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Abstract 28 

The development of nanomaterials with multifunctional properties presents a viable business 29 
case for potential scale-up of nanomaterial fabrication. Hence, the design and engineering of 30 
structures as well as tuning of active sites are crucial in generating multifunctional properties 31 
in nanomaterials. In this regard, we demonstrate a three-dimensional (3D) fractal structure of 32 
Au-Bi2O3 with fractal dimension (Df) of ≈ 1.80, which is obtained from the small-angle X-ray 33 
scattering (SAXS) measurement and through the box counting algorithm. The fractal 34 
structures, fabricated via a one-step direct synthesis, gives a homogeneous distribution of 35 
catalytically active nanocrystals Au and Bi2O3 on a 3D platform with high active surface 36 
area, resulting in a strong enhancement of its localized electric field. Therefore, when applied 37 
as a catalyst for electrochemical CO2 reduction reactions (CO2RR) and optical gas sensing, 38 
the material displays an excellent performance. Specifically, the fractal structure exhibits a 39 
high selectivity towards the formation of formate, achieving a very high Faradaic efficiency 40 
of 97% and high mass-specific formate current density of -54 mA mg-1 at -1.1 V vs reversible 41 
hydrogen electrode (RHE). Similarly, this structure displayed a plasmonic shift as high as ~ 5 42 
nm for 4 vol% acetone sensing with a detection limit of 100 ppm towards different volatile 43 
organic compounds (VOCs).  44 
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Introduction 50 

Inspired by multifunctional structural material systems in nature like human skin or bird 51 
feathers, the development of nanomaterials with incorporated multiple functionalities is an 52 
emerging field with a great potential for practical applications.1-4 For instance, carbon 53 
nanotube bristles have been developed for a range of applications: narrow space cleaning, 54 
chemical adsorption, and electrical contact.5 Similarly, metalenses with multifunctional 55 
photonic components can be applied to different areas including wearable display and bio-56 
imaging.6 SnO2-CNT nanohybrids were reported for adsorbent, catalyst, and antimicrobial 57 
agent.7 Very recently, bimetallic Sn-Bi alloy was employed for carbon dioxide reduction 58 
reaction (CO2RR) and water purification.8 Often, the functionality in nanomaterials is 59 
intrinsically bounded to the structure, and many multipurpose devices have been shown to 60 
have complex recursive features across different length scales.9, 10 Indeed, complex and 61 
disordered materials are rapidly proving their functions in different fields like catalysis,11, 12 62 
photonics,13-15 or sensing.16, 17  63 

In this panorama, fractal structures are appealing candidates to tame the complexity toward 64 
tailorable multifunctional devices thanks to their endowment of showing iterative and 65 
stochastic organization. Driven by recursion, fractals are objects that possess self-similar 66 
properties replicating over finite range of magnitudes. These patterns are also very common 67 
in the natural world as many of natural laws follow a fractal scaling rule.18 Hence, 68 
understanding the design principle of these structures is of paramount importance to design 69 
man-made structural materials for practical applications. In fact, fractals have found 70 
widespread applications –amongst many– in the telecommunication sector,19 electronics,20 71 
optics,21 chemistry,22 and biology.23 Particularly, the fractal structure of the alkylketene dimer 72 
(AKD) shows excellent water-repellent property24, or the enhancement of light trapping has 73 
been shown in the random fractal of silicon nanowires.25 Recently, disordered aggregates of 74 
metal oxides have shown advantages for water splitting12 and CO2RR.26 In light of this 75 
extraordinary potential of fractals, it remains to be seen if such structures can be engineered 76 
for multifunctional applications such as clean energy harvesting, sensing, medicine, and 77 
environmental remediation.  78 

In this work, we designed and fabricated a multifunctional platform based on the three-79 
dimensional (3D) distribution of Au nanocrystals onto tailored fractals of Bi2O3. We take 80 
advantage of the stochastic Brownian motion in supersaturated aerosol to drive the self-81 
assembly of Au and Bi2O3 nanocrystals simultaneously to form a novel hybrid 3D metal-82 
semiconductor media. 27, 28 The structure consists of Au nanoparticles, with tunable long-83 
range uniformity and density, dispersed in fractal scaffolds of Bi2O3. Generally, a 84 
nonconductive binder is used in a conventional process of fabricating films such as the drop-85 
casting.29, 30 However, with the advantage of the direct fabrication of the fractal structure on 86 
substrates via the hot-aerosol synthesis, a binder-free film, which facilitates the electron 87 
transport and enhances the chemically active surface area and density of the electrocatalyst 88 
material,31 is formed in a facile manner. The fractality of Au-Bi2O3 was then measured by 89 
means of synchrotron-based small-angle X-Ray scattering (SAXS) and was found to be in 90 
agreement with the image analysis. This structure was tested for electrochemical carbon 91 



 

 

dioxide reduction reactions (CO2RR), and it demonstrated exceptional selectivity towards 92 
formate (97% with a high mass specific formate partial current density of -54 mA mg-1 at -1.1 93 
V vs RHE). Additionally, the inclusion of plasmonic Au nanoparticles within Bi2O3 has also 94 
been exploited to build a fully operational optical sensor based on localized surface 95 
plasmonic resonance (LSPR). As a result, the fractal Au-Bi2O3 demonstrates excellent 96 
sensing properties towards gaseous volatile organic compounds (VOCs) with lower detection 97 
limits of 100 ppm at room temperature. The multifunctionality of the Au-Bi2O3 fractals was 98 
investigated experimentally and theoretically, and a mechanism model for the superior 99 
performance is proposed. The admirable efficiencies obtained toward gas sensing and CO2RR 100 
can be ascribed to the synergistic coupling of (i) the highly porous fractal platform, which 101 
presents numerous active sites for CO2 and VOCs adsorption, and (ii) the enrichment of the 102 
electron density originating from the enhancement of the localized electric field due to the 103 
presence of gold nanoparticles distributed homogeneously throughout the 3D fractal film.  104 

 105 
Results and Discussion 106 

Figure 1a shows a schematic rendering of the Au-Bi2O3 fractal by a hot-aerosol approach. In 107 
this process, liquid bismuth and gold precursors were separately dissolved in combustible 108 
solvents before being injected into a double-flame spray pyrolysis (DFSP) system (Methods). 109 
DFSP has been reported previously to fabricate nanomaterials for a variety of applications 110 
such as electrocatalysis, photocatalysis, and gas sensing. 27, 28, 32, 33 Typically, the precursors 111 
were atomized by an oxygen dispersion flow to form micro-droplets of liquid precursor 112 
before being ignited by a surrounding pilot flame. The evaporation of solvents and the 113 
decomposition of the metallic precursors by the high temperature of the flame lead to an 114 
oversaturated aerosol of the target metal/metal oxide, which nucleates and grows by means of 115 
Brownian coagulation and/or coalescence. Finally, the incoming nanoparticle aerosol self-116 
assembles in a fractal structure of homogeneously dispersed Au and Bi2O3 on selected 117 
substrates, including (i) carbon fiber paper (CFP) and (ii) glass substrates by means of 118 
diffusion-limited cluster-cluster aggregation. 34, 35 Low magnification SEM images of the Au-119 
Bi2O3 fractals on the CFPs (inset Figure 1b) and on the glass substrates (inset Figure 1c) 120 
indicate a large-scale uniformity of the catalytic layers. Moreover, investigation of the 121 
catalytic layer at higher magnification (Figure 1b,c) reveals an ultraporous nanoparticle 122 
network with a fractal structure, which is similar to previous reports on pure TiO2

16, ZnO36, 123 
and Eu-doped Y2O3.37  124 



 

 

 125 
Figure 1. (a) Schematic diagram of the Au-Bi2O3 fractal with the enlarged regions representing 126 
CO2RR to formate (on the left) and optical gas sensing to toluene (on the right). (b, c) SEM images at 127 
different magnifications of the sample on (b) carbon fiber paper (CFP) and (c) glass substrate.   128 

After establishing the morphology, we attained the fractal dimension, Df, of the Au-Bi2O3 129 
clusters using the box counting method implemented in Fraclac, an ImageJ plugin16, 38 and 130 
compared with the small-angle X-ray scattering (SAXS).39-41 Generally, particle aggregates 131 
which are obtained by the aerosol synthesis exhibit a Df ranging from 1.6 to 2.5.42-44 The 132 
results of the box counting analysis are shown in Figure 2a-c. Top-view SEM images of the 133 
Au-Bi2O3 films were used for this analysis (Figure 2a). The generated image from the 134 
analysis is presented in the inset of Figure 2a. The theoretically calculated slope of the 135 
double-log plot (shown in Figure 2b) indicates the fractal dimension of the film, which is 136 
1.79. The lacunarity, Λ, of the film, which indicates the heterogeneity of the structure was 137 
also evaluated. As shown in Figure 2c, the maximum of the lacunarity is between 150 and 138 



 

 

200 nm. As a 2D projection image of the object was used in the box counting analysis, the 139 
upper limit of Df to be determined is 2.0.45 Therefore, the small-angle X-ray scattering 140 
(SAXS) measurement of the Au-Bi2O3 films was independently pursued to determine the 141 
fractal dimension of the samples in 3D space.  142 

 143 

 144 

Figure 2. Fractal analysis of the Au-Bi2O3. (a-c) Fractal analysis obtained from the box counting 145 
method with (a) SEM image of the Au-Bi2O3 (inset: a reduced size generated from the fractal 146 
analysis), (b) double-logarithmic plot of the lnε (ε, box size) and lnN (N, number of boxes), which 147 
shows the fractal dimension of 1.79 as the slope of the plot, and (c) lacunarity of the Au-Bi2O3 film. 148 
(d) Double-logarithmic plot of the scattering intensity and the scattering vector q measured by small 149 
angle X-ray scattering (SAXS) of the Au-Bi2O3 film on a glass substrate.  150 

In principle, when matter is radiated by X-rays, it scatters the beam, and by measuring the 151 
intensities of the scattered radiation as a function of the scattering angle, information about 152 
the structure can be obtained. 45, 46 Figure 2d presents the scattering intensity of the film from 153 
SAXS measurement as a function of the scattering vector q, which is defined as154 

4 / sin(θ/2)q π λ= , where λ is the wavelength and θ is the scattering angle. Typically, the 155 
scattering patterns obtained from SAXS present three regimes, (i) Porod, (ii) mass-fractal and 156 
(iii) Guinier regime. The Porod regime (high-q regime) is characterized by q-4 decay of the 157 
scattered intensity for the surface of the primary particle. At smaller q-values, the mass-158 
fractal regime with 1 < Df < 3 is observed, and the Guinier regime at low-q presents the mass-159 



 

 

fractal agglomerates of aggregates.40, 41, 45 In the case of our Au-Bi2O3 fractals, the mass-160 
fractal structure determination is of most interest, and the Df of the Au-Bi2O3 film was 161 
measured to be 1.80. Our fractal analysis from SAXS is consistent with the counting box 162 
analysis, and this is in a good agreement with fractal dimension of structures fabricated from 163 
the hot-aerosol synthesis in literature.41, 47 Notice that the fractal dimension of Au-Bi2O3 is 164 
lower than our previously reported fractal Bi2O3 using SFSP (1.85), implying that the current 165 
structure has more open structure, which are crucial to enhance the active surface for catalytic 166 
and gas sensing applications.36, 48  167 

 168 

Figure 3. Structural characterizations of the Au-Bi2O3 fractal. (a-d) TEM images of the structure at 169 
different magnifications with the enlarged fringes of the (c) gold and (d) Bi2O3, (e) STEM image and 170 
(f) corresponding EDS mapping image of the overlay of the three elements with Bi (yellow), O 171 
(green), Au (red) respectively.  172 

The crystallinity and composition of the Au-Bi2O3 fractal was then investigated by X-ray 173 
diffraction (XRD). Figure S1 shows representative XRD patterns of Au-Bi2O3 fractals. 174 
Assignable peaks to the tetragonal (β-phase) Bi2O3 (JCPDF# 78-1793) with a (201) 175 
predominant plane and to the cubic structure of Au (PDF# 99-0056) with a (111) 176 
predominant plane are observed. It is interesting to note that the DFSP system is capable of 177 



 

 

generating the most active phase (β-phase) of Bi2O3,49 amongst the six polymorphic forms, 178 
for catalytic applications. The morphological structure and local composition of the Au-Bi2O3 179 
fractal were further analyzed by transmission electron microscopy (TEM) and energy 180 
dispersive spectroscopy (EDS). Figure 3a-d shows TEM images of highly crystalline Au-181 
Bi2O3 fractals. An average grain size of ~ 12 and 14 nm can be observed (Figure S2) for Au 182 
and Bi2O3, respectively. High-resolution TEM reveals lattice fringes corresponding to the 183 
(111) plane of Au (Figure 3c) and the (201) plane of Bi2O3 (Figure 3d), in agreement with 184 
the XRD spectra. The elemental mapping of the Au-Bi2O3 (Figure 3e-f) shows a 185 
homogeneous dispersion of the Au and Bi2O3 components throughout the fractal structure. 186 
The surface chemical composition of the Au-Bi2O3 fractals (Figure S3) was probed by X-ray 187 
photoelectron spectroscopy (XPS). High resolution XPS spectra of the Bi 4f (Figure S3b) 188 
and Au 4f (Figure S3c) core levels indicates the formation of Bi2O3 and metallic Au. The 189 
double peaks at the binding energy of 164.66 and 159.35 eV for the Bi correspond to the Bi 190 
4f5/2 and Bi 4f7/2 in an oxide bond. The double component at the binding energy of 87.87 and 191 
84.20 eV confirms the formation Au 4f5/2 and Au 4f7/2 in metallic bond, in alignment with 192 
literature.50, 51 We further carry out thermogravimetric analysis (TGA) measurement with our 193 
Au-Bi2O3 which reveal negligible carbon content within our catalyst (Figure S4). Overall, 194 
these characterizations provide strong evidence of the formation of well-dispersed Au-Bi2O3 195 
composites organized in a fractal structure. 196 

The electrochemical performance of the Au-Bi2O3 fractals for electrochemical reduction of 197 
CO2 was investigated by potentiostatic experiments. The polarization curves (Figure 4a) 198 
carried out in a Ar and a CO2 saturated 0.1 M KHCO3 with Au-Bi2O3 indicate similar onset 199 
potential (-0.6 V) for carbon dioxide reduction reaction (CO2RR) and the competing 200 
hydrogen evolution reaction (HER), although the maximum current density (j) attained in the 201 
CO2 environment is much higher. Note at the range of -0.7 V to -0.85 V, the slightly higher 202 
current density of the Au-Bi2O3 in the Ar-saturated 0.1 M KHCO3 environment may arise 203 
from the HER reaction.52 At -1.1 V, the j attained in a CO2 and Ar environments are -22.6 204 
mA cm-2 and -4.8 mA cm-2, respectively. Bulk CO2 electrolysis was carried out with the Au-205 
Bi2O3 fractals at different potentials and the product distribution is reported in Figure 4b. 206 
Notably, the Au-Bi2O3 fractals are highly selective towards the formation of HCOO-, 207 
attaining a very high faradaic efficiency towards formate product (FEHCOO

-) of 97% at -1.1 V, 208 
whereas both FECO and FEH2 are negligible. This selectivity is much more enhanced 209 
compared to the control Bi2O3 which can display a maximum FEHCOO

- of ~87% at -1.2 V vs 210 
RHE (Figure S5a). Furthermore, the Au-Bi2O3 was demonstrated to be stable during CO2RR, 211 
as indicated by the representative chronoamperometry (i-t) curve (Figure S6) and long-term 212 
stability testing (Figure S7). The formate selectivity (~97%) of Au-Bi2O3 is amongst the 213 
highest recently reported for CO2RR (Table S1), outperforming recent state-of-the-art 214 
catalysts. For instance, recent optimization of Bi-Sn bimetallic nanoparticles, defective Bi2O3 215 
nanotubes derived Bi and eutectic Bi-Sn nanomaterials display formate selectivity of 94%, 216 
94% and 78%, respectively.8, 52, 53 Most notably, our Au-Bi2O3 fractal catalysts display one of 217 
the highest mass specific partial current density (-54 mA mg-1) towards formate production 218 
amongst Bi-based catalysts, providing a more efficient material utilization. Furthermore, the 219 
scalability of the fractal synthesis approach developed here benefits the commercial large-220 



 

 

scale production of these CO2RR catalysts. In addition to demonstrating one of the highest 221 
FEHCOO

-, the Au-Bi2O3 displays a very high mass-specific formate partial current density of -222 
54 mA mg-1 which is higher than our previously reported one-step Bi2O3 (prepared using 223 
single flame spray pyrolysis method),26 eutectic Bi-Sn (prepared using liquid alloy)8 and Bi 224 
nanoflakes/nanosheets54 catalysts. Unlike literature reported catalysts, this high selectivity 225 
and catalytic activity for CO2 reduction alongside the one-step fabrication methods of stable 226 
and pure electrodes, without the use of binders and additional electrode preparation steps, 227 
bear significant potential for the commercial use of these Au-Bi2O3 fractals.  228 

 229 



 

 

Figure 4. Electrochemical reduction of CO2 with Au-Bi2O3. Dependence of (a) current density and (b) 230 
Faradaic efficiency on applied potentials in 0.1 M KHCO3, and (c-e) Finite-element method (FEM) 231 
simulation results demonstrating the distribution of the electric field on the 2D projected area of the 232 
Au-Bi2O3 fractal with and applied potential of -3.0 V.  233 

We propose that the active sites for formate generation within the Au-Bi2O3 fractals are a 234 
combination of (i) Bi2O3/Bi interfaces and (ii) roughened grain boundaries. As shown in 235 
Figure S8, the Bi2O3 layers undergo a partial reduction to form exposed Bi on the surface of 236 
Bi2O3 layers. These Bi sites are reported to lower the binding energy for *OCHO radicals, 237 
allowing the attainment of higher FEHCOO

-.52, 55 Further, the addition of a suitable amount of 238 
electronegative Au to Bi2O3 will result in suitable modification of surface electronic state of 239 
Bi, making it more active towards formate production. 56-58. Similarly, the presence of 240 
roughened edges and grain boundaries is known to assist CO2RR due to their complimentary 241 
electronic and chemical properties such as favourable adsorption of CO2RR reaction 242 
intermediates.59-61 Specifically, the high density of defects and grain boundary terminations 243 
present in these ‘oxide-derived’ interface catalysts are already shown to display high CO2RR 244 
activity.59, 62 Post-reaction characterizations reveal that while the fractal structures are 245 
retained, the application of negative bias during CO2RR results in more roughening of the 246 
catalyst surface, and thus in an increase in active sites for formate generation (Figure S8). 247 
Interestingly, post-reaction XPS characterization (Figure S9) with Au-Bi2O3 did not reveal 248 
the reduction of Bi2O3 to metallic bismuth, suggesting that the Au-Bi2O3 fractal electrodes are 249 
prone to rapid re-oxidation.52  250 

On the basis of these findings, the improved CO2RR activity, in terms of selectivity and 251 
current density, of the Au-Bi2O3 over previously reported Bi2O3 (Figure S5a) catalyst26 is 252 
tentatively attributed to the enhancement of electron density by the presence of Au. Higher 253 
electron densities allow faster electron transport from the electrode to the CO2 reactant 254 
molecules. To confirm this hypothesis, we carried out a series of experiments: (i) electron 255 
impedance spectroscopy (EIS), (ii) Mott-Schottky measurements (MS), and (iii) electron 256 
paramagnetic resonance (EPR) studies. Our EIS measurements reveal that the conductivity of 257 
the Bi2O3 improves as a result of Au addition (Figure S10a). This observation is further 258 
validated by the MS measurements, which indicate that Au-Bi2O3 possesses 5 times more 259 
electron donor density than that of the Bi2O3 without Au (Figure S10b,c). Lastly, the EPR 260 
studies (Figure S11) indicate that the addition of Au results in an increase in unpaired 261 
electrons that are trapped by Au-Bi2O3, as indicated by the sharp EPR peak intensity at g = 262 
2.09.63, 64 Collectively, these results indicate that the improved electron density of the Au-263 
Bi2O3 enables faster electron transfer to the CO2 molecules resulting in the generation of 264 
*CO2

˙− radical intermediates. The latter radicals are considered as the rate determining step, 265 
followed by proton and electron transfer to generate formate through either *OCHO or 266 
*COOH intermediates.30, 65, 66 To further understand how this variation in electron density 267 
affects the CO2RR activity, we simulated the electric field distribution of the catalyst using a 268 
finite element method (FEM). It can be observed from Figure 4c-e that in the absence of Au, 269 
the electric field within the Bi2O3 is homogenous whereas the addition of Au leads to bright 270 
spots, indicating a very strong electric field as a result of higher free electron density.67 These 271 
‘hot edges’ corresponding to strong electric fields are reported to be beneficial for CO2RR, 272 



 

 

owing to the faster electron transfer from these sites to the CO2 reactants.68, 69 Moreover, 273 
these strong electric field spots assist in concentrating electrolyte cations near the active sites, 274 
resulting in high local concentration of CO2 by reducing the mean square displacement of 275 
CO2 to the catalyst surface and thereby promoting faster reaction kinetics.67, 70 276 

A systematic investigation of the Au impact on the formate production performance was 277 
carried out by varying the amount of Au loading between 1 and 10 wt. %. Increasing the Au 278 
content within the Au-Bi2O3 leads to improved conductivity (Figure S10a), increased 279 
electron density (Figure S10b,c) and pronounced “hot edges” (Figure S12), however, this 280 
also corresponded to an increase in Au particle size (Figure S13). The CO2RR tests as a 281 
function of the Au content reveal that increasing the Au loading from 1 to 10% leads to an 282 
increase in overall current density (Figure S14) from -9 to -25 mA cm-2 and a decrease of 283 
formate selectivity from 97 to 70% by increasing the selectivity of CO and H2 (Figure S15). 284 
Specifically, increasing the Au loading from 1% to 10% increases the FECO from 0.5% to 285 
25%. This is in agreement with our control experiments with pure Au on CFP (Figure S5b) 286 
that reveals that Au is capable of generating only H2 and CO during CO2RR.71 These results 287 
indicate that at low Au content (≤ 5%), the Au nanoparticles do not play a major role in 288 
governing the CO2RR activity. At these low Au loading, the fractional exposure of the Au 289 
nanoparticle surface to the CO2RR reactants is limited, thereby suppressing CO 290 
formation.72,73 Rather, providing a suitable amount of  electronegative Au to Bi2O3 will lead 291 
to favorable modification of the electronic structure of Bi, making it more active towards 292 
formate production.53,57,74 Subsequently, increasing the Au content beyond the optimal 293 
loading increases the fraction of Au nanoparticles, promoting the formation of CO selective 294 
facets and thus CO during CO2RR. Further, to rule out the effect of quantitative change in 295 
active sites within the Au-Bi2O3 catalysts due to Au addition, we carried electrochemical 296 
active surface area (ECSA) measurements (Figure S16), which revealed similar ECSA for all 297 
the catalysts. These results indicate that Au does not contribute to an increase density of 298 
active sites but in tuning the Bi electronic structure, and an optimal content of 5% Au for 299 
CO2RR to formate generation.  300 



 

 

 301 

Figure 5. Optical characterization and gas sensing. (a) Extinction measurements in the visible range 302 
for the 3D fractal metamaterials with different thicknesses. (b) Plasmonic wavelength shift upon 303 
different on/off injection cycles of acetone with different concentrations at room temperature. (c) 304 
Summary of the sensing results for different volatile organic compounds at various concentrations. (d) 305 
Exemplary electric-field distribution for a Bi2O3 fractal with Df = 1.80 and (e) the Bi2O3 fractal with 306 
embedded Au nanoparticles. 307 

Furthermore, the integration of gold nanocrystals within the fractal scaffold –other than 308 
improving the catalytic performance– has important consequences in the confinement of the 309 
electromagnetic field into three-dimensionally distributed subwavelength regions. Indeed, by 310 
shining electromagnetic radiation of suitable frequency, the free electron gas density of the 311 
metallic scatters starts to collectively oscillate giving a rise to a plasmonic response which 312 
drastically influences the optical properties of the material.75 Due to the strong light coupling 313 
of the Au nanoparticles, a characteristic pink coloration is present in all the considered 314 
samples (Figure S1). Figure 5a shows the far-field optical properties of our Au-Bi2O3 315 
metamaterials for different thicknesses (Figure S17). 316 

Despite the absorptive behavior of Bi2O3 at wavelengths shorter than ~ 430 nm (Eg = 2.85 317 
eV), the ultra-high hierarchical porosity of the structure drastically reduces the scattering and 318 
provides a way to maintain an overall excellent transparency in the visible range, up to ~10 319 



 

 

μm.76 A resonance band in the extinction spectra of the 3D Au crystal is observed in the 320 
range of 500-600 nm independent of the thickness. The latter arises from the d-band of the 321 
plasmonic Au nanoparticles. The spectra show a gradual intensity increase and a little 322 
broadening and red-shift as the fractal film thickness increases. This is attributed to the rise of 323 
photonic modes driven by the mesoscale-size of the fractal film.77  324 

A peculiar characteristic of plasmonic structures is their intrinsic ability to respond to 325 
variations in local refractive index and transduce them into spectral shifts. This has been 326 
widely exploited for sensing applications, with particular focus on the detection of analytes in 327 
liquid or physiological environments.75, 78, 79 By employing different strategies, ranging from 328 
surface functionalization to fine optimization of the nanostructures, plasmonic sensors have 329 
been able to detect very low concentrations, in the femtomolar range,80, 81 of biomarkers in 330 
liquid environment. However, translating these achievements to gas detection has been 331 
proven challenging for many reasons. Among them, the most important ones are the non-332 
specific binding between the gases and the host plasmonic matrix, their high volatility and the 333 
small refractive index change induced by volatile compounds.16 This last point is of utmost 334 
importance as very optimized sensors need to be developed to achieve these sensitivity levels.  335 

Often, this is hindered by the inner physical phenomena associated with plasmon excitation. 336 
In fact, a drawback of highly absorbent metallic structures arises from the evanescent nature 337 
of the plasmonic field, which exponentially decays within a few tens of nm from the 338 
scattering center.82 Hence, increasing the plasmonic active volume while maintaining the 339 
strong localization of the near-field enhancement will be tremendously impactful for sensing 340 
applications, and beyond. Our innovative fractal structure provides a novel alternative that 341 
helps to overcome these limitations. In fact, the three-dimensionally distributed Au 342 
nanocrystals provide an increased plasmonic active volume which is extremely beneficial for 343 
sensing essays.83 Indeed, an increased active volume corresponds to drastic enhancement of 344 
the near-field, which will in turn provide higher sensitivity and will be tremendously 345 
impactful for sensing applications and beyond. Additionally, the Bi2O3 –Au fractals provide 346 
very high specific surface area, an ideal feature for gaseous molecule physisorption, which 347 
enables the room temperature detection of volatile organic compounds. 348 

Here, we showcase the plasmonic sensing properties of our 3D fractal media by optical 349 
sensing of standard volatile organic compounds, namely acetone, toluene, and ethanol. 350 
Figure 5b shows typical dynamic sensing responses with an optimized fractal film structure, 351 
having a thickness of ca. 6.1 μm (Figure 5a, blue line) to successive room-temperature 352 
injections of decreasing concentrations of acetone, from 4 vol% to 1 vol%. The introduction 353 
of the acetone gas molecule on the fractal causes a change in the environmental refractive 354 
index (Figure S18a,b), which in turn shifts the plasmonic resonance wavelength, leading to 355 
shifts as high as ca. 5 nm for 4 vol%. The high porosity enables fast gas diffusion and 356 
adsorption, which in turn leads to a quick and reversible anchoring of the VOCs within the 357 
fractal system, with short response and recovery time, both in the order of 5s. It should be 358 
notice that although having a lower extinction compared to that of the 8.5 µm  sample 359 
(Figure 5a, pink line), the sharper peak of the 6.1 µm thick sample leads to the better overall 360 
sensing performances with lower limit of detection and higher sensitivity (Figure S18c).79, 84  361 



 

 

Furthermore, to validate the sensing performance of the 3D fractal media, other volatile gases 362 
were sensed with the Bi2O3-Au fractals. The change in the VOC presence and concentration 363 
resulted in a redshift of the resonance frequency, which is in line with the increase of the 364 
refractive index from pure air to the VOC containing atmosphere. The magnitude of the 365 
redshift was dependent on the gas molecule and its concentration (Figure 5c). Despite the 366 
lower refractive index of acetone, the Au-Bi2O3 fractals show a stronger response toward 367 
acetone than to the other two VOCs. This is possibly attributed to the different binding 368 
energy and higher affinity of acetone to the Bi2O3 surface as recently reported.85 Notably, 369 
acetone concentrations as low as 0.01 vol% at room temperature, corresponding to a 370 
refractive index change of < 8 x 10-7, were measured proving the highly sensitive detection 371 
ability of the Au-Bi2O3 fractals. 372 
A set of finite-difference time domain (FDTD) simulations on realistic systems, comprising 373 
of Bi2O3 fractal cluster with Df = 1.8 obtained with a diffusion limited aggregation 374 
algorithm,86 and on the same system including 5% Au nanoparticles scattered though the 3D 375 
fractal were performed. Upon white-light interaction, the pure Bi2O3 semiconductor shows 376 
little interaction in the visible range resulting in an almost nil near-field enhancement 377 
(|E/E0|2), as shown in the representative electric-field distribution taken at λ = 540 nm of 378 
Figure 5d. The addition of distributed plasmonic Au particles results in a much stronger 379 
coupling with the incoming light, leading to a multitude of three-dimensionally scattered hot-380 
spots in which the electric field is greatly enhanced (Figure 5e). Similar to the finite-element 381 
method (FEM) simulation results, these hot-spots are of utmost importance, not only for 382 
catalytic reactions but also for sensing purposes,87 as those regions are the most sensitive to 383 
changes in refractive index and their distribution in the x-y-z space provides a superior way to 384 
enhance the sensing essay volume and reaching extraordinary low limits of detection, with 385 
magnitude of shifts comparable to the one in liquid environments with label free plasmonics 386 
systems.88  387 
The linear dependency of the LSPR resonance with the medium permittivity has been broadly 388 
used to detect bio-chemical molecules in liquid or physiological environments.16, 75 However, 389 
the translation of these achievements to gas molecules has been proven to challenging. The 390 
reason relies on the very minute changes in the refractive index induced by gas molecules. 391 
For instance, a pure gas acetone environment has a refractive index of 1.001090, while pure 392 
air is 1.000293,89 resulting in a refractive index variation in the order of 10-3. In this context, 393 
our fractal Au-Bi2O3 materials extend the current LSPR limit of detection for gas molecules 394 
by more than one order of magnitude achieving detection of down to 100 ppm of acetone in 395 
air. While this is still insufficient for application in breath analysis of acetone for diabetes 396 
diagnostics, detection of volatile organic compounds in this concentration range is still useful 397 
for various environment monitoring applications. For instance, 1000 ppm of acetone in air 398 
may cause uncomfortable symptoms including headache, fatigue, dizziness and even 399 
narcosis.90 Additionally, a threshold value of 2.6 vol% is considered the flammable limit for 400 
acetone.91 As such, our Au-Bi2O3 fractals could be used for optical monitoring of the air 401 
quality in industrial environments, where acetone and other organic solvents are heavily 402 
used.92 403 
Conclusion 404 



 

 

Herein, we report the design and development of a multifunctional hetero-nanostructured Au-405 
Bi2O3 fractal with a uniform distribution of Au and Bi2O3 particles by one-step hot-aerosol 406 
synthesis. We confirm the fractal nature of the material through image analysis and 407 
synchrotron-based experimental approaches, and reveal that the fractal dimension of the 408 
structure is ≈ 1.80. The as-prepared unique 3D fractal structure of the Au-Bi2O3 nanohybrid 409 
was then applied to a range of applications such as CO2 reduction and optical gas sensing, 410 
displaying very high activity. For CO2RR, the fractal structure displayed a high selectivity 411 
towards the formation of formate, achieving a very high FEHCOO

- of 97% alongside a high 412 
mass-specific formate partial current density of -54 mA mg-1 at -1.1 V vs RHE. When used 413 
for optical gas sensing, this structural material shows a strong enhancement in the localized 414 
electric field, resulting in a plasmonic shift as high as ~ 5 nm for 4 vol% of the acetone 415 
sensing with a detection limit of 100 ppm towards different VOCs. The excellent 416 
performances of the fractal Au-Bi2O3 structure are attributed to (i) the homogeneous 417 
arrangement of Au and Bi2O3 components in the 3D structure, leading to the enhancement in 418 
electron density and plasmonic active volume driven from the Au nanoparticles, (ii) the high 419 
surface area with abundance active sites for CO2 and VOCs adsorption. The design guidelines 420 
and engineering applicability demonstrated by these fractal structures can be extended to 421 
other nanomaterials and applications such as in energy storage and conversion.  422 



 

 

Experimental  423 

Fabrication of Au-Bi2O3: Au-Bi2O3 nanoparticle aerosols were prepared by modifying a 424 
recently reported procedure for Au-TiO2 aerosols with a double custom-built flame spray 425 
pyrolysis (DFSP) system, which consisting of two separate nozzles: one used for feeding 426 
Bi2O3 liquid precursor and the other used for feeding Au liquid precursor.93 Briefly, a Bi2O3 427 
precursor solution, consisting of bismuth(III) 2-ethylhaxnoate (70-75% in xylenes, 24% Bi, 428 
Strem) was dissolved in a 1:1 (vol.) mixture of toluene (anhydrous 99.8%, Sigma-Aldrich) 429 
and 2-ethylhexanoic acid (99%, Sigma-Aldrich) to achieve concentrations of 0.2 M (metal 430 
precursor concentration). The Au precursor solution, containing gold(III) chloride trihydrate 431 
(Sigma-Aldrich), was dissolved in ethyl alcohol (anhydrous, Sigma-Aldrich) to form 0.01 M 432 
solution (5 mol% of Au). Both solutions were fed at 3 mL min-1 through to the DFSP system 433 
by syringe pumps and atomized with oxygen flow (5 L min-1, BOC grade 2.5) at a constant 434 
pressure drop of 4 bar. The resulting spray was ignited with a surrounding annular set of 435 
premixed methane/oxygen flame (CH4-flamelet 1.8 L min-1, O2-flamelet 2.0 L min-1, 436 
COREGAS grade 4.5). The Au-Bi2O3 films were fabricated by DFSP of the precursors 437 
directly on either carbon paper (Toray Paper TGP-H-120) for CO2RR or a transparent glass 438 
substrate for optical gas sensing. The height above burner (HAB) was 17 cm. Bi2O3 on CFP 439 
without Au nanoparticles and Au on CFP without Bi2O3 were also fabricated for comparison. 440 
Different gold concentrations (0.005 M and 0.02 M, corresponding to 1 mol% and 10 mol% 441 
of Au respectively) were also prepared for comparison. The 1-channel type K thermometer 442 
(Testo 925) with an immersion tip, flexible, TC type K probe was placed in front of the 443 
substrates to measure the exposed temperature during the synthesis. 444 

Material Characterization  445 

The morphology of the FSP Au-Bi2O3 films were investigated using a field-emission 446 
scanning electron microscope (FESEM) Zeiss Ultraplus operating at 3 kV without coating, 447 
and a high-resolution transmission electron microscope (TEM) JEOL 2100F at 200 kV. The 448 
FESEM is equipped with standard secondary electron and angle-sensitive backscattering 449 
detectors. Samples for SEM were prepared by fixing the cut pieces of the electrode on the 450 
specimen stubs using carbon tape. Samples for TEM were prepared by scratching the material 451 
from the electrode surface and dispersing on holey carbon coated 200 mesh copper grids. X-452 
ray diffraction (XRD) patterns were recorded using a D2 Phaser Bruker system with Cu Kα 453 
radiation of average wavelength 1.54059 Å at a scan rate of 1.17 deg min-1. XRD of the Au-454 
Bi2O3 was measured on the glass. Thermogravimetric analysis (TGA) of the Au-Bi2O3 (5% 455 
Au) powder (13.22 mg) was carried out by NETZSCH STA 449 F3 Jupiter analyzing 456 
instrument in the temperature range of 58–700 °C. X-ray photoelectron spectroscopy (XPS) 457 
of the Au-Bi2O3 before and post CO2RR tested were carried out using Thermo 458 
ESCALAB250Xi X-ray photoelectron spectrometer with monochromated Al K alpha (energy 459 
1486.68 eV) as the X-ray source. The pass energy was 100 eV for survey scans and 20 eV for 460 
region scans. Au 4f7/2, Ag 3d5/2 and Cu 2p3/2 were used to calibrate the instrument. Fractal 461 
analysis of the Au-Bi2O3 films was done using ImageJ software with an open-source plugin, 462 
namely FracLac.16, 25, 26, 94 Details of the analysis were presented in the supporting 463 
information. Electron paramagnetic resonance (EPR) spectroscopy was carried out on a 464 
Bruker EMX‐plus X‐Band EPR spectrometer. The EPR measurements were conducted at 465 
9.41 GHz (X‐band) at 120 K with the microwave power set at 2 mW and the modulation 466 
amplitude at 5G. SAXS measurements were performed at the SAXS/WAXS beamline of the 467 
Australian Synchrotron in Melbourne, Australia in transmission mode with a photon energy 468 
of 12 keV and a sample to detector length of approximately 7.2 m. The images were recorded 469 



 

 

using a 2-dimensional Pilatus 1M hybrid pixel detector using exposure times between 0.5 and 470 
5 seconds. Accurate calibration of the q range was done for each group of measurements 471 
using a Silver Behenate (AgBeh) standard.  472 
 473 
Electrochemical Reduction of CO2  474 

All electrochemical measurements in this study were carried out with a CHI 760E (CH 475 
Instrument, Texas) electrochemical workstation using a customized gas-tight two 476 
compartment (separated by a glass frit) H-cell. The cathodic compartment of the cell 477 
contained the Au-Bi2O3 electrodes and a saturated calomel electrode (SCE) as the working 478 
and reference electrode, respectively whereas the anode compartment contained a Pt wire as 479 
the counter electrode. The electrolyte utilized in this study for CO2 reduction was 0.1 M 480 
KHCO3. Preceding each experiment, the cathodic compartment of the H-cell was purged with 481 
CO2 for 30 minutes, and the saturated 0.1 M KHCO3 solution gave a pH measurement of 6.8. 482 
All potentials measured in this study were converted to the reversible hydrogen electrode 483 
(RHE) reference for the purpose of comparison, using the following equation: ERHE (V) = 484 
ESCE (V) + 0.245 + 0.059 × pH. Potentiostatic studies were carried out at various potentials 485 
for duration of 1 h. The impedance electron spectroscopy (EIS), Mott-Schottky (MS), and 486 
relative electrochemically active surface area (ECSA) measurements were carried out in 0.5 487 
M Na2SO4 solution pH 6.8. EIS was measured under -0.4 V vs RHE with the frequency from 488 
100 kHz to 0.1 Hz, and MS was measured at frequency of 1 kHz at applied potential window 489 
ranging from -1.2 to 0 V vs RHE. The cyclic voltammetry of different samples in the 490 
potential range of 0.61 to 0.81 V vs RHE was recorded at different scan rates. Then the 491 
electrochemical capacitance current at potential of 0.7 V vs RHE of each sample was used to 492 
evaluate the ECSA.95   493 

Product Analysis  494 

The gas phase products were quantified using a gas chromatograph (Shimadzu, Model 2010 495 
plus), equipped with both a thermal conductivity detector (TCD) and flame ionization 496 
detector (FID). Liquid products were analyzed using a 600 MHz 1H 1 D liquid NMR 497 
spectrometer (Bruker Advance) at 25oC. Typically, 0.5 mL of liquid sample was collected at 498 
the end of each experiment and was mixed with 0.1 mL of D2O and 7.143 ppm of internal 499 
standard dimethyl sulfoxide (DMSO, Sigma 99.99%). The 1D 1H spectrum was measured 500 
with water suppression with a pre-saturation method. The quantities of products were 501 
calculated by comparing the integral areas of an observed liquid product with that of the 502 
DMSO.  503 
 504 
Growth modeling 505 
The Bi2O3 fractals were generated through a custom made Matlab code based on the diffusion 506 
limited aggregation in three dimensions. The cluster chosen to mimic the experimental result 507 
is composed of 500 nanoparticles of diameter and has a Df  = 1.84.  508 
 509 
Finite-element method (FEM) simulation 510 
Electric field distribution of the simplified 2D model of the Au-Bi2O3 fractal was generated 511 
using COMSOL Multiphysics with the Electrostatics module. Firstly, 2D projection of the 512 
Bi2O3 fractal was created in a region of 640 × 320 nm. Then, gold nanoparticles were added 513 
into the model. Relative permittivity of the H2O, Bi2O3 and Au were chosen to be 1.77, 2.5, 514 
and -5.8 + 2.1i, respectively. A potential of -3.0 V and 0 V were applied on the 2D model as 515 
shown in Figure S19.   516 



 

 

 517 
Finite-different time-domain (FDTD) simulation 518 
Optical simulations were performed with commercially available software (Lumerical 519 
FDTD) which is based on finite-difference time-domain (FDTD). Perfectly matched layers 520 
were employed as boundary conditions to avoid the wave reflection at the boundary. A total-521 
field scattered-field source with a polarization along the x-axis and a propagation vector 522 
along the z-direction was chosen to excite from the backside of the structure. A nonuniform 523 
meshing refinement was used to guarantee a precise result with a smallest mesh cell of 0.2 524 
nm to increase the accuracy of the simulation. The near-field enhancements at the resonance 525 
were then monitored using a set of frequency domain probes. 526 
 527 
Optical Gas Sensing Measurement  528 
The sensing measurements were conducted through a transmittance optical setup equipped 529 
with a Vis halogen lamp which is focused onto a customized sensing chamber via a series of 530 
adjustable apertures and collimating and objective lenses. The transmitted light is then 531 
collected and transported via an optical fiber into a UV-Vis modular spectrometer from 532 
Ocean Optics, Flame-S-XR1-ES which is connected to a desktop through a USB port. A 533 
resonance band in the extinction spectra was evaluated as Extinction (%) =100 -534 
Transmittance (%). A gas delivery system with controlled flow rate is integrated on the 535 
optical setup and to deliver the gases in the chamber. The transmittance is monitored in real 536 
time, and a spectrum is sampled every two seconds. Post analysis and sensing response plots 537 
were carried out with a centroid algorithm96 to track the plasmonic shift. 538 
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