Chemistry

¢ Article

[norganic

Inorg. Chem. 2011, 50, 1705-1712 1705
DOI: 10.1021/ic1021752

Galvanic Replacement of Semiconductor Phase | CUTCNQ Microrods with KAuBr,
to Fabricate CUTCNQ/Au Nanocomposites with Photocatalytic Properties
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In this study, the reaction of semiconductor microrods of phase | copper 7,7,8,8-tetracyanoquinodimethane (CuTCNQ)
with KAuBr, in acetonitrile is reported. It was found that the reaction is redox in nature and proceeds via a galvanic
replacement mechanism in which the surface of CUTCNQ is replaced with metallic gold nanoparticles. Given the slight
solubility of CuUTCNQ in acetonitrile, two competing reactions, namely CuTCNQ dissolution and the redox reaction with
KAuBr,, were found to operate in parallel. An increase in the surface coverage of CUTCNQ microrods with gold
nanoparticles occurred with an increased KAuBr, concentration in acetonitrile, which also inhibited CuTCNQ
dissolution. The reaction progress with time was monitored using UV—visible, FT-IR, and Raman spectroscopy as
well as XRD and EDX analysis, and SEM imaging. The CuTCNQ/Au nanocomposites were investigated for their
photocatalytic properties, wherein the destruction of Congo red, an organic dye, by simulated solar light was found
dependent on the surface coverage of gold nanoparticles on the CuTCNQ microrods. This method of decorating
CuTCNQ may open the possibility of modifying this and other metal-TCNQ charge transfer complexes with a host of

other metals which may have significant applications.

1. Introduction

Metal—organic semiconducting materials based on charge
transfer complexes of metal-7,7,8,8-tetracyanoquinodimeth-
ane (TCNQ) have received considerable attention over the
past 40 years, with a particular resurgence in interest in the
past few years through the work of Dunbaretal., Milleretal.,
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and Bond et al.'"~" In particular, CUTCNQ has been the
subject of intensive research given the observation of a
switching effect from a high to low impedance state upon
the application of an electric field or optical excitation.”* It
has also been demonstrated that CuTCNQ can exist in two
phases, namely, phase I that has a room temperature con-
ductivity of 0.2 S cm ™" and phase II with a conductivity of
107> S em™'. There have been many attempts to synthesize
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CuTCNQ in various morphologies using chemical, electro-
chemical, and photochemical techniques; however, to date
there has been little or no attempt to modify the surface of
CuTCNQ once it has been formed.?® Moreover, the applica-
tion of CuTCNQ has been almost exclusively limited to
switching and field emission devices.**** However, in many
instances, the modification of semiconducting materials with
metallic nanoparticles achieved by physical, chemical, or
electrochemical methods can open up the use of these
semiconductor/metal composites to a wide variety of areas
such as catalysis and sensing. For example, it is well docu-
mented that metal oxides such as TiO,, SnO,, and ZnO,
which are utilized as supports for metal nanoparticles, are
extremely effective photocatalysts for the removal of organic
pollutants.®'~#

A relatively recently explored area for the surface mod-
ification of films and solution-based nanomaterials is an
elegant galvanic replacement process, in which two main
approaches have thus been explored. In the first approach,
sacrificial metal templates such as Ag, Co, Ni, and Cu are
replaced with noble metals such as Au, Pd, and Pt to fabricate
bimetallic colloids and surfaces. This has led to a variety of
colloidal materials that can be hollow, highly porous, or
dendritic in nature and nanostructured surfaces that show
significant porosity or are decorated with s?herical nanopar-
ticles, continuous films, or dendrites.***’ The second ap-
proach is the replacement of Si surfaces with metals ions such
as Au, Pd, Pt, Cu, and Ni. This approach is carried out in the
presence of fluoride ions, which generally employs highly
corrosive hydrofluoric acid (HF), to facilitate the formation
of SiF¢*~, thus alleviating any formation of SiO, that would
inhibit the reaction.** In general, the oxidation of Si to SiF¢>~
is accompanied by a charge transfer through Si that allows
metal deposition to occur at a different site on the surface,
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which is usually favored at defect sites.** It is also found that
there can be significant roughening of the semiconducting
surface using such an approach. In all cases, the thermo-
dynamic driving force for the reaction is provided by the
lower standard potential of the sacrificial metal/metal ion
couple in comparison with that of the solution-based metal/
metal ion couple.

However, to the best of our knowledge, the second
approach has hitherto been limited to the traditional semi-
conducting materials used in the microelectronics industry
such as Si, Ge, and GaAs. Moreover, this approach typically
requires the use of corrosive HF to achieve galvanic re-
placement on semiconducting materials. In the current study,
we have utilized the galvanic replacement approach for the
first time to decorate semiconductor phase I CuTCNQ
microrods with Au nanoparticles without involving HF dur-
ing the process, wherein we have demonstrated that the
surface coverage of CuTCNQ microrods with Au nanopar-
ticles can be feasibly fine-tuned by controlling the gold salt
concentration in the solution. It is also demonstrated that the
phase I CuTCNQ/Au composite shows significant activity
toward the photocatalytic degradation of organic dyes such
as Congo red, which may open up the possibility of using this
type of material for many other photocatalytic applications.

2. Methodology

Materials. Copper metal foil (99% purity) was obtained from
Chem Supply. 7,7,8,8-Tetracyanoquinodimethane (TCNQ) was
obtained from Fluka. Potassium tetrabromoaurate (KAuBr,-
3H,0), Congo red, and 4-nitrophenol were obtained from
Sigma-Aldrich, and acetonitrile was obtained from BDH
Chemicals. Copper foil was treated with dilute nitric acid, rinsed
with water, and dried with a flow of nitrogen immediately prior
to use. All other chemicals were used as received without modifi-
cation.

Phase I CuTCNQ Synthesis. A 12 x 1.5 x 0.05 cm? strip of
copper foil was first immersed in dilute nitric acid to facilitate
the removal of any oxide species on the copper surface. The
copper foil was then washed with deionized water and immedi-
ately placed in 50 mL of a 5 mM TCNQ solution in acetonitrile.
The surface of the copper foil was observed to turn black in color
with a dark bluish/purplish tinge, indicating the formation of
CuTCNQ, and the reaction was allowed to proceed for 1 h. The
CuTCNQ foil was then washed three times with deionized water
and dried under nitrogen. After the CuTCNQ foil was suffi-
ciently washed and dried, the 12 x 1.5 cm? piece of foil was cut
into eight 1.5 x 1.5 cm? pieces to ensure that all subsequent
experiments were performed on the same batch of CuTCNQ.

Galvanic Replacement of CuTCNQ with KAuBry. Six 1.5 x
1.5 cm? pieces of CuTCNQ were each added to separate solu-
tions containing increasing concentrations (1 uM, 10 uM,
50 uM, 100 uM, 500 uM, and 1 mM) of KAuBr4 in 5 mL of
acetonitrile. The galvanic replacement reaction between
CuTCNQ and KAuBr, was then allowed to proceed for 4 h.
After 4 h, the pieces of CuTCNQ were removed from solution
and washed three times with deionized water to remove any
residual KAuBr, or dissolved CuTCNQ. The solutions ob-
tained after the galvanic replacement reaction were later ana-
lyzed by UV—visible spectroscopy (Cary 50 Bio spectro-
photometer). The galvanically replaced CuTCNQ substrates
were examined without any further modification using scanning
electron microscopy (FEI NovaSEM), electron dispersive
X-rays (EDX performed on an FEI NovaSEM instrument
coupled with an EDX Si(Li) X-ray detector), X-ray photoelec-
tron spectroscopy (Thermo K-Alpha XPS instrument at a
pressure better than 1 x 1072 Torr with core levels aligned with
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a C 1s binding energy of 285 eV), X-ray diffraction (XRD;
Bruker AXS D8 Discover with General Area Detector Diffrac-
tion System), Fourier transform infrared spectroscopy (FT-IR
Perkin-Elmer Spectrum 100), and Raman spectroscopy (Perkin-
Elmer Raman Station 200F). In a control experiment, pristine
CuTCNQ microrods grown onto copper foil were immersed in
acetonitrile for 4 h to follow its spontaneous dissolution in
acetonitrile. In another control experiment, to observe the effect
of copper foil on the galvanic replacement reaction, CuTCNQ
crystals grown onto copper foil were separated by scratching the
surface, followed by the galvanic replacement of 1 mg of
CuTCNQ powders (in the absence of Cu foil) with increasing
concentrations (1 uM, 10 uM, 50 uM, 100 uM, 500 uM, 1 mM,
and 10 mM) of KAuBr,4 in 5 mL of acetonitrile for 4 h.

Photocatalytic Experiments. The photocatalytic activity of
the galvanically replaced phase I CuTCNQ substrates was
examined by immersing a 1.5 x 1.5 cm? piece of CuTCNQ in
aSmL, 50 uM aqueous solution of the organic dye, “Congo red”
(CR), and recording the intensity of the characteristic absorp-
tion maxima at ca. 500 nm after exposure to simulated solar light
(based on equator conditions) for a period of 30 min. An Abet
Technologies LS-150 Series 150W Xe Arc lamp source with a
condensing lens was used with the sample placed in a quartz vial
at a distance of 7 cm from the source with slow mechanical
stirring to promote mixing of the solution. After 30 min of
irradiation, the composite was removed by centrifugation, and
the remaining solution was examined by UV —vis spectroscopy.
Additionally, the degradation of Congo red dye as a function of
photoreaction time was monitored by total organic carbon
(TOC) measurements for the CitTCNQ/Au sample prepared
by reacting with 1 mM KAuBr4. The TOC measurements were
performed using a Sievers instrument.

3. Results and Discussion

The formation of phase I CuTCNQ through the sponta-
neous electrolysis technique has been well documented in
previous studies.’** Tllustrated in Figure la are phase I
CuTCNQ microrods that have been formed through the
reaction of copper foil with an acetonitrile solution contain-
ing 5mM TCNQ. It can be clearly seen that a dense coverage
of CuTCNQ microrods that grow outward from the surface
has been achieved. The rods have an average square cross-
section of 1 x 1 um with faceted corners and are 10—20 um in
length. Lower magnification SEM images are shown in the
Supporting Information (Figure S1-al), which demonstrate
a uniform distribution of CuTCNQ microrods on the copper
foil surface. The C, N, O, and Cu signals arising from these
microrods in EDX analysis suggest that the observed struc-
tures are CuTCNQ crystals (Supporting Information, Figure
S2, curve a). FT-IR spectroscopy analysis further confirms
that the microrods are composed of phase I CuTCNQ, with
characteristic vibration modes at 2199, 2171, and 825 cm ™'
(Supporting Information, Figure S3, curve a).!

The reaction of phase I CUTCNQ with KAuBr, was then
undertaken in an acetonitrile solution containing different
concentrations of the gold salt. However, given that
CuTCNQ is slightly soluble in acetonitrile to an estimated
concentration of 0.14 mM,* the Cu foil with CuTCNQ
microrods grown on both sides was first immersed in acet-
onitrile for 4 h to follow its dissolution. It can be seen in
Figure 1b and Figure S1-bl (Supporting Information) that
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Figure 1. Scanning electron microscopy (SEM) images of (a) pristine
CuTCNQ microrods; (b) CuTCNQ microrods immersed in acetonitrile
for 4 h; and CuTCNQ microrods reacted with (c) 1 uM, (d) 10 uM,
(e) 50 uM, (f) 100 uM, (g) 500 uM, and (h) | mM KAuBr, in acetonitrile.
Scale bars correspond to 2 ym.

the CuTCNQ microrods dissolve in acetonitrile to leave
behind a mixture of hollow microtubes with a wall thickness
of ca. 50 nm and vertically oriented long plate-like structures
that result from dissolution of three out of four long edges of
the microrods. Interestingly, during CaTCNQ dissolution in
acetonitrile, the length of the CuTCNQ microrods was not
observed to change significantly. This type of effect has been
observed by Liu and co-workers, who monitored CuTCNQ
formation over time using the spontaneous electrolysis meth-
od. It was found that the dissolution rate eventually exceeds
the formation rate, resulting in the formation of hollow
CuTCNQ tubes.* Here, the only process occurring is the
dissolution process, which is analogous to pitting corrosion
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and results in the rapid formation of CuTCNQ microtubes.
Upon the addition of 1 uM KAuBr, in acetonitrile, the
CuTCNQ microrods undergo a similar morphology change
to that observed when no KAuBry is present, whereby well-
defined hollow CuTCNQ rods are observed with smooth,
thin walls of ca. 50 nm in thickness (Figure 1c). Increasing the
concentration of KAuBr, to 10 uM also results in etching of
the CuTCNQ rods to form a pseudo-hollow structure;
however, the degree of CuTCNQ dissolution into acetonitrile
is observed to be significantly less than that observed for the
lower concentration (1 uM) of KAuBry, as it can be seen that
the etching has only partly dissolved the interior of the
CuTCNQ rod (Figure 1d). The addition of 50 uM KAuBr,
shows similar dissolution of CuTCNQ by acetonitrile com-
pared to that observed for both 1 uM and 10 uM KAuBr,
additions. However, the exterior walls of the CiuTCNQ rods
appear to undergo a transformation whereby the surface has
become roughened by the deposition of sub-100-nm quasi-
spherical nanoparticles (Figure le). These particles were
confirmed to be Au by EDX analysis (Figure S2, Supporting
Information) and can be more clearly seen in a side view
image shown in the Supporting Information (Figure S1-e2).
It is also of note that the dissolution of CuTCNQ has
occurred primarily in the center of the CuTCNQ microrods
at a square offset at ca. 90° to the microrods themselves.

Increasing the KAuBr, concentration to 100 #M results in
the deposition of large 100—200 nm quasi-spherical Au
particles with an increased density on the surface of the
etched CuTCNQ microrods, where the etching has been
significant enough to split the rod into four prongs, where
the four corners of the CuTCNQ rod had once been con-
nected (Figure 1f and Figure S1-f1, Supporting Information).
Interestingly, further increasing the KAuBr4 concentration
to 500 uM during the reaction inhibits the etching process,
thereby resulting in only minor etching at the top of the
CuTCNQ rods while the surface appears roughened with the
deposition of both large (100—200 nm) and small (sub-100
nm) quasi-spherical gold particles (Figure 1g). This effect
becomes more pronounced when the KAuBr, concentration
is further increased to 1 mM, which results in a significant
increase in the number of Au nanoparticles decorating the
surface of the CuTCNQ microrods, while little to no dissolu-
tion of CuTCNQ is observed (Figure 1h). At the highest
KAuBr,4 concentration, the decoration with Au nanoparti-
cles begins at the top of the CuTCNQ rods where almost
complete coverage is observed and becomes sparser further
down the CuTCNQ rod to the substrate surface.

The formation of Au nanoparticles on the surface of
CuTCNQ during the reaction was also established by EDX
analysis, which shows a continuous increase in the signature
for Au upon increasing the gold salt concentration used
during the reaction (Supporting Information, Figure S2).
The FT-IR spectral analysis showed only the presence of
phase I CdTCNQ under all conditions, illustrating that phase
I CuTCNQ is not converted to phase I CuTCNQ during the
galvanic replacement reaction (Supporting Information,
Figure S3). The nature of the CuTCNQ/Au nanocomposite
after reaction between phase I pristine CiTCNQ crystals and
highest KAuBr, concentration used in this study (1 mM) was
further verified using X-ray photoelectron spectroscopy
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Figure 2. XPS analysis showing the (a) Cu 2p and (b) Au 4f core levels
from CuTCNQ/Au nanocomposite obtained after the reaction of
CuTCNQ crystals with | mM KAuBr, in acetonitrile.

(XPS), which is a highly surface sensitive technique and can
provide crucial information about chemical species present in
the system.*” XPS analysis for Cu 2p and Au 4f core levels of
the CuTCNQ/Au nanocomposite shown in Figure 1h is
exhibited in Figure 2. The Cu 2p core level (Figure 2a)
showed two characteristic 2p3,, and 2p,, splitting compo-
nents with sharp peaks arising at binding energies (BEs) of ca.
933.8 and 953.7 eV, respectively, which correspond to phase I
CuTCNQ.*" Additionally, no significant signature corre-
sponding to shakeup satellites due to Cu®" was observed,
suggesting that the products remain predominantly Cu™ even
after galvanic replacement with the highest concentration of
Au*" ions.*® Moreover, XPS measurements also confirmed
that the product formed after galvanic replacement essen-
tially remains as phase I CuTCNQ without any signatures of
CuBr formation, because in CuBr, the Cu 2p;/, component is
expected at 932.4 eV,*® which is 1.4 eV lower than that
observed in our system. Similar to Cu 2p, the Au 4f core
level could be split into 4f;, and 4fs;, components with a
major 4f,, BE feature at ca. 84.7 eV, which is a characteristic
of Au’* thus further confirming the formation of Au
nanoparticles during the galvanic replacement reaction.
Given the substantial dissolution of CiTCNQ that seems
to occur during the reaction with lower concentrations of
KAuBr,, the reaction solutions were monitored with UV—
visible spectroscopy (Figure 3). Initially, a UV—vis spectrum
of a solution in which a CuTCNQ substrate was immersed in
acetonitrile for 4 h was recorded (brown curve). It is evident
that a spectrum typical of TCNQ™ ions in solution is
recorded where several characteristic peaks above a wave-
length of 600 nm are observed with a major peak at ca.
745 nm, a secondary peak at ca. 765 nm, and a shoulder at ca.
725 nm. Additional features over the 400—450 nm wave-
length range can also be seen, which are indicative of TCNQ ™
ions.” This indicates that CuTCNQ dissolves to form
TCNQ™ and Cu™ ions in acetonitrile, where the latter species
is assumed due to the high stability of Cu™ in this solvent.*®
As a reference, a UV—vis spectrum of 5 mM TCNQ in
acetonitrile was also collected (orange dotted curve), which
shows a typical strong absorption band centered at 390 nm
and no evidence of spectral features above 650 nm,
thus corroborating well with previous observations.'®*’

(48) Yang, M.; Zhu, J.-J.; Li, J.-J. J. Crys. Growth 2004, 267, 283-287.
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Figure 3. UV—uvisible spectra of solutions obtained after galvanic re-
placement of CuTCNQ with increasing concentrations of KAuBry, in
acetonitrile.

UV-—visible spectral analysis of the solutions in which
CuTCNQ samples were reacted with increasing concentra-
tions of KAuBr, indicates that the intensities of all of the
features associated with TCNQ™ above 650 nm decrease in
proportion to the amount of KAuBr, added to the reaction,
thus indicating a decrease in the amount of TCNQ ™ dissol-
ving into acetonitrile. Significantly, upon the addition of
500 uM and 1 mM KAuBry, the intensity of the peaks
attributable to TCNQ ™ falls to zero, which indicates that at
higher gold salt concentrations, either little or no TCNQ ™ is
dissolved into the solution. This observation is consistent
with the SEM images, which show little to no etching of the
CuTCNQ microrods at higher gold salt concentrations
(Figure 1g and h). Similarly, in the 400—450 nm wavelength
range, peaks attributable to TCNQ ™ are also observed to
decrease, whereas a feature at 390 nm is observed to increase
in intensity with increasing gold salt concentration. This is
interesting, as it suggests the possibility of neutral TCNQ
formation during the reaction of phase I CuTCNQ with
KAuBry, which is highly soluble in acetonitrile. This feature
at 390 nm becomes increasingly prominent with increasing
gold salt concentration. The possibility of residual TCNQ
from the CuTCNQ synthesis procedure may play a slight role
but would not account for the increasing intensity of the band
at 390 nm with increasing KAuBr, concentration. There may
also be a contribution from unreacted KAuBr,, whose
spectrum is also shown (blue dotted curve); however, this is
quite a broad feature (350 to 450 nm) and is not as sharp as
the band associated with neutral TCNQ. This provides a
strong argument in favor of the formation of a neutral TCNQ
species during the reaction between CuTCNQ microrods and
KAuBr, and suggests a galvanic replacement process does
occur.

The observation of Au nanoparticles on the surface of
CuTCNQ rods (Figure le—h) and a UV—vis spectral feature
associated with neutral TCNQ suggests that a redox reaction
occurs between phase I CuTCNQ and KAuBr, via the
simultaneous reduction of Au®" from KAuBr, and the oxi-
dation of TCNQ ™ from CuTCNQ, whose rate is dependent
on the concentration of KAuBr, used. A powerful method
used to probe differences between TCNQ and materials
containing TCNQ™ anion radicals is Raman spectroscopy.
Ilustrated in Figure 4 are Raman spectra of solid films of
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Figure 4. Raman spectra of (a) TCNQ crystals drop cast onto a polished
gold substrate, (b) unmodified CuTCNQ substrate, and (c) CuTCNQ
reacted with | mM KAuBry.

pristine TCNQ crystals (spectrum a), pristine phase I
CuTCNQ (spectrum b), and CuTCNQ after being reacted
with 1 mM KAuBr, (spectrum c). Pristine TCNQ crystals
exhibit four characteristic principle vibration modes at ca.
1200 cm™' (C=CH bending), 1450 cm~' (C—CN wing
stretching), 1600 cm™! (C=C ring stretching), and ca. 2225
em~ ' (C—N stretching) (spectrum a), which correlate well
with the literature.”' For the CuTCNQ sample (spectrum b),
it can be seen that the C—CN wing stretching vibration mode
is shifted to 1380 cm™', and the C—N stretching band is
shifted to 2200 cm ™" in comparison with TCNQ (spectrum
a), both of which are indicative of TCNQ . Significantly, for
CuTCNQ reacted with 1 mM KAuBr, (spectrum c), the
presence of a C—CN wing stretching vibration mode at 1450
cm™ ' illustrates the formation of neutral TCNQ (as seen in
spectrum a) and a small shifted feature at 1380 cm™ ' (as seen
in spectrum b). The full Raman study involving reactions
with an increasing concentration of gold salt is illustrated in
the Supporting Information (Figure S4), which shows the
gradual appearance of the C—CN wing stretching vibra-
tion mode at 1450 cm™ ! associated with TCNQ, as the
gold concentration is increased during the reaction. The 1450
cm™ ! feature after reaction with gold salt can therefore be
confidently associated with a reaction product and not a
contaminant, as the pristine Cu’TCNQ sample (spectrum b)
shows no evidence of this band. This also suggests that, under
conditions employed in this study, most of the TCNQ that is
formed during the reaction is not liberated into the solution
as observed by UV—vis spectroscopic analysis (Figure 3).
To support the XPS results (Figure 2b) and to ensure that
the formation of metallic gold was achieved during the reac-
tion of CuTCNQ with KAuBr4, XRD spectra of CitTCNQ
reacted with the different gold salt concentrations was per-
formed (Figure 5). The pristine TCNQ powder (pattern a)
shows major peaks at 18.6°, 24.2°, 26.0°, 27.5°, 28.5°, and
30.1° 26 that correspond to monoclinic TCNQ and agree
well with the literature (JCPDS card 00-033-1899). The
pristine CuTCNQ substrate (pattern b) shows two peaks at
16.0° and 18.0° 26 that are attributable to phase [ CuTCNQ

(50) Liu, S.-G.; Liu, Y.-Q.; Wu, P.-J.; Zhu, D.-B.; Tien, H.; Chen, K.-C.
Thin Solid Films 1996, 289, 300-305.

(51) Kai, X.; Jing, T.; Zhengwei, P.; Alex, A. P.; Ilia, N. I; Stephen, J. P.;
David, B. G. Angew. Chem., Int. Ed. 2007, 46, 2650-2654.
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Figure 5. XRD patterns of (a) pristine TCNQ crystals, (b) pristine
CuTCNQ microrods, and (c—h) CuTCNQ reacted with (c) 1 uM,
(d) 10 uM, (e) 50 uM, (f) 100 uM, (g) 500 uM, and (h) 1 mM KAuBr,.
Peaks corresponding to fcc gold planes have been labeled.

(00-054-1997). In addition to these two peaks, a collection of
three peaks at 22.5°, 25.0°, and 29.0° 26 can also be attributed
to CuTCNQ and correspond well with the literature.! When
1 uM KAuBry is introduced (pattern c), little change is
observed in both the intensity and position of peaks, which
corresponds well with the SEM image shown in Figure lc
that describes no significant decoration with gold particles.
As the concentration of KAuBry is increased to 10 uM
(pattern d), peaks attributed to CuTCNQ at 16.0°, 18.0°,
22.5°,25.0°, and 29.0° 26 are observed to reduce in intensity.
This is consistent with the SEM images shown in Figure 1d
typifying the dissolution of CuTCNQ into the reaction
medium. Also of note is the appearance of a small peak
attributable to the [111] plane of face-centered cubic (fcc)
gold at 38° 26 (03-065-2870). A further increase of the
KAuBr, concentration to 50 uM (pattern e) results in a
greater reduction in intensity of the peaks associated with
CuTCNQ, along with concomitant increase in the Au [111]
peak at 38.0° with additional fcc Au peaks at 44.5°,65.0°, and
78.0° 20 corresponding to the [200], [220], and [311] crystal
planes, respectively. The addition of 100 uM KAuBry
(pattern f) results in a further reduction in intensity of the
CuTCNQ peaks and an increase in the peaks associated with
metallic gold. Upon the addition of 500 uM K AuBr, (pattern
g), an almost complete reduction in intensity of the CuTCNQ
peaks with a simultaneous increase in the intensity of the
fcc gold peaks is observed. Finally, the addition of 1 mM
KAuBr4 (pattern h) results in the increased intensity of a peak
at 27.5° 26, which could be attributed to a combination of
both CuTCNQ and TCNQ peaks and an increase in those
attributed to fcc gold, which again correlates well with the
SEM image (Figure 1h).

4. Mechanism of Galvanic Replacement

The SEM, EDX, UV—visible, Raman, FT-IR spectrosco-
py, and XRD analyses demonstrate a stark difference in the
morphology and composition of both the reactant solution
and the CuTCNQ substrate as the concentration of KAuBry
is increased during the galvanic replacement reaction,
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suggesting a combination of two reaction mechanisms. In
the absence of KAuBry, the CuUTCNQ rods are observed to
dissolve in acetonitrile solvent to form hollow CuTCNQ
rods, indicating the dissolution of phase I CiTCNQ into the
solvent as described by eq 1:

CuTCNQ(, — Cu* + TCNQ ™ (1)

Conversely, when KAuBr, is introduced into acetonitrile,
the dissolution of CuTCNQ into the solvent is found to
reduce (signatures of TCNQ ™ ions are reduced) and the
amount of TCNQ" formed in the solvent increases (UV—
vis spectroscopy, Figure 3). This suggests that a redox
reaction that is akin to a galvanic replacement process occurs
between CuTCNQ and KAuBr4 and results in the decoration
of phase I CuTCNQ with Au particles, which can be
described by eq 2:

3CuTCNQ + KAuBr; — Au’ +3TCNQ" + 3CuBr + KBr
(2)

It has been demonstrated by Bond et al.* that CuTCNQ
oxidizes over a potential range of 0.500 to 0.700 V (vs SHE),
whereas the standard reduction potential for the AuBr, /Au
couple is 0.854 V (vs SHE), > which provides enough driving
force for this reaction to be thermodynamically possible. The
possibility of AuBr,  ions reacting with Cu™ ions to form
Au” can be discounted, as Cu™ ions are highly stable in
acetonitrile and not readily oxidized where the standard
potential for the Cu®*/Cu™ couple has been reported to be
1.291 V (vs SHE).* Notably, this is the first time, to the best
of our knowledge, that the galvanic replacement of a semi-
conducting charge transfer complex has been reported. At
higher concentrations of KAuBr, (> 100 uM), it seems that
the galvanic replacement reaction is the dominant process,
which results in little CuTCNQ dissolution but in the
formation of neutral TCNQ that diffuses into the reactant
solution. Indeed the replacement reaction becomes so domi-
nant at the highest gold salt concentrations studied (1 mM)
that neutral TCNQ is found in the CuTCNQ/Au composite
(as seen by Raman and XRD analysis), suggesting that the
reaction is extremely rapid, which instantaneously covers any
TCNQ formed during the reaction with Au nanoparticles
and prevents its dissolution.

To rule out the possibility of pinholes in the CaTCNQ film
which might expose the underlying metallic copper film
where galvanic replacement could occur, CuTCNQ crystals
were removed from the surface of Cu foil and then directly
reacted with KAuBr, in acetonitrile in the absence of Cu foil.
In this case also, the isolated CuTCNQ microrods decorated
with Au nanoparticles were observed (Supporting Informa-
tion, Figure S5). The same general trend is observed in that
CuTCNQ decoration with Au particles becomes more sig-
nificant at higher gold salt concentrations, with interestingly
hollow cubic-shaped particles being formed at a higher
KAuBr, concentration of 1 mM. The appearance of hollow
Au cubes during galvanic replacement of a semiconductor
CuTCNQ by metal ions is interesting and corroborates
well with previous galvanic replacement studies involving a
metal/metal ion couple.*’ Interestingly, when the K AuBr,
concentration was further increased to 10 mM, a significant

(52) Evans, D. H.; Lingane, J. J. J. Electroanal. Chem. 1963, 6, 1-10.
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Figure 6. (A) Percentage photodegradation of 50 uM aqueous solution of the organic dye Congo red under simulated solar light conditions for 30 min as
recorded by UV—vis spectroscopy: (a) Congo red, (b) pristine Cu'TCNQ, and (c—h) CuTCNQ reacted with (c) 1 uM, (d) 10 uM, (e) 50 uM, (f) 100 uM, (g)
500 uM, and (h) | mM K AuBry. (B) Percentage total organic carbon obtained from Congo red (a) before and (b—d) after its exposure to simulated solar light
for (b) 30 min and (c) 60 min in the presence of the CuTCNQ/Au nanocomposite and (d) 180 min in the absence of the CuTCNQ/Au nanocomposite.

increase in the decoration of CuTCNQ with Au cubes
was observed. The formation of such structures on the
CuTCNQ surface once again reaffirms the possibility of
performing galvanic replacement reactions on semiconduct-
ing surfaces.

The decoration of semiconducting materials such as TiO,
with metal nanoparticles to improve their photocatalytic
properties through better interfacial charge transport and
charge separation under band gap excitation conditions is
well established.>* ¢ Since the phase I CuTCNQ/Au micro-
rods synthesized in this study have not hitherto been re-
ported, the possibility of using such materials for the photo-
catalytic degradation of “Congo red”, an organic dye, was
explored in the presence of simulated solar radiation. The
molecular structures of phase I CutTCNQ and Congo red are
depicted in the Supporting Information (Figure S6). Shown
in Figure 6A are the photodegradation percentages of the
phase I CuTCNQ substrates galvanically replaced with
differing amounts of KAuBr, after irradiation by solar light
for 30 min when compared with a stock solution containing
50 uM Congo red dye by taking the absorbance (A.yx)
intensity of Congo red at 500 nm into account. When no
CuTCNQ substrate is present (a), the solar radiation causes
degradation of ca. 7% of the dye, which increases to ca. 12%
upon the introduction of an unmodified CuiTCNQ substrate
(b), indicating that phase I CuTCNQ has a degree of photo-
catalytic activity. When the CuTCNQ substrate is galvani-
cally replaced with 1 uM KAuBry (c), the dye degradation
increases to ca. 28%. With increasing concentrations of
KAuBry, the photodegradation of dye molecules is found
toincrease to ca. 42% (d, 10 uM KAuBry), ca. 60% (e, 50 uM
KAuBry), and to a maximum of ca. 67% (f, 100 uM KAuBry)

(53) Dawson, A.; Kamat, P. V. J. Phys. Chem. B 2001, 105, 960-966.

(54) Du, L.; Furube, A.; Yamamoto, K.; Hara, K.; Katoh, R.; Tachiya,
M. J. Phys. Chem. C 2009, 113, 6454—6462.

(55) Jakob, M.; Levanon, H.; Kamat, P. V. Nano Lett. 2003, 3, 353-358.

(56) Hidalgo, M. C.; Navo, J. A.; Colén, G J. Phys. Chem. C 2009, 113,
12840-12847.

within 30 min of reaction. However, further increasing the
KAuBr, concentration to 500 uM and 1 mM KAuBr, (g and
h, respectively) leads to a decrease in the photocatalytic
activity of the CuTCNQ/Au substrate to ca. 61% and ca.
51%, respectively, within 30 min of reaction. It is well-known
that the extent of metal loading on the surface of a photo-
catalyst is correlated to the efficiency of the material, and that
above the optimum metal content the efficiency is observed to
decrease.”” As such, great care must be taken to ensure that a
quantity of metal that provides optimum photocatalytic
activity is used for improved photocatalytic performance.
Although UV—vis spectroscopy experiments revealed signif-
icant degradation of Congo red in the presence of CuTCNQ/
Au nanocomposites, it is likely that the degradation products
of organic dyes might still be present in the solution in the
form of colorless organic products. Therefore, additional
measurements were performed wherein total organic car-
bon (TOC) contents of Congo red containing solutions were
determined in a time-dependent fashion after their exposure
to one of the CuTCNQ/Au nanocomposites (sample ob-
tained using 1 mM K AuBr,). The TOC measurements shown
in Figure 6B clearly indicate a more than 50% reduction in
the TOC content of the solution after 30 min of exposure to
the CuTCNQ/Au composite (Figure 6Bb), which further
reduces by 68% after 60 min (Figure 6Bc). In compari-
son, only a 21% reduction in TOC content was observed
when Congo red was exposed to simulated solar radiation for
3 h in the absence of the CuTCNQ/Au nanocomposite
(Figure 6Bd). This can be considered as highly significant
photocatalytic performance for a novel CuTCNQ/Au ma-
terial, which has not hitherto been reported for its photo-
catalytic properties. It is also noteworthy that although
traditional metal-decorated metal oxides such as TiO,
might achieve better photocatalytic performance than that
demonstrated by the CitTCNQ/Au system in our study, the

(57) Linsebigler, A. L.; Lu, G.; Yates, J. T; Maicu, M.; Navo, J. A. Chem.
Rev. 1995, 95, 735-758.
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demonstration that semiconductor CuTCNQ/Au compo-
sites are able to show solar light photocatalytic performance
is highly significant, with a scope for further development,
particularly for visible light photocatalysis.

5. Conclusions

In this work, we have demonstrated that microrods of
phase I CuTCNQ can be decorated with metallic Au from an
acetonitrile solution containing KAuBr, by a galvanic re-
placement mechanism. Under conditions of low gold salt
concentration, the dissolution of CuTCNQ occurs and re-
sults in the formation of hollow rods. This dissolution process
becomes more inhibited as the redox reaction between phase |
CuTCNQ and Au®" ions takes effect, which results in exten-
sive coverage of CuTCNQ with metallic Au, with evidence
of surface confined neutral TCNQ formation that is inacces-
sible to the acetonitrile solution. Interestingly, the phase I
CuTCNQ/Au composite materials showed promising photo-
catalytic properties for the destruction of organic dyes such as
Congo red, whose performance was found to be dependent
on the surface coverage of CuTCNQ with Au particles. This
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approach opens up the possibility of studying other metal—
TCNQ semiconductor complexes that could be replaced with
noble metals such as gold, platinum, and palladium and may
have interesting applications particularly in catalysis and
sensing.
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