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74 and a Pt wire were employed as reference electrode and counter elec-
75 trode, respectively. Gold nanorod electrodes, nanosphere electrodes,
76 or gold disk electrode were used as working electrodes.

77 3. Results and discussion

78 The flexible nanorod electrodes were fabricated via drying-
79 mediated self-assembly of nanorods on tissue papers. Firstly, gold
80 nanorods were synthesized through the typical seed-mediated
81 methods [17–20] and characterized by TEM, UV–visible spectropho-
82 tometer, and XRD analysis (Fig. 1a–c). Then, the nanorod stock solu-
83 tions were drop-casted onto a 0.40×2.5 cm2 tissue paper, which
84 uniformly wetted the entire tissue paper by strong capillary forces
85 [22]. This was followed by drying at 50 °C for 20 min. A repeated

86dropcasting and drying step could lead to a dark-yellow paper
87(Fig. 1d) with a sheet resistance of ~20 Ω/5 Q3.
88Gold nanorods are closely-packed but maintaining their well-
89defined shapes without any observable fusion (Fig. 1e). In some do-
90mains, gold nanorods are vertically aligned. Unlike our previous
91free-standing monolayered nanorod superlattices [19], in this study
92nanorods are three-dimensionally (3D) distributed throughout the
93paper matrix. Such a 3D close packed assembly is uniform throughout
94the entire paper sheet, contributing to the high conductivity observed.
95Despite the high conductivity, the usage of gold in a typical
960.40×2.5 cm2 tissue paper was only about 0.3 mg, contributing to
97only 7.5% of the overall electrode weight in order to achieve a resis-
98tance of around 20 Ω/5 Q4. According to current gold market price
99(52.21 USD/g, from http://goldprice.org/), the cost of 0.40×2.5 cm2

100nanorod electrode was only 0.16 US dollars.

Fig. 1. Typical TEMmicrograph (a) and UV–visible spectrum (b) of gold nanorods; XRD pattern (c), photographic image (d) and SEMmicrograph (e) of a typical gold nanorod electrode;
XRD pattern (f), photographic image (g) and SEM micrograph (h) of a typical gold nanosphere electrode.
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183 Unlike bulk gold or nanorod electrodes, nanosphere electrodes
184 were with dominant (111) facets (Fig. 1f), and they exhibited differ-
185 ent electrocatalytic selectivities towards MOR and ORR. Typically, our
186 experimental results show that EASA of nanosphere electrodes were
187 about 25 times of that for bulk gold; the current density of MOR on
188 nanosphere electrodes was about 29 times of that for bulk gold
189 (Fig. 3b); whereas, the current density of ORR on nanophere elec-
190 trodes was only about 11 times of that for bulk gold (Fig. 2b). Despite
191 the discriminative enhancement for ORR and MOR on the nanosphere
192 electrode, nanorod electrodes exhibited greater current densities for
193 both reactions due to the greater EASA.
194 Nanorod electrodes are highly stable. There was no observable
195 change in conductivity after storing the electrodes under the ambient
196 conditions for six months. In addition, electrocatalytic reactions did
197 not lead to evident changes in structures of nanorods electrodes.
198 There were no nanorods coming off from tissue papers during elec-
199 trochemical scanning under various acid and basic conditions for
200 more than 500 cycles of scanning.

201 4. Conclusion

202 Lightweight, flexible electrocatalytic electrode was successfully fab-
203 ricated from gold nanorods without requirement of a bulk conductor.
204 Nanorod electrodes possessed extremely high surface area, leading to
205 much higher electrocatalytic current densities for ORR and MOR than
206 those on conventional bulk gold disk electrodes. The nanorod elec-
207 trodes were highly stable in a wide electrochemical window. Our fabri-
208 cation method can be extendable to metallic nanoparticles of other
209 shapes, which opens a promising new route to fabricate mechanically
210 strong yet flexible, economical, and customizable electrodes for a
211 wide spectrum of applications in electrochemical (bio)sensors, electro-
212 analytical chemistry, and fuel cells.
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251

Fig. 3. (a) Electrocatalysis of a typical nanorod electrode in 0.1 M KOH with methanol at different concentrations. The scan rate was 50 mV/s. The inset is a plot of current density
versus methanol concentration in 0.1 M KOH. The methanol concentrations are 0, 0.5, 1, 1.5, 2, 2.5, 3, 3.5, 4, 4.5, and 5 M. (b) CVs of nanorod electrode (red curve), nanosphere
electrode (blue curve), and gold disk electrode (black curve) in 3 M Methanol in 0.1 M KOH at a scan rate of 50 mV/s. The inset is a magnified view of the CV curve for gold
disk electrode. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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101 Gold nanorods did not affect the mechanical robustness and flex-
102 ibility of tissue papers. The repeated bending from −180° to 180°
103 did not break the nanorods electrodes. Remarkably, their conductivity
104 was almost unaffected by repeated bending tests. In a typical experi-
105 ment, wemonitored the linear resistance changes by amultimeter dur-
106 ing the bending of the nanorod electrode. It was observed that the
107 electrical resistance in bending state was 44.9 Ω, corresponding to
108 3.6% reduction of the resistance in stretching state (46.6 Ω). The slight
109 reduction in resistance may be due to stress-induced closer packing of
110 nanorods in the bending sites. We repeated the bending process for
111 over 100 times and observed that the overall reduction in electrical re-
112 sistance was less than 5%. These experimental results show that gold
113 nanorods are strongly adhered to fibrils in tissue papers during the
114 bending tests. Notably, our fabrication method is general, extendable
115 to fabricate gold nanosphere electrode (Fig. 1g and h).
116 Our nanorod electrodes are highly porous, exhibiting much great-
117 er EASA than that for conventional gold disk electrodes. The charges
118 associated with reduction of the gold oxide could be used to estimate
119 the EASA by Eq. (1) [5]:

EASA ¼ Q
Q" ð1Þ

120121 where Q is the charge associated with the formation of gold oxide
122 monolayer and Q⁎ is the calibration factor with a value of 390 μC/cm2

123 [23]. Our results showed that a typical nanorod electrode has an EASA
124 of about 200 cm2/mg, which is about 60 times of its geometric area. In
125 contrast, the EASA of the gold disk electrode was only about 2 times
126 of its geometric area.
127 Furthermore, we investigated electrocatalytic activies of our
128 nanorod electrodes towards ORR and MOR reactions. As for ORR in
129 PBS buffer, there are generally two consecutive steps in electron
130 transfer reactions as follows [7]:

O2 þ 2Hþ þ 2e− ¼ H2O2 ð2Þ
131132

H2O2 þ 2Hþ þ 2e− ¼ 2H2O: ð3Þ
133134
135 Corresponding to the above two reactions, a peak at−0.05 V and a
136 shoulder around−0.27 V were observed (Fig. 2a, black curve), respec-
137 tively. We further confirmed the two-step four-electron transfer elec-
138 trocatalytic reactions by adding H2O2. After adding H2O2 into the PBS
139 solution (Fig. 2a, red line), the peak current at −0.27 V increased

140significantly; while the catalytic current at −0.05 V only increased
141slightly. This confirmed that the catalytic reaction at −0.27 V was due
142to the reduction ofH2O2 intoH2O. In contrast, only a single peakwas ob-
143served at−0.27 V in N2-purged PBS solution containing 0.45 mMH2O2

144(Fig. 2a, blue line). The absence of shoulder peak at −0.05 V proved
145diminishing of reduction from O2 into H2O2. In addition, we compared
146the electrocatalytic activity of the nanorod electrodes with that of con-
147ventional gold disk electrodes (Fig. 2b). Under the identical conditions,
148the electrocatalytic current density for ORR reactions on the nanorod
149electrodes was about 30 times of that for gold disk electrodes.
150Fig. 3a showed the representative CV curves for MOR in 0.1 M KOH.
151The characteristic anodic peak at around 0.42 V is mainly due to the
152oxidation of methanol, whereas the cathodic peak at around 0.05 V is
153mainly due to the reduction of AuO/OHδ−

ads formed during positive
154voltage scanning [9,24,25].With the increase inmethanol concentration,
155the anodic peak current density enhanced significantly, whereas the ca-
156thodic peak current density decreased. The electrocatalytic current den-
157sity was linearly proportional to the methanol concentration (Fig. 3a,
158inset). This phenomenon was also observed previously on other types
159of gold nanostructures [25]. Note that both OH− chemically-absorbed
160on gold nanorods, and OH− in electrolyte solution could be involved
161in methanol oxidation reaction. With the increase of methanol concen-
162tration, the reaction with OH− from solution became dominant but
163with less Au-OHδ−

ads involved, therefore, leading to the decrease of
164cathodic peak current [9,24]. In addition, the anodic peak shifted as
165methanol concentrations increased. We speculate that methanol may
166swollen paper matrix, leading to the increase of gaps between Au
167nanorods. Consequently, methanol oxidation occurred at higher poten-
168tial under higher methanol concentrations. We further compared the
169electrocatalytic activity of the nanorod electrodes with that of conven-
170tional gold disk electrodes (Fig. 3b). Under the identical conditions,
171the electrocatalytic current density for MOR reactions on the nanorod
172electrodes was about 30 times of that for gold disk electrodes
173We investigated themechanismof high-performance electrocatalysis
174towards ORR and MOR. It is known that electrocatalytic activities de-
175pend on crystalline structures of catalyst. XRD results (Fig. 1c) showed
176that fractions of facets of nanorod electrodes are similar to that for
177bulk polycrystalline gold electrodes. This indicates that nanorod elec-
178trodes have similar electrocatalytic selectivity towards ORR and MOR,
179therefore, the observed electrocatalytic enhancements are mainly an
180area effect. This is also reflected in the large capacitative currents
181shown in Fig. 2, which is a consequence of the linear diffusion condi-
182tions prevailing.

Fig. 2. (a) CVs of the nanorod electrode in air-saturated 0.1 MPBS (black curve), in air-saturated 0.1 MPBS and in the presence ofH2O2 (red curve), inN2-purged 0.1 MPBS (pH=7.2) and
in presence of H2O2 (blue curve). The scan rate was 50 mV/s. (b) CVs of nanorod electrode (red curve), nanosphere electrode (blue curve), and gold disk electrode (black curve) in
air-saturated 0.1 M PBS solution (pH=7.2) at a scan rate of 50 mV/s. The inset is a magnified view of the CV curve for gold disk electrode. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)
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