra-
tions of GO for both lasers: The ku, value roughly doubles for
the ns laser product and increases by a factor of 10 for the fs
laser product, resulting in similar rates of k,, = 0.50 + 0.08 and
kau = 0.45 %+ 0.05 pmol ' s~ using 0.33 mg mL ™" GO with fs and
ns laser processing, respectively.

The catalytic activity of metal NPs towards PNP reduction is
largely dependent on the surface sites available for the reac-
tants to bind.>*®° The available surface area, in turn, is inver-
sely proportional to the size of the metal NPs. Hence, the large
increase in ku, for the Au-prGO nanocomposites synthesized
with fs laser processing at 0.33 mg mL ™" GO is expected due to
the decreased Au NP sizes obtained with high concentration of
GO (cf, Fig. 2). However, decreasing Au NP sizes cannot fully
explain the doubling of k,, in the case of ns laser processing.
Even though the proportion of the smallest sub-4 nm Au NPs
doubles at 0.33 mg mL " GO (cf,, Fig. 2), the average Au NP size
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remains the same. Moreover, the ks, = 0.23 & 0.01 pmol ' s™*
value obtained for the 5 nm Au NPs synthesized with the ns
laser in the absence of GO is nearly identical to the ks, = 0.22 +
0.02 pmol ! s™* obtained for 4 nm Au NPs synthesized with
tightly focused fs laser pulses in our previous work.*® Hence, the
presence of GO enhances the PNP reduction rate beyond what
would be expected based solely on Au NP size. The observed rate
enhancement is likely due to two previously reported synergistic
effects between the Au and graphene: (1) the high adsorption of
PNP onto graphene and (2) electron donation from graphene to
the Au NPs, which facilitates electron transfer to PNP.%

4 Discussion

Despite extensive investigations into laser synthesis of metal-
GO nanocomposites,”*** there are no previous reports comparing
these materials produced using different laser sources under
otherwise similar conditions to the best of our knowledge. Our
experiments comparing Au-prGO nanocomposites produced
using 532 nm, 8 ns and 800 nm, 30 fs laser sources have identified
key differences in the [AuCl;]” reduction rate and the Au NP size
distributions depending on the laser source. Complete conversion
of [AuCly]” to Au in the presence of GO required only 15 s of
processing with ns pulses as compared to 240 s of processing with
fs pulses, and the amount of added GO had a greater effect on
Au NP size distributions for the fs laser source. To understand
the origin of these differences, we consider the mechanisms of
laser-induced [AuCl,]~ reduction and laser-GO interaction.

In aqueous solution under fs laser excitation, [AuCl,]”
reduction is driven by the hydrated electrons (e,q ) and H,O,
produced during water photolysis, via the reactions®’™*°

[AuCL,]™ + 3e,q — Au’ +4Cl™ (1)

3 3
[AuCly]~ +§H202 +Au, — Aty +§Oz +3HCl+Cl™. (2)

Eqn (1) nucleates Au® atoms, while eqn (2) results in autocatalytic
growth of Au NPs. Under ns laser excitation, we recently proposed
a thermally driven mechanism,”” initiated by analogous reactions
to those proposed for UV excitation®

[AUHCL] -2 [Au?*Cl]™ + CL. 3)
[Au*'Cl3] + [Au**Cl;] — [Au®'Cl]” + [Au'CL]”  (4)
3[AutCl] -2 [AuCl]™ + 2Au° + 2C1. (5)

Once small quantities of Au NPs are present, resonant excita-
tion of the Au NP SPR with the 532 nm laser enables rapid
autocatalytic reduction of the remaining [AuCl,]".*”

GO has previously been reported to accelerate metal ion
photoreduction through both 532 nm ns laser®® and UV lamp??
excitation. This acceleration has been attributed to the one- or
two-photon excitation of the GO band gap,”*?>**** which
ranges from approximately 2.5-4 eV for C/O ratios of 1-2.%
The resulting photoelectrons can reduce oxygen functional
groups on GO,**** along with metal ions, if present.”**
Moreover, the long ns pulse duration as compared to the
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electron-lattice temperature equilibration timescale of ~1 ps*
enables efficient photothermal heating of the GO over the long
duration of the laser pulse, further enhancing Au ion reduction.***>

Given these circumstances, the significantly faster [AuCl,]~
photoreduction in the presence of GO using 532 nm, 8 ns laser
pulses is expected for two reasons. First, the nearly sixfold
higher linear absorption coefficient of the 0.33 mg mL " GO at
532 nm of 0.17 OD as compared to the 0.03 OD at 800 nm (cf.,
Fig. 1, black curves) results in the GO more efficiently absorbing
the 532 nm light. The 532 nm wavelength (2.33 eV) can also
access the GO band gap with absorption of two photons, while
the 800 nm wavelength of the fs laser (1.55 eV) requires
absorption of three photons. Despite the higher peak intensity
of the fs laser, the more efficient linear and two-photon
absorption at 532 nm is expected to result in the GO interacting
much more strongly with the 532 nm laser. Second, the short
duration of the fs laser pulse (30 fs) compared to electron-
lattice temperature equilibration time (1 ps) is expected to limit
the efficient transfer of the laser energy into heat because the
laser pulse is no longer present once the GO has reached
thermal equilibrium, so no photothermal enhancement can
occur. Hence, both excitation efficiency and photothermal
effects likely contribute to the faster [AuCl,] reduction in the
presence of GO observed using 532 nm ns laser excitation.

The weaker effect of GO on [AuCl,]™ reduction using 800 nm
fs laser pulses as compared to 532 nm ns pulses can account for
the different Au NP size distributions (cf’, Fig. 2). The consistent
production of ~5 nm Au NPs at any GO concentration with ns
laser processing likely results from the 532 nm wavelength being
resonant with the Au NP SPR feature, resulting in efficient
fragmentation of any Au NPs that grow larger than ~10 nm.*’
In contrast, increasing concentration of GO results in a modest
decrease in the mean diameter of the large Au NPs from 18 to
10 nm using fs laser processing. To further explore the origins of
this size reduction, additional experiments using GO concentra-
tions between 0.0033 and 0.33 mg mL ™" with fs laser processing
were performed. Fig. 9(a) displays the SPR absorbance as a
function of fs laser processing time for different GO concentra-
tions. The addition of increasing amounts of GO results in
gradually faster [AuCly]” reduction kinetics. The reduction
kinetics for low GO concentrations display the typical ‘S’ shape
indicating operation of the two-step Finke-Watsky autocatalytic
rate law,*® which has been established for [AuCl,]~ photoreduc-
tion via water photolysis.*”*° However, high GO concentrations
result in the SPR growth kinetics becoming nearly linear, indi-
cating the emergence of a first-order rate law. This gradual shift
with increasing GO concentration from autocatalytic to first-
order kinetics suggests a transition from reduction by water
photolysis to GO-mediated reduction.

The effect of increasing GO concentration on both [AuCl,]™
reduction rate and Au NP size can be clearly seen in Fig. 9(b),
which plots the required completion times (blue squares) along
with the Au NP size distributions obtained from TEM analysis
(red triangles and magenta diamonds) as a function of GO
concentration. Compared to the reaction with no added GO,
increasing the GO concentration results in a gradual decrease
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(a) Fractional growth of the Au SPR absorbance feature versus fs laser processing time for various GO concentrations. (b) Completion time (blue)

and Au NP sizes (red and magenta) at different GO concentrations. (c) Representative TEM images at different GO concentrations.

in the required processing time until saturation at concentra-
tions above 0.067 mg mL ™ '. A concomitant decrease in the size
of the large Au NPs from 18 to 10 nm is observed. Interestingly,
the addition of even a small amount (0.0033 mg mL™") of GO
focuses the size distribution of the large Au NPs, as the
standard deviation of the size distributions for GO containing
samples was less than 2 nm. The small ~2-3 nm Au NPs are
observed at all GO concentrations (Fig. 9(c)), and fewer large Au
NPs relative to the small ones are observed with increasing GO
concentration (ESILf Fig. S2). This increasing production of
ultrasmall Au clusters with GO concentration suggests that they
are formed by the GO-mediated reduction pathway. The large
Au NPs likely arise from the remaining [AuCl,]” being reduced
through the typical water photolysis pathways discussed
previously.””*° However, the decreasing size of these NPs as
GO concentration increases suggests that the presence of GO
slows Au NP growth. To uncover the origin of this GO activity,
we quantified the H,O, produced during fs laser processing of
water and 0.33 mg mL ™' GO solution because H,0, is known to
induce autocatalytic Au NP growth.””° As compared to pure
water, laser processing of 0.33 mg mL ™" GO solution produced
~50% less H,0, for the same processing time (ESI,f Fig. S3).
Hence, the slowing of Au NP growth in the presence of GO can
be attributed to the radical-scavenging behavior of GO that
limits the production of H,0,.

The operation of parallel [AuCl,]” reduction mechanisms by
water photolysis and GO in the case of fs laser processing
accounts for the two distinct populations of large and small Au
NPs. Even at the highest GO concentrations investigated, the
GO-mediated reduction is not sufficiently rapid to completely
eliminate the water photolysis pathway. Nevertheless, the
radical-scavenging behavior of GO evident in the reduced
H,O0, production provides the potential to exert control over
the size distributions of the large Au NPs comprising the
majority of Au mass by manipulating the [AuCl,] /GO ratio in
the precursor solution. Hence, fs laser processing may be more
desirable for applications requiring large, monodisperse Au
NPs such as sensing. In contrast, the extremely rapid [AuCl,]”

Phys. Chem. Chem. Phys.

reduction using ns laser processing attributed to the more
efficient activation of GO-mediated reduction pathways results
in a single, albeit broader, Au NP size distribution. As a result,
ns laser processing is expected to produce similar Au NP size
distributions regardless of the [AuCl,] /GO ratio in the pre-
cursor solution. Moreover, the use of the resonant 532 nm laser
wavelength ensures that the Au NP size distributions will be
centered at ~5 nm, thereby imparting high catalytic activity.

5 Conclusion

This work presented the first direct comparison of Au-prGO
nanocomposites produced by photoreduction of [AuCl,]” in the
presence of GO using ns and fs laser processing. In contrast
to previous works using ns**?*® and fs*°** laser processing
to produce metal-GO nanocomposites via metal ion photo-
reduction, this work directly compared the products produced
using two different laser sources and investigated the effect of
GO concentration. For ns laser processing, the similar Au NP
size distributions centered around ~5 nm regardless of GO
concentration were attributed to the rapid GO-mediated photo-
thermal reduction of [AuCl,]". In contrast, the slower [AuCl,]~
reduction and production of two distinct Au NP size distribu-
tions using fs laser processing was attributed to the operation
of both GO- and water photolysis-mediated [AuCl,]” reduction.
Moreover, the size reductions of the large Au NPs with increasing
GO concentration using fs laser processing induced by the radical-
scavenging behavior of GO provides a means of manipulating Au
NP size distributions. Overall, the results of this work indicate that
both ns and fs laser processing are suitable for producing active
Au-prGO nanocatalysts with small Au NP sizes, while fs laser
processing may be preferable for applications that require large
and monodisperse Au NPs.
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