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 ABSTRACT 

Metal nanoparticle (NP) co-catalysts on metal oxide semiconductor supports 

are attracting attention as photocatalysts for a variety of chemical reactions. 

Related efforts seek to make and use Pt-free catalysts. In this regard, we report 

here enhanced CH4 formation rates of 25 and 60 μmol·g–1·h–1 by photocatalytic 

CO2 reduction using hitherto unused ZnPd NPs as well as Au and Ru NPs. The

NPs are formed by colloidal synthesis and grafted onto short n-type anatase 

TiO2 nanotube arrays (TNAs), grown anodically on transparent glass substrates.

The interfacial electric fields in the NP-grafted TiO2 nanotubes were probed by

ultraviolet photoelectron spectroscopy (UPS). Au NP-grafted TiO2 nanotubes 

(Au-TNAs) showed no band bending, but a depletion region was detected in

Ru NP-grafted TNAs (Ru-TNAs) and an accumulation layer was observed in 

ZnPd NP-grafted TNAs (ZnPd-TNAs). Temperature programmed desorption 

(TPD) experiments showed significantly greater CO2 adsorption on NP-grafted 

TNAs. TNAs with grafted NPs exhibit broader and more intense UV–visible 

absorption bands than bare TNAs. We found that CO2 photoreduction by 

nanoparticle-grafted TNAs was driven not only by ultraviolet photons with

energies greater than the TiO2 band gap, but also by blue photons close to and 

below the anatase band edge. The enhanced rate of CO2 reduction is attributed 

to superior use of blue photons in the solar spectrum, excellent reactant

adsorption, efficient charge transfer to adsorbates, and low recombination losses.
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1 Introduction 

A solution to the problem of managing excessive 

amounts of CO2 in the atmosphere is the adoption  

of sustainable energy sources created using green 

chemistry. While green chemistry strategies have 

great economic significance [1], they also are important 

in addressing issues such as carbon capture and storage 

and over-reliance on fossil fuel energy. A widely 

studied application of green chemistry is the reduction 

of atmospheric CO2 to value-added chemicals and 

useful fuels [2]. This approach, which uses atmospheric 

CO2 as a reactant, can decrease atmospheric CO2 levels. 

In CO2 photoreduction, synthetic fuels (e.g., CH4) 

formed by sunlight driven hydrogenation store solar 

energy in C–H bonds that become energy sources 

when combusted.  

Conventional methods for transforming CO2 

include biological (e.g., photosynthesis and enzymatic 

biochemistry), chemical (e.g., amine capture), electro-

chemical, and photochemical (e.g., sunlight driven 

photocatalysis) examples. Despite intense research, 

many problems remain to be solved before photoca-

talytic CO2 reduction can become viable on a massive 

scale. Shortcomings include a lack of ambient stability 

and reliability in the design of high performance 

photocatalytic systems, the failure to control complex 

chemical transformations involving multiple electron 

transfers, and a lack of mechanistic selectivity resulting 

in a variety of products (e.g., C2H8, HCOOH, HCHO, 

and CO). Additional impediments are low product 

yields and adsorption of organic contaminants [3] onto 

catalyst surfaces, which causes catalyst poisoning and 

decreases activity. These challenges must be overcome 

to meet the benchmarks of commercially viable 

technologies for reduction of CO2 to CH4, which is 

the most completely reduced fuel obtainable from CO2. 

Recent research has emphasized the development 

of semiconducting nanomaterial platforms [4–12] to 

efficiently harvest solar light and chemically reduce 

CO2 to usable fuels such as CH3OH and CH4. A good 

semiconductor catalyst is characterized by a large light 

absorption cross-section, effective charge separation 

and transport properties, favorable electronic energy 

level alignment, good interfacial charge transfer 

characteristics, high surface area, favorable surface  

energetics, and other properties that include stability, 

resistance to poisoning, cost effectiveness, and non- 

toxicity. Nanostructuring is commonly used to increase 

catalytic performance by increasing surface area and 

improving light absorption through scattering and low 

minority carrier retrieval distances. Size and structure 

control of metal nanoparticle (NP) catalysts has been 

reported to increase their selectivity, activity, and 

stability in chemical reactions such as hydrogenation, 

wet oxidation, and ring opening [13–15]. Likewise, 

when loaded onto TiO2, bimetallic NPs containing  

at least one noble metal have been found to be more 

effective photocatalysts than their monometallic 

counterparts [16–19]. 

Typical platforms for CO2 photoreduction include 

metallic (e.g., Pd and Au) [11, 20] and bimetallic (e.g., 

AuCu and CuPt) [21, 22] NPs that act as co-catalysts 

when grafted onto high surface area semiconducting 

nanostructures. Good performance has been achieved 

using one dimensional (1D) semiconducting nano-

structures such as nanotubes and nanowires. Among 

these 1D structures [23], TiO2 nanotube arrays (TNAs) 

are a leading platform candidate [6, 24, 25], because 

of their chemical stability, wall thickness comparable 

to minority carrier retrieval length, compatibility 

with a variety of co-catalysts, and tunable size, shape, 

and semiconducting properties that can be produced 

by simple procedures [26–28]. TNAs also are effective 

stand-alone photocatalysts that exhibit improved 

performance when loaded with co-catalyst NPs (e.g., 

Cu, Pt, and Pd) [6, 29–33]. Although TNAs with 

incorporated NPs are established material platforms, 

various factors limit their CO2 photoreduction per-

formance. These limitations may be related to the 

method of loading co-catalysts, the band alignment 

between catalysts and co-catalysts, and the susceptibility 

of catalysts and co-catalysts to poisoning. 

We recently reported greatly enhanced photocatalytic 

CO2 reduction rates using periodically modulated 

TNAs [6] and TNAs loaded with CuPt NPs [6, 22], 

where we analyzed the electronic properties of the 

interface between the TNAs and metal NPs. In this 

paper, we introduce novel nanoarchitectures com-

prising metallic NPs grafted onto short, transparent, 

anodically formed, anatase-type TNAs. The metal NPs 

were Au, Ru, and ZnPd, which were formed using 
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solution based colloidal chemistry and grafted onto 

TNAs. In addition to the enhanced CH4 yield brought 

about by NP grafting, all active materials were grown 

by simple, scalable procedures using non-toxic and 

environmentally benign precursors. This initial report 

of bimetallic ZnPd NP grafting onto TNAs is significant 

in its novelty and superior CH4 production by 

photocatalytic CO2 reduction. 

2 Experimental 

2.1 Synthesis of Au/Ru/ZnPd NPs grafted onto 

TNAs 

Direct current (DC) magnetron sputtering was used 

to deposit 500-nm thick titanium (Ti) films on fluorine- 

doped tin oxide (FTO) glass substrates by techniques 

described in previous publications [34–36]. The TNAs 

were grown by electrochemical anodization at an 

applied voltage of 40 V with an ethylene glycol 

electrolyte containing 4% deionized (DI) water and 

0.3 wt.% NH4F. Oxygen plasma treatment was applied 

for 10 min after nanotube growth to clean the surface 

of adventitious carbon and carbonaceous impurities 

introduced by anodization. The TNAs were then 

annealed in an oxygen atmosphere in a tube furnace 

at 500 °C. Poly-(vinylpyrrolidone) (PVP)-stabilized Au, 

Ru, and ZnPd NPs were synthesized and impregnated 

onto TNAs with metal loadings of 0.25 mmol Au and 

Ru and 0.15 mmol ZnPd (1:1 molar ratio) per wafer 

followed by calcination at 450 °C for 1 h in air to remove 

the organic shell.  

Ruthenium(III) nitrosyl nitrate (Ru(NO)(NO3)3), Alfa 

Aesar), palladium(II) chloride solution (PdCl2, 5% w/v, 

Acros), zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 

Sigma-Aldrich), hydrogen tetrachloroaurate(III) hydrate 

(HAuCl4·3H2O, Sigma-Aldrich), PVP (MW 40,000, 

Sigma-Aldrich), reagent grade ethanol (95 vol.%, Fisher 

Scientific), and ethylene glycol (EG, 99.8%, Sigma- 

Aldrich) were used as received. Milli-Q water was 

used throughout. Metal nanoparticle decorated TNAs 

were prepared by impregnating TNAs with colloidal 

dispersions of the NPs. A summary of the catalysts 

prepared is presented in Table 1. PVP-stabilized Ru 

NPs were synthesized by ethylene glycol reduction 

following procedures described by Semagina et al.  

[37]. Bimetallic Pd(c)Zn(s) NPs were prepared by 

Toshima’s hydrogen sacrificial technique for a Pd 

core–Pt shell structure [38]. Pd core NPs were prepared 

by single step ethanol/water reduction in the presence 

of PVP (PVP to Pd molar ratio = 20:1) following 

procedures described in Ref. [37]. The as synthesized 

monometallic Pd colloid solution (50 mL, 0.05 mmol) 

was treated with hydrogen gas for 1 h to form Pd 

hydrides on the surface. The shell precursor solution 

(50 mL, 0.05 mmol Zn) was prepared and added 

dropwise to the Pd core colloid solution via syringe 

pump at a rate of 1 mL·min–1 under a hydrogen 

atmosphere. Free Zn2+ ions were reduced by hydrogen 

atoms on the surface of Pd. The reaction was continued 

for 2 h to ensure complete reduction of the Zn pre-

cursor. The Pd-to-Zn molar ratio was 1:1, and the 

final PVP-to-metal molar ratio was 10:1. Transparent, 

homogeneous, dark-brown colloid solutions were 

obtained without precipitate. Finally, the solvents 

(ethylene glycol for Ru, ethanol/water for PdZn) of 

the PVP-stabilized Ru and PdZn colloid solutions were 

removed by rotary evaporation under vacuum. This 

was followed by redispersion in water, because water 

has sufficient surface energy to wet the glass substrates 

without over-spreading to the edges. The final con-

centration of the metal nanoparticle solutions was 

0.01 M. 

Metal NPs were deposited on TNAs by stepwise 

impregnation. For each deposition, 5 μL of 0.01 M 

colloid (or precursor) solution was added to the TNAs 

using a micropipette followed by drying in a 60 °C 

oven. After the desired loadings (0.25 or 0.15 μmol 

metal) were reached, the catalysts were calcined for  

1 h under air in a 450 °C furnace to burn off the PVP. 

To prevent cracking of the glass support, the furnace 

temperature was increased from 200 to 450 °C in 

steps of 50 °C. A 0.01 M Au precursor solution was 

Table 1 Summary of synthesized NPs and TiO2 nanotube- 
supported catalysts  

Catalyst PVP-to-metal(s) 
molar ratio 

Metal loadings (per 
TiO2 sample) (μmol) 

Ru 10/1 0.25 

Pd(c)Zn(s) 10/1 0.15 

Au — 0.25 
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prepared by dissolving the appropriate amount of 

HAuCl4
 ·3H2O in Milli-Q water. The Au-TiO2 catalyst 

was prepared by stepwise impregnation of the TNA 

with 0.25 μmol Au precursors as described above.  

2.2 Material characterization 

Field emission scanning electron microscopy (FESEM, 

Hitachi-NB5000) was used to characterize the mor-

phology of the NP-grafted nanotubes. Phase charac-

terization was conducted by glancing angle X-ray 

diffraction (XRD) on a Bruker D8 Discover instrument 

with a sealed Cu tube X-ray source. Ultraviolet visible 

(UV–vis) spectroscopy (Perkin-Elmer) was used to 

obtain absorbance spectra of the nanostructures. X-ray 

photoelectron spectroscopy (XPS) measurements to 

identify elemental composition and chemical bonding 

were carried out using an Al Kα source at 1,486.6 eV 

(Axis-Ultra, Kratos Analytical) under ultrahigh vacuum 

(UHV, ~10–8 Torr). Ultraviolet photoelectron (UPS) 

spectroscopy was used to obtain work functions and 

valence band maxima with a 21.21 eV He lamp source.  

CHNS analysis was conducted to quantify the 

carbon content of the synthesized catalysts. Samples 

were burned at 850 °C to detect emitted carbon. CHNS 

analysis was performed before testing catalysts for 

CO2 reduction. Catalysts were pre-calcined for 1 h  

at 450 °C followed by reduction in H2 at 350 °C to 

duplicate the procedure before CO2 reduction. After 

reduction, Ar gas was introduced for 1 h at 450 °C to 

clean the surfaces. CHNS analysis demonstrated that 

PVP was completely removed by the thermal treatment. 

Therefore, our metal-NP grafted TNA catalysts did 

not contribute any carbon to the CO2 reduction 

reactions. Au, Ru, and ZnPd catalysts were prepared 

and deposited on TiO2 powders for CO and CO2 

temperature programmed desorption (TPD) exper-

iments. The metal loadings were 0.5 wt.%.   

The photoreduction of CO2 to CH4 was carried out 

in a stainless steel reaction chamber with water droplets 

(5 μL, 1 mm diameter). Simulated sunlight was pro-

vided by a Newport Instruments AM 1.5 solar simulator 

equipped with Class A filters. Gas chromatography 

(GC) was carried out with a Varian Star (Varian, CA, 

USA) instrument equipped with a Porapak QS 

column (366 cm long, 3.2 mm o.d., 2 mm i.d.). Thermal 

conductivity detector (TCD) and flame ionization 

detector (FID) detectors were employed. The detector 

temperatures were 180 and 250 °C for TCD and FID, 

respectively. The column temperature was 70 °C; He 

was the carrier gas.  Products were directed into the 

gas chromatograph at the end of each run via a gas 

sampling loop connected to the reactor. The analysis 

was calibrated with gas samples containing known 

amounts of methane. The elution order and retention 

times of the eluents on Porapak Q are provided in 

Ref. [39]. The peak corresponding to methane appeared 

at ~0.9 min, while the peak due to air appeared at 

~0.6 min following injection. 

3 Results and discussion 

Figure 1(a) illustrates the one-pot colloidal synthesis 

used to form the metal NPs. It is a well-established 

technique employing molecular precursors in con-

junction with suitable capping agents to control size, 

shape, and composition. The schematic depicts Pt NP 

formation, but a similar process is used to generate 

other mono- and bimetallic NPs. Although Pt NPs 

have been successfully employed as co-catalysts and 

promoters in CO2 photoreduction [19, 40], we sought 

alternatives to Pt due to its high cost and vulnerability 

to poisoning by CO, sulfur, and other chemicals 

 

Figure 1 (a) Schematic of the colloidal synthesis of metal 

nanoparticles using metal-organic precursors and PVP as capping 

agent. TEM images of PVP-stabilized Ru (b) and ZnPd (c) NPs. 

Reproduced with permission from Ref. [58], © Springer 2008. 
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found in flue gases and other sources of CO2. As shown 

in Figs. 1(b) and 1(c), we used PVP as the capping 

agent to stabilize metal NPs for relatively long periods 

of time (several months). Metal NP size is profoundly 

important in photocatalysis due to its influence on 

electron–phonon couplings, lattice strain, work function, 

band-structure, and the proportion of edge to terrace 

atoms, which conveys different sorption properties 

and reactivities [41–44]. 

3.1 Characterization of Au, Ru, and ZnPd NPs 

loaded onto TNAs  

Figures 2(a)(1), 2(b)(1), and 2(c)(1) contain FESEM 

images showing NPs of ZnPd, Ru, and Au respec-

tively, decorating the upper surface of TNAs. Low 

magnification high-resolution transmission electron 

microscopy (HRTEM) images in Figs. 2(a)(2), 2(b)(2), 

and 2(c)(2) demonstrate that the metal NPs are grafted 

onto the walls of the nanotubes. Additional HRTEM 

images of Au NPs grafted onto the walls of TNAs are 

shown in Fig. S2 (in the Electronic Supplementary 

Material (ESM)). High magnification HRTEM images 

in Figs. 2(a)(3), 2(b)(3), and 2(c)(3) indicate that the NPs 

are mostly spherical in shape. The electron diffraction 

patterns in Figs. 2(a)(4), 2(b)(4), and 2(c)(4) depict the 

prominent crystals planes of the metal NP-grafted 

TNAs. Anatase crystallinity was confirmed for the 

TNAs. The lattice spacings in the HRTEM images, 

which are shown in the insets of Figs. 2(a)(3), 2(b)(3), 

and 2(c)(3), match the crystal phase information of 

the electron diffraction patterns. Au, Ru, and ZnPd 

were determined to be metallic based on JCPDS card 

nos. 03-065-2870, 03-065-7646, and 03-065-3358/6174, 

respectively. ZnPd was a mixture of monometallic 

phases and not an alloy. 

The XRD patterns of Au, Ru, and ZnPd NPs on TNAs 

are shown in Fig. 3(a). Peaks located at 38.85°, 44.45°, 

and 66.4° denote the (111), (200), and (220) planes in 

Au NPs (JCPDS card no. 4-784), respectively. Ru TNAs 

exhibit an intense peak at 44°, which indicates the 

predominance of Ru (101) in Ru NPs (JCPDS card no. 

06-0663). Ru TNAs also show a smaller peak at 42.08° 

for Ru (002) and a peak at 58.42°, which originates 

from the Ru (002) plane of the Ru NPs (JCPDS card 

no. 06-0663). Peaks specific to ZnPd (JCPDS card no. 

65-0190) are observed in the XRD patterns of ZnPd  

 

Figure 2 (1) FESEM images, (2) low magnification HRTEM 
images, (3) high resolution HRTEM images, and (4) electron 
diffraction patterns of TNAs grafted with ZnPd (a), Ru (b), and 
Au (c) nanoparticles. 

TNAs at 41.46° for the ZnPd (101) plane and at 44.85° 

for the ZnPd (110) plane (JCPDS card no. 46-1043).  
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Figure 3 (a) XRD patterns of Au, Ru, and ZnPd nanoparticles on TNAs, and (b) XRD plots showing the FWHM for Au, Ru, and ZnPd
nanoparticles on TNAs (left) and TEM images (right) of the nanoparticles illustrating their particle sizes. Nanoparticle size was calculated
by Scherrer’s equation, which defines particle size as cos  K , where K is a dimensional shape factor equal to 0.9, λ is the X-ray 
wavelength (i.e., 0.154 nm), β is the FWHM, and θ is the Bragg angle. The Scherrer equation yields particle sizes of 12.8, 6.0, and 24 nm
for the Au, Ru, and ZnPd nanoparticles, respectively. 



 

 | www.editorialmanager.com/nare/default.asp 

3484 Nano Res. 2016, 9(11): 3478–3493

The remainder of the peaks belong to the anatase of 

the TNAs (JCPDS card no. 04-001-7641) and to the 

FTO substrate (JCPDS card no. 41–1445). Although 

anatase is the dominant phase in the TiO2, a small 

quantity of rutile also is observed in the Ru and ZnPd 

TNAs. The rutile phase (JCPDS card no. 21-1276) may 

form in the barrier layer of the TNAs near the 

interface with the FTO substrate, which possesses   

a tetragonal crystal structure and rutile-type grain 

orientation. The left side of Fig. 3(b) shows the full 

widths at half maximum (FWHM) of the XRD peaks 

that were used to calculate NP size by Scherrer’s 

equation. The Au, Ru, and ZnPd NP sizes are ca. 6.0, 

12.8, and 25.0 nm, respectively. The TEM images  

(Fig. 3(b), right) confirm the calculated sizes.  

The size of metal NPs affects photocatalytic perfor-

mance through factors such as surface energetics, light 

absorption characteristics, crystalline phase content, 

and interfacial properties. For example, Ru NPs less 

than 3 nm in size adopt a hexagonal close packed 

(HCP) structure, whereas larger NPs exhibit a com-

bination of face centered cubic (FCC) and HCP phases 

[45], which enhances photocatalytic activity [45, 46]. 

The average size of our Ru NPs was about 6 nm. This 

may indicate a mixed phase content, although only 

the HCP phase was detected in the electron diffraction 

pattern. The Au NPs adopt the FCC structure, which 

is evident from the observation of Au (111) planes in 

the TEM (Fig. 2(c)(4)) and XRD (Fig. 3(a)) data.  

Although strategies have been adopted to mediate 

catalysis by tuning Au NP size to achieve localized 

surface plasmon resonance (LSPR) [47], our reasoning 

for the size dependence of catalytic activity is in line 

with literature reports [48, 49]. These suggest that 

smaller (3 to 30 nm) Au NPs exhibit greater catalytic 

activity and that no distinct LSPR peaks are observed 

due to energy level hybridization of the NPs and 

support. There are very few reports of ZnPd NP 

catalysis. However, the 25-nm particle size of our ZnPd 

NPs matches that in reports [50, 51] where these NPs 

were used as catalysts. 

Transparent TNAs were used to facilitate observation 

of the effects of metal nanoparticle loading on the 

optical properties of the nanotubes. The UV–vis spectra 

in Fig. 4 show a red-shifted absorption edge with a 

strong sub-bandgap absorption for TNAs grafted with  

 
Figure 4 UV–vis spectra of Au, Ru, and ZnPd NP-TNAs. 

ZnPd NPs compared to bare TNAs. TNAs with Ru 

NPs exhibit a strong sub-bandgap absorption and a 

shoulder at ca. 500 nm suggestive of a secondary 

absorption edge. TNAs grafted with Au NPs exhibit a 

broad, weak, featureless absorption in the visible region.  

High resolution core XPS scans are shown in 

Figs. 5(a)–5(f). Au 4f7/2 and 4f5/2 binding energies of 

84.4 and 88 eV, respectively, are observed in the XPS 

spectrum, which confirms the presence of Au NPs with 

a valence state of zero [48, 52–54]. High resolution 

XPS scans of Ru-TNAs (Fig. 5(b)) show Ru 3d5/2 and 

3d3/2 peaks at 281 and 284 eV, respectively, which are 

attributed to metallic Ru [55]. ZnPd NPs exhibit 

metallic Pd 3d5/2 and 3d3/2 peaks (Fig. 5(c)) at 340.5 and 

335 eV, respectively [56]. Peaks at 1,022 and 1,045 eV 

are indicative of Zn2+ (Fig. 5(d)) [57]. The same Zn 

oxidation state in ZnPd has been reported elsewhere 

[58]. The XPS data show the presence of 63.33% Zn 

and 36.67% Pd in the ZnPd nanoparticles. Oxygen 1s 

spectra contain contributions at 530.1 and 532.3 eV. 

The main peak (dashed curve, Fig. 5(e)) at 530.1 eV 

corresponds to the lattice oxygen in TiO2, while the 

smaller peak (dashed curve, Fig. 5(e)) at 532.3 eV 

indicates surface bound oxygen. Binding energies of 

459 and 464.8 eV for Ti 2p (Figs. 5(f)–5(h)) confirm the 

presence of Ti4+ [59–61] in Au, Ru, and ZnPd TNAs. Ti 

2p peaks near 461.5 eV, which are present only in Ru- 

and ZnPd-TNAs (Figs. 5(g) and 5(h)), confirm the 

presence Ti2+ in these samples [62]. The peak near 

456.5 eV in the ZnPd-TNAs (Fig. 5(h)) confirms presence 

of Ti3+ [63].  
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The UPS work functions of Au-TNA, Ru-TNA and 

ZnPd-TNA (Fig. 6(a)) equal 4.50, 4.66, and 3.81 eV, 

respectively. UPS high binding energy cut-off spectra 

(Fig. 6(b)) were used to determine the positions of the 

valence band maxima, which were found at 3.20, 2.75, 

and 2.97 eV, in Au-TNA, Ru-TNA, and ZnPd-TNA, 

respectively. Figures 6(a) and 6(b) insets show mag-

nified views of how the values were obtained. Using 

these data, band bending at the NP-TNA interface is 

illustrated by the diagrams in Fig. 6(c). An important 

result derived from the UPS spectra is that upward 

band bending occurs in TNAs in contact with Ru 

NPs and downward band bending occurs in TNAs in 

contact with ZnPd NPs. 

3.2 Interfacial electric field between Au, Ru, and 

ZnPd NPs and TNAs 

Considering the range of energy levels commonly 

observed in TiO2, band bending in n-type anatase is 

confirmed by the following conditions: valence band 

maxima at less than 2.8 eV or more than 3.2 eV away 

from the Fermi level (EF) and significant shifts in the 

 

Figure 5 High resolution core XPS spectra of Au-, Ru-, and ZnPd-TNAs. (a) Au 4f in Au-TNAs, (b) Ru 3d in Ru-TNAs, (c) Pd 3d in 
ZnPd-TNAs, (d) Zn 2p in ZnPd-TNAs, (e) O 1s in Au-TNAs (the O 1s spectra of Ru- and ZnPd-TNAs are identical), (f) Ti 2p in 
Au-TNAs, (g) Ti 2p in Ru-TNAs, and (h) Ti 2p in ZnPd-TNAs. 
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core level Ti 2p spectra as indicated by detection of 

Ti3+ and/or work function values less than 4.2 eV or 

more than 4.5 eV. Shifts in the core level Ti 2p XPS 

spectra are indicated by the detection of Ti3+ and Ti2+, 

which are not observed in Au-TNAs (Fig. 5(f)), but are 

observed in Ru- and ZnPd-TNAs (Figs. 5(g) and 5(h)). 

Core-level Ti 2p shifts can be absent even in the 

presence of an interfacial electric field, if the loading 

density of the NPs is low and the width of the resulting 

depletion region is insufficient to fully deplete the 

 
Figure 6 (a) UPS work function spectra for Au-, Ru-, and ZnPd-TNAs; details of the analysis are shown in the insets. (b) UPS valence 

band spectra showing valence band maxima in Au-TNAs at 3.20 eV, Ru-TNAs at 2.75 eV, and ZnPd- TNAs at 2.97 eV. The work 

function (wf) was calculated from the expression, wf = 21.21 – Ecut-off, where the 21.21 eV is energy of the incident He laser and Ecut-off 

is the cut-off energy. (c) Illustration of the Fermi energy levels and valence band maxima of Au-, Ru-, and ZnPd- TNAs, as derived from 
the UPS work function and valence spectra and the band bending characteristics of Au-, Ru-, and ZnPd-TNAs. 
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TiO2 surface. Considering the lack of a shift in the 

core level Ti 2p XPS, the position of the Au-TNA 

valence band maximum at 3.2 eV below the Fermi 

level (fairly typical for heavily n-doped TiO2), and a 

work function of 4.5 eV (within the range of values 

exhibited by anatase surfaces in high vacuum), we 

visualize no band bending for Au-TNAs. On the other 

hand, observation of a valence band maximum at 

2.75 eV below the EF and a work function of 4.66 eV is 

consistent with upward band bending in Ru-TNAs as 

shown in Fig. 6(c). Therefore, on the basis of the UPS 

work function data, grafted Ru NPs form a Schottky 

type contact with n-type TiO2 [22]. The work function 

of ZnPd-TNAs was 3.81 eV, which is significantly less 

than that of bare, transparent TNAs (4.23 eV) [22]. 

Therefore, downward band bending (accumulation) 

is visualized for TNAs in contact with ZnPd NPs, 

which also implies the formation of an ohmic contact 

between the ZnPd NPs and the TNA. Under 

illumination, such an interfacial electric field would 

facilitate transfer of photogenerated electrons from 

the conduction band of TiO2 to the ZnPd NPs [22]. 

3.3 Mechanism of CH4 production 

Activation of CO2 is a necessary part of the multistep 

CO2 reduction process. The activation may take place 

by absorption of CO2 onto noble metal NPs [12].  

CO2 can also be activated by adsorption at oxygen 

vacancy defect sites (such as Ti3+ and Ti2+) on TiO2  

surfaces or at photoexcited electron–hole centers   

in TNAs [64]. During CO2 activation, conversion of 

adsorbed CO2 to a partially charged CO2·


 type anionic 

radical is possible [12, 64–66]. This partially charged 

radical anion is bent and significantly more reactive 

than linear CO2.  

One pathway for CH4 formation is carbene pathway. 

Following conversion of CO2·


 to CO, the carbene 

pathway proceeds by adsorption of CO onto TiO2, 

whereupon it accepts electrons to form a carbon 

radical (i.e., ·C). Hydrogenation of the carbon radical  

occurs in presence of electrons from TiO2 and protons 

to form ·CH, ·CH2, and ·CH3 as intermediates and yields 

CH4 as the final product [12]. The carbene pathway 

enhances the selectivity of CH4 formation, because 

the reactive nature of the intermediates [67–69] results 

in rapid hydrogenation. 

The carbene pathway is the presumed mechanism 

of CO2·


 to CH4 conversion in Au- and Ru-TNAS, 

because depletion layer formation in Ru-TNAs and 

charge separation in Au-TNAs lead to electron  

enrichment of the TiO2 surfaces. Protons are produced 

by water oxidation at the valence band of TiO2 in 

Au-TNAs. In Ru-TNAs, proton generation is driven 

by water oxidation at the hole-rich Ru NPs. Another 

mechanism of CH4 production is the formaldehyde 

pathway, which involves formation of CH2O, HCOOH, 

and CH3OH as intermediates and CH4 as the final 

product [12]. We consider the formaldehyde pathway 

to be operative in ZnPd-TNAs based on the formation 

of an accumulation layer, whereby the electron deficient 

TiO2 surface cannot support electron donation to CO 

to form the carbon radical that initiates the carbene 

pathway. However, ZnPd-TNAs can efficiently reduce 

CO2·


 by electron donation from ZnPd NPs accom-

panied by donation of protons generated at the hole- 

rich TiO2 conduction band to produce CH4 by the 

formaldehyde pathway.  

3.4 CH4 yields  

The CH4 yields obtained by gas chromatography 

were 3.45, 2.3, and 2.32 mL·g–1·h–1 for the Au-, Ru-, 

and ZnPd-TNAs, respectively. The yields expressed 

in units of μmol·g–1·h–1 were 58.47, 26.37, and 26.83 

μmol·g–1·h–1 for Au-, Ru- and ZnPd-TNAs, respectively 

(details are provided in the ESM). CH4 productions 

per unit mass of catalyst were 467.79, 210.96, and 

214.65 μmol·g–1 for Au-, Ru-, and ZnPd-TNAs, res-

pectively. The methane yields in μmol·g–1 were obtained 

by multiplying each CH4 yield in μmol·g–1·h–1 by the 

catalysis reaction time (i.e., 8 h). The total quantities 

of CH4 obtained by multiplying by the mass of each 

catalyst were 0.59, 0.26, and 0.26 μmol for Au-, Ru-, 

and ZnPd-TNAs, respectively (details are given in 

the ESM).  

Table 2 compares CH4 yields in μmol·g–1·h–1 of our 

catalysts with those of similar catalysts under similar 

reaction conditions. One of the highest yields is the 

value 2,000 μmol·g–1·h–1 reported in Ref. [69], which 

used Au–Cu alloy NPs as a coating on TiO2 and 

involved the use of a greater proportion of Au as    
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a stand-alone catalyst. However, our CH4 yields are 

significant, when it is considered that only small 

quantities of NPs are incorporated on the TNAs, 

because of the short length of the TNA walls that are 

sparsely covered with NPs (Figs. 2(a)(2), 2(b)(2), and 

2(c)(2)). The comparison in Table 2 of our CH4 yields  

with those obtained using similar catalytic platforms 

[9, 32, 40, 70–72] indicates that Au, Ru, and ZnPd NP- 

TNAs clearly meet or exceed current state-of-the-art 

catalytic benchmarks. 

An important aspect of our CH4 yield results is 

that minor modifications of the catalysts achieved by 

varying the aspect ratio of the TNAs and the loading 

of metal NPs conceivably can increase yields by an 

order of magnitude or more. The enhancement of CH4 

yields of TNAs grafted with Au, ZnPd, and Pd NPs 

demonstrates the chemical compatibility of the NPs 

with the underlying TNA support. CH4 production 

using short TNAs loaded with Au, ZnPd, and Ru NPs 

also exceeded by up to ten times the maximum quantity 

produced (i.e., 6 μmol·g–1·h–1) using bare TNAs under 

identical experimental conditions.  

NP co-catalysts are critical to CH4 production as 

indicated by the TPD data in Fig. 7, which demonstrate 

that greater amounts of CO2 are adsorbed on TNAs  

 

Figure 7 Plot of TCD data for CO2 desorption from Au-, Ru- 
and ZnPd-TNAs. 

with grafted NPs than on standalone TNAs. Greater 

CH4 yields are consistent with a proportionality 

between yield and the amount of adsorbed CO2. 

Excellent transfer of photogenerated charge to surface 

adsorbates, which is a prerequisite for efficient CO2 

reduction, also is implied. While the chemisorption 

modes of CO2 on Ru-grafted, Au-grafted, and bare 

TNAs are similar and differ only in intensity, ZnPd 

NP-grafted TNAs exhibit distinctly different CO2 

chemisorption behavior. The desorption peaks at 75 

and 187 °C likely are due to sequential release of CO2 

from the Zn and Pd facets of bimetallic ZnPd NPs. 

Recent results from our group [36, 73] and others  

 [74–77] point to extremely long lived carrier states  

in TNA arrays under ambient conditions due to 

adsorbed oxygen-mediated trapping and a paucity of 

recombination pathways involving trapped electrons 

and holes. Because trapped holes and electrons can  

react directly with adsorbed surface reagents [78, 79], 

a long carrier recombination lifetime, as manifested by 

persistent photoconductivity, allows carriers optimum 

time to participate in chemical reactions and reduce 

recombination losses. Our GC results from experiments 

without filters (Figs. S3, S4, and S5 in the ESM) and 

with UV and blue filters (Figs. S6, S7, and S8 in the ESM) 

demonstrate the presence of CH4 as a significant pro-

duct. Given that the blue filter transmits light between 

420 and 480 nm (Fig. S9 in the ESM), it is concluded 

that, in addition to UV photons, the CO2 reduction 

reaction is driven by blue photons with energies close 

to and below the TiO2 band gap.  

Table 2 CH4 yields from CO2 photoreduction using catalytic 
platforms similar to Au, Ru, and ZnPd loaded onto TNAs 

Catalyst CH4 yield (µmol·g–1·h–1) Refs. 

Au-TNAs 58.47 This report

Ru-TNAs 26.37 This report

ZnPd-TNAs 26.83 This report

Au/Pt–TiO2 114 [71] 

W18O49 11.31 [80] 

Pt–Cu/TiO2 9.8 [9] 

0.5 wt.% 
Cu/TiO2–SiO2 

10 [81] 

Au-Cu/TiO2 2,000 [69] 
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3.5 The issue of carbon contamination 

It has been argued in the literature that the source of 

CH4 formation is carbon contamination on the surface 

of TNAs [82]. Contamination may result from any or 

all of the following: (i) adventitious carbon, (ii) carbon 

incorporated in TNAs during anodization, and 

(iii) carbonaceous materials associated with loading of 

the NPs. This argument is based on the production of 

CH4 by direct photoreduction of carbon in presence 

of water without involvement of CO2 as a reactant. 

The argument also applies to the reverse Boudouard 

reaction, which involves the photoreduction of CO2 

to CO in the presence of surface carbon contaminants 

that participate in the reaction [83]. We conducted 

control experiments to verify that CH4 was indeed 

produced by CO2 photoreduction over metal NP- 

loaded TNAs. These experiments included, but were 

not limited to the following. (a) A dark experiment in 

a reactor containing CO2 gas and a fresh metal-NP 

decorated nanotube photocatalyst heated to over 80 °C 

for 8 h. The negligibly small amount of CH4 produced 

verifies the importance of light in driving the reaction. 

(b) An experiment conducted under AM 1.5 illumina-

tion in an empty reactor containing CO2 to assess the 

possible presence of CH4 and other hydrocarbons  

in the CO2 input stream or reaction chamber. (c) An 

experiment conducted under AM 1.5 illumination in 

a reactor containing fresh bare TiO2 nanotube photo-

catalyst (without metal NP coating) in the absence of 

CO2 to measure the effect of carbon possibly doped 

into the TNAs. (d) An analysis of CH4 production  

as a function of time, which demonstrated that CH4 

production increased steadily throughout exposure 

to light. 

To evaluate the impact of carbon on CH4 formation, 

we determined the amount of carbon in the samples 

by CHNS analysis. For Ru and ZnPd NPs loaded onto 

TNAs in the as prepared state (after calcination at 

450 °C to remove PVP), the contaminant carbon was 

0.083 μmol in the Ru-TNA and 0.061 μmol in the 

ZnPd-TNA. Therefore, if all contaminant carbon in the 

samples reacted completely to form CH4, the amount 

of methane produced would be a small fraction of the 

total generated by the photocatalysts in this study.  

4 Conclusions  

The enhanced photocatalytic performance of NP- 

grafted TNAs suggests the possibility of further 

increasing photocatalytic yields by controlling and 

optimizing particle size and by loading onto vertically 

oriented 1D semiconducting nanostructured platforms.  

High CH4 yields were obtained with short TNAs, 

which provided less surface area for incorporation  

of NPs. Significantly enhanced CH4 production rates 

were observed using Au, Ru, and ZnPd NPs grafted 

onto short, transparent TNAs compared to the same 

obtained using bare TNAs under identical reaction 

conditions. UPS revealed favorable band alignments 

for water oxidation and CO2 reduction reactions which 

are necessary for CH4 production. The enhanced CH4 

yields are attributed to the high CO2 adsorption 

capacity of NP-loaded TNAs and to the favorable 

interfacial electric field, superior utilization of blue 

photons, and excellent charge separation and charge 

transfer properties of the nanomaterial photocatalyst. 

The simplicity of the procedure for forming TNAs 

and grafting monodisperse metal NPs facilitates   

the tuning of nanostructure architectures to further 

enhance CH4 yields and provide more efficient CO2 

reduction. 
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