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Huge efforts have been done in the last years on electrochemical and photoelectrochemical

reduction of CO2 to offer a sustainable route to recycle CO2. A promising route is to elec-

trochemically reduce CO2 into CO which, by combination with hydrogen, can be used as a

feedstock to different added-value products or fuels. Herein, perpendicular oriented TiO2

nanotubes (NTs) on the electrode plate were grown by anodic oxidation of titanium sub-

strate and then decorated by a low loading of silver nanoparticles deposited by sputtering

(i.e. Ag/TiO2 NTs). Due to their quasi one-dimensional arrangement, TiO2 NTs are able to

provide higher surface area for Ag adhesion and superior electron transport properties

than other Ti substrates (e.g. Ti foil and TiO2 nanoparticles), as confirmed by electro-

chemical (CV, EIS, electrochemical active surface area) and chemical/morphological anal-

ysis (FESEM, TEM, EDS). These characteristics together with the role of the TiO2 NTs to

enhance the stability of CO2
·- intermediate formed due to titania redox couple (TiIV/TiIII) lead

to an improvement of the CO production in the Ag/TiO2 NTs electrodes. Particular attention

has been devoted to reduce the loading of noble metal in the electrode(14.5 %w/%w) and to

increase the catalysts active surface area in order to decrease the required overpotential.

© 2019 Hydrogen Energy Publications LLC. Published by Elsevier Ltd. All rights reserved.
Introduction

Carbon dioxide is recognized to be one of the main contribu-

tions to Global Warming and its reuse is currently considered

a key challenge to the current society [1]. In addition, our en-

ergy system mainly rely on non-sustainable fuels like oil and

coals, which might be depleted in the near future [2]. In the

last decades, different strategies have been considered to
t.it (M.A. Farkhondehfal),

ons LLC. Published by Els

A et al., Syngas producti
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overcome these global challenges; from Carbon Capture and

Storage (CCS) to the exploitation of renewable energies to

reuse carbon dioxide and obtain added-value products. CCS

can contribute to reduction of CO2 emission level but at a

significant costs [3].

Recently, the conversion of CO2 to added-value products

has gained a lot of attention in the scientific community [4,5].

Among all the proposed methods to handle this problem,
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electrochemical reduction of CO2 is an attractive solution

from both economic and environmental points of view [6].

However, the industrial utilization of CO2 to fuel is currently

under development. Clearly emphases have been given to

increase the current low efficiency and low production rate. In

fact, depending on the selected catalyst, reaction conditions

and electrolyte, different products such as carbon monoxide

[7e9], formic acid [10,11], hydrocarbon including methane or

methanol [12,13] or mixtures of them can be obtained. More-

over, the CO2 is typically dissolved in aqueous media and,

consequently, the hydrogen evolution reaction (HER) is in

inevitable competition with the CO2 reduction. Therefore, a

competitive approach regards the combined CO2 reduction

and HER for the production of syngas, which consists of a

mixture of H2 and CO (in different ratios), given the robust

options for downstream processing to generate more reduced

products via Fischer-Tropsch heterogeneous catalysis [6].

Indeed, syngas is an important intermediate for production of

chemicals like acetic acid (carbonylation) [14], aldehydes

(Hydroformylation) [15] and also many light and heavy

chained carbon fuels and alcohols (Fischer & Tropsch) [16].

Theoretically, in an aqueous media, CO2 can be electro-

chemically reduced to COwith a potential difference of 1.335 V

vs NHE (at pH 7, 25 �C, 1 atm gas pressure, 1 M for solutes),

considering O2 evolution at the anode; but, in general, more

negative potentials have to be applied to initiate the CO2

reduction [17]. Because of these high overpotentials and low

productivity, large improvements are required to make this

process viable for large-scale industrialization. Electro-

catalysts that simultaneously exhibit a low overpotential,

high faradaic efficiency and high productivity toward the

desired products have to be developed [18].

Over the last decade, various catalysts have been used for

electrochemical reduction of CO2 to CO (and syngas when

using an aqueous electrolyte media) [7,19e25]. Hori et al. have

tested different metals as electrocatalyst for that purpose and

concluded that Au and Ag are the most active ones. Due to its

lower cost, Ag has gained more attention than Au and has

been used in different forms and configurations: from bulk to

nanoparticles, and with different co-catalysts or supported on

different substrates [7,19,26e30]. In addition, one of the major

barriers in the electrochemical reduction of CO2 is known to

be the formation of CO2
·- radical that is the a rate determining

step for reduction of CO2 and implies high overpotentials in

the applied system [31]. Different approaches have been

explored to tackle this issue, for instance, the use of ionic

liquids like 1-ethyl-3-methylimidazolium tetrafluoroborate

(EMIM-BF4) [20] and Pyrazolium [32] as co-catalyst for Ag

cathode which, however, resulted in low current densities of

�5 mA/cm2 and -45 mA/cm2 (in a relatively high applied po-

tential of �2.4 V vs Fc),respectively, or, more recently, the use

of triangular Ag nano plates to achieve a low overpotential of

97 mV, but obtained an even lower current density of

�1.25 mA/cm2 than in the previous works [33].

To date, most of the research has been focused on the

electrocatalyst for CO2 reduction reaction (CO2-RR) whereas

few works explored the role of the co-catalyst in this reaction.

For example, Tornow et al. investigated four different N-based

organometallics catalysts with Ag [34]. They found that a

Ag-based 3,5-diamino-1,2,4-triazole supported on carbon
Please cite this article as: Farkhondehfal MA et al., Syngas producti
nanotubes, International Journal of Hydrogen Energy, https://doi.org
(AgDAT/C) produced about �70 mA cm�2 of current density

with almost 90% of Faradaic efficiency for the production of

CO. Sastre et al. also reported the effect of graphitic carbon

nitride as a co-catalyst of nano-structured Ag for syngas pro-

duction [29].

In this work, titania nanotubes (TNT) have been used for

the first time as an active support for Ag nanoparticles (Ag

NPs) with the aim to increase both the electrochemical active

surface area of the catalyst and to take advantage of the tita-

nia's ability in facilitating the CO2 reduction process. Previ-

ously, Cueto et al. reported the effect of Ag NPs deposited on

TiO2 thin film for reduction of CO2 [35]. However, the focus of

that report was in the surface characterization and not in the

productivity and selectivity of the catalyst and the effect of

TiO2 in the CO2 reactivity. Moreover, Ag-modified TiO2 nano-

catalyst has been used for photo-induced CO2 reduction by

hydrogen for selective CO evolution [36]. In another work, Ma

et al. investigated the role of TiO2 NPs (the commercial Aero-

xide TiO2 P25) as the substrate for Ag NPs deposition for

electroreduction of CO2 to CO by using different Ag loadings

from 5% to 40 wt% [26]. They proposed that CO2 is absorbed on

titania and then it gains one electron to form CO2
·- radical,

which is stabilized in the TiO2 surface, resulting in lower

overpotentials. As a result, in that work they obtained a cur-

rent density of about 100 mA/cm2, with a high faradaic effi-

ciency of 90% towards CO, by using the 40%Ag/TiO2 catalyst. It

is noteworthy to mention that this high current density has

been achieved in a Rotating Disk Electrode (RDE) in a very

small-scale size electrode (0.07 cm2 of area), which not

necessarily can be extrapolated to a bigger scale due to

different mass transfer phenomena.

The uniqueness of this work is that we investigated the

role of Titania nanotubes as a co-catalyst for Ag nano parti-

cles, which are being sputtered in low quantities with the aim

to develop a highly efficient and cheap electrocatalyst for the

reduction of CO2 into syngas. The reported material has been

thoroughly analyzed both morphologically and electrochem-

ically to understand the role of 1D vertically aligned TiO2

nanotubes in improving the kinetics andmass transfer for the

CO2RR.
Experimental

Catalyst preparation

TiO2 nanotubes (NTs) were prepared as follows. Titanium foil

(Alfa Aesar, Titanium foil 0,25 mm thick, annealed, 99,5%

pure, 4 cm2) was sandblasted and etched by the solution of

HF (wt.40%, Sigma Aldrich) for 1 min to remove the native

oxide layer obtaining a fresh metal surface for the NTs

growth and then the TiO2 nanotubes were synthesized by

anodization method in a 0,5 wt% NH4F (98%, Sigma Aldrich)

and 2,5 wt% H2O in ethylene glycol (98%, Sigma Aldrich)

electrolyte at 60 V [37]. After 10 min, the synthesized nano-

tubes are removed by sonication in H2O2 (40%, Sigma Aldrich)

solution. The anodization procedure was repeated for other

10 min. In this way, well organized TiO2 nanotubes can be

grown in the footprint of previously removed ones. After

cleaning the NTs arrays with DI-Water and ethanol to
on by electrocatalytic reduction of CO2 using Ag-decorated TiO2
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remove the residual of electrolyte, they were calcined at

450 �C for 1 h in ambient pressure.

For the preparation of TiO2 nanoparticle-based electrode a

titanium foil (Alfa Aesar, Titanium foil 0,25 mm thick,

annealed, 99,5% pure) was sandblasted and rinsed by ethanol

and a layer of 30 mm of TiO2 paste (Dyesol, 18NR-T Titania

paste) was deposited by doctor blade technique on the foil.

The TiO2 layerwas then dried at 100 �C for 30min and calcined

at 525 �C for 1 h in ambient atmosphere.

For the deposition of Ag nanoparticles (NPs) a sputter

coater (Quorum Q150T ES) equipped with a Ag target (Test-

bourne Ltd, S5-9000-D35 Silver Target 99,99% pure) has been

used to prepare a set of catalyst samples with different Ag NPs

loadings, which depend on the sputtering conditions (current

and time) as reported in Table 1. The notation used to name

the catalyst contains the kind of substrate, i.e. Titania nano-

tubes (TNT) and the Ag sputtering conditions, i.e. 60 mA and

90s. In addition, to investigate the effect of Titania nanotubes

(TNT) on electrochemical reduction of CO2, two other Ti-based

substrates: Titania nanoparticles (TNP) and Titanium foil (Ti

foil), were used to compare their performance with respect to

the TNT-based samples, with Ag nanoparticles deposited

under the same conditions.

Electrochemical test

The electrochemical tests of the Ag NPs were done in a three

electrodes reactor by using a Pt electrode (99.9% metals basis,

SigmaeAldrich) as anode, a 2.4 cm2 electrode (from the ones in

Table 1) as working electrode in the cathode and a saturated

Calomel electrode (SCE, Radiometer analytical) all being

controlled by a potentiostat (Autolab, PGSTAT302 N). The two

compartments of the reactor were separated by a Nafion 115

membrane.Theschemeof this systemcanbeseen inFigureS-1.

For comparison of the behavior of different TiO2 and Ag

substrates, electrochemical analyses were done in a one

compartment reactor, by using the same electrodes configu-

ration of the two-compartment reactor. As electrolyte, a so-

lution of 0.1 M KHCO3 was prepared by adding the proper

amount of Millipore water to dissolve KHCO3 (P9144 Sigma-

Aldrich > 99.5%). In both cases, the reactor was bubbled with a

continuous flow of CO2 to maintain the electrolyte saturated

with it and the composition of the exit gas was analysed with

an Inficon MicroGC.

The electrochemical techniques which have been carried

out are Cyclic Voltammetry (CV, scan rate of 20 mV/s), Linear

SweepVoltammetry(LSV),Chronoamperometry (CA, 90min for
Table 1 e List of synthesized catalyst.

Catalyst name Catalyst nature S

20 mA-90s Ag/TiO2 nanotubes

40 mA-90s Ag/TiO2 nanotubes

60 mA-90s or Ag/TNT Ag/TiO2 nanotubes

80 mA-90s Ag/TiO2 nanotubes

Ag/Ti foil Ag/Ti foil

Ag/TNP Ag/TiO2 nanoparticles

TNT TiO2 nanotubes

Ti foil Ti foil

a The method for measuring the Ag loading has been described in SI (Fig

Please cite this article as: Farkhondehfal MA et al., Syngas producti
nanotubes, International Journal of Hydrogen Energy, https://doi.org
each applied potentials), Electrochemical Impedance Spec-

troscopy (EIS) and finally Electrochemical Active Surface Area

analysis (ECSA) using Capacitance measurement method.

Characterization

A ZEISS Auriga field emission scanning electron microscope

(FESEM) was used to characterize the morphology of the

electrocatalysts and the substrate as well as to evaluate the

dispersion and dispersion of Ag nanoparticles on the TiO2. In

addition for quantifying the amount of Ag, Energy Dispersive

X-Ray spectroscopy (EDX) technique has been used as illus-

trated in Figure S-2 & 9. A PANalytical X'Pert Xray diffrac-

tometer (XRD) was used to study the crystalline phases and

the surface composition. The X-ray source used was a Cu Ka

monochromatic radiation (l¼ 1,54 Å). Also, a FEI Tecnai F20ST

transmission electron microscopy (TEM), operating at 220 kV,

was employed to study the morphology of the catalyst.
Results and discussion

The developed electrocatalysts are composed of Ag nano-

particles deposited by sputtering on Titania nanotubes grown

on a Ti foil. The major advantage of using sputtering for the

deposition of Ag nanoparticles is the adjustability to spread

nano-sized Ag particles on the substrate in a more homoge-

neous way and with a low and controlled amount of catalyst

precursor. The amount of deposited Ag nanoparticles was

tuned by applying different currents and deposition times as

shown in Table 1 (see Experimental section). The electro-

chemical tests are reported in two sections. First, in section

Influence of Ag sputtering conditions on TiO2 NTs on the

electrochemical CO2RR, the performance of electrodes pre-

paredwith different sputtering conditionswere screenedwith

the aim to find the best ones for the reduction of CO2 to CO.

Then, in section Influence of pressure on the electrochemical

CO2RR with the Ag/TNT sample, the real effect of Titania NTs

is investigated by comparing the optimum loading of Ag NPs

on different Ti-based substrates.

Influence of Ag sputtering conditions on TiO2 NTs on the
electrochemical CO2RR

Fig. 1 shows a FESEM image of the synthesized TiO2 NTs,

which have grown perpendicular and well oriented on the Ti

foil, with a compact shape and a length of 2.8e3 mm and an
puttering current and time Ag loading (w/w %)a

20 mA, 90 s 3.5

40 mA, 90 s 8.2

60 mA, 90 s 14.5

80 mA, 90 s 24.2

60 mA, 90 s N/A

60 mA, 90 s N/A

No silver e

No silver e

ure S-9).

on by electrocatalytic reduction of CO2 using Ag-decorated TiO2
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Fig. 1 e FESEM image of Titania nanotubes.

Fig. 2 e Top-view FESEM images of Ag-deposited Titania nanotubes by sputtering for 90s with different applied currents of

20, 40, 60 and 80 mA.
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individual diameter of 80e100 nm. The effect of changing the

sputtering current was in the coverage by Ag nanoparticles of

the TNT as shown in the top-view FESEM images in Fig. 2, in

which the electrodes prepared with 90 s of deposition time at

four different currents (i.e. 20, 40, 60 and 80 mA) are reported.

As expected, the higher the applied current for sputteringwas,

the higher was the coverage and agglomeration of Ag nano-

particles. Although an increase of the sputtering current was

expected to improve the coverage by Ag of the TNT substrate,

at the current of 80 mA the Ag nanoparticles covered the
Please cite this article as: Farkhondehfal MA et al., Syngas producti
nanotubes, International Journal of Hydrogen Energy, https://doi.org
whole TNTs surface, completely carpeting their mouth, which

could make the application of TNT in this process almost

useless.

Moreover, as can be seen in the TEM side view of the pre-

pared Ag sputtered Titania nanotube at 60 mA90s (see Fig. 3)

Ag nanoparticles have covered the surface of Titania nano-

tubes and they did not penetrate completely inside the

nanotubes.

To quantify the productivity of the prepared Ag/TiO2 NTs

electrocatalysts, a series of chronoamperometry tests have
on by electrocatalytic reduction of CO2 using Ag-decorated TiO2
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Fig. 3 e TEM side view image of 60 mA 90s before the reaction.
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been done at 3 different applied potentials: �1.4 V, �1.5 V and

�1.6 V vs SHE, in a two-compartment cell. The CO production

rate and the CO/H2 ratio was measured after steady-state

conditions (90 min) at each potential and the results are re-

ported in Fig. 4. From Fig. 4a it is evident that, at �1.4 and �1.5

vs SHE, the 80 mA-90s sample showed to be the best electrode

among the others for CO productionmost probably as a result

of higher Ag loading. However, since the tests were done in

sequence by increasing the applied potential, this catalyst

evidenced a decay of performance (Figure S-4) at �1.6 V vs.

SHE in comparison to the 60 mA-90s sample. Indeed, the

60 mA-90s electrode showed the best performance at �1.6 V

vs. SHE by producing a higher amount of CO than the other

catalysts and also higher durability over the time although
Fig. 4 e a) CO production rate b) CO to

Please cite this article as: Farkhondehfal MA et al., Syngas producti
nanotubes, International Journal of Hydrogen Energy, https://doi.org
generally all the electrocatalysts have lost some of their ac-

tivity over the time (see Figure S-5).

Moreover, to investigate the effect of coverage of Ag nano-

particles on electrochemical active surface area (ECSA) of the

catalyst, ameasurementbasedondouble-layer capacitancewas

done. Usually, tomeasure it, cyclic voltammetry (i-V) curves are

recorded in the mere double layer region at various scan rates.

Then, the current in the middle of the potential vs. scan rate

window is takenandplottedagainst the respectivescan rateand

astraight line should result,whose slope isan indicative valueof

the ECSA of the catalyst relative to a reference flat electrode of

the same material, as indicated in following:

i ¼ dQ/dt ¼ (dQ/dE) $ (dE/dt) ¼ C $ V (1)
H2 ratio in 3 different potentials.

on by electrocatalytic reduction of CO2 using Ag-decorated TiO2
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where, i is current (A), Q is charge (C), E is potential (V) and C

is capacitance.

ECSA can be calculated by referring the obtained capaci-

tance to the reference value per the unit area (Cref);

ECSArel ¼ C / Cref (2)

Thus, by comparing the slope of the current vs. scan rate in

the double layer capacitance zone, the value of ECSArel of the

different prepared catalysts can be distinguished. The ECSArel

values were calculated before and after the chronoampero-

metric tests at all the potentials In general, a higher slope

indicates a higher ECSA of the material, considering to have a

constant reference capacitance (Cref) value.As shown in Fig. 5

at the beginning of the electrochemical CO2 reduction reac-

tion, the higher the amount of Ag resulted in higher ECSArel

but this trend changed after the reaction. This indicates that

the surface properties of the electrodes changed during the

electrochemical tests and can be also used as an indication of

the different durability of the catalysts. The 80mA-90s sample

evidenced the highest ECSArel at the beginning of the tests.

However, at the end of the reaction (after 4hr of tests) the

ECSArel of the 60 mA-90s sample was the highest, followed by

the40mA-90s electrode. This behavior can be explained by an

agglomeration and growth in size of the active Ag nano-

particles which are the main catalyst for CO2 reduction to CO,

as can be seen in Fig. 6. This phenomenon, was evidently

enhanced in the samples with a higher Ag loading, as can be

observed by the higher difference in ECSArel before and after

the CO2RR of the 80 mA-90s samples than for the 20 mA-90s

one.

For a further analysis of the durability of the catalysts,

which is important to maintain the CO production rates over

time, and to understand if the Ag agglomeration is the only

explanation for the decrease of the ECSArel over the time, the

Ag loading of the electrodes was measured before and after

the chronoamperometric test. It is clear from Fig. 7 that some

Ag was lost from the electrodes surface, which was confirmed

by ICP analyses on the electrolyte that reveals the existence of
Fig. 5 e ECSA ratio for different catalyst before (lines) and

after (dotted lines) the CO2RR.

Please cite this article as: Farkhondehfal MA et al., Syngas producti
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some ppm of Ag (�2 %W/W) in the electrolyte after the CO2RR.

It is evident from Fig. 7 that the percentage of loss of Ag from

the catalyst surface is higher in the samples with a lower Ag

loading (of about 35% and 30% for the 20 mA-90s and 40 mA-

90s samples, respectively), which is in agreement with the

decrease of activity and ECSArel of these electrocatalyst.

Instead, for the Ag/TNT electrodes with a higher Ag loading

(i.e. 60 mA-90s and 80 mA-90s) that lost less amounts of Ag,

the main reason for the loss of activity and ECSA of the cata-

lyst seems to be the agglomeration of Ag nanoparticles, which

then causes a reduction of the catalytically active surface.

Although from the FESEM and ECSArel results, the Ag ag-

glomerations and leaching seem to be more significant for the

80 mA-90s sample which resulted in a lowering of the activity

and durability of this sample. In contrast, the 60 mA-90s

sample reported the best stability among the here reported

electrocatalysts (the Ag lost was lower than 5% and the CO

production rate decrease of less than 10% in the 20 h of test).

Anyhow the decay in the electrocatalytic activity of all the

electrodes can be caused by membrane fouling to some

extent.

In previous literature reports for CO2RR to CO, i.e. about

70% of published works, the stability of the electrocatalyst is

often not reported or it is proved for less than 3 h of contin-

uous reaction [16]. Therefore, it is important to investigate the

reasons of catalyst instability.

Based on FESEM, ECSArel gravimetric and ICP results, one

can conclude that the Ag NPs agglomeration could be

explained due to a difference in charge of Ag particles with

different sizes, as already reported in literature [38] and that is

schematized in Fig. 8. In fact, it has been observed that larger

Ag particles has a partial negative charge and smaller particles

have a partial positive charge at electrical equilibrium, due to

the greater work function of the larger particles [38]. Thus, at

the surface of an electrocatalyst, the larger nanoparticle ac-

cepts an electron from a neighboring smaller particle through

the conducting substrate. In that moment, the smaller nano-

particle becomes more positively charged and reestablishes

equilibrium by dissolving an Agþ ion into solution. The result

is an agglomeration of bigger Ag particles and dissolution of

smaller Ag nanoparticles (a kind of Ostwald ripening) [38].

This hypothesis agrees with the partial dissolution and

reduction of Ag loading (Fig. 7) and with the reshaping and

agglomeration of Ag particles shown in FESEM images (Fig. 6)

observed for the electrodes after the reaction. As can be seen

in Fig. 6, some of Ag nanoparticles are attached to each other

and agglomerated in a huge cubic form. Others seems to be

detached and scattered in different parts of the surface, which

could be due to Agþ dissolution and re-deposition on the

electrode surface. It is noteworthy that EDS and XRD analysis

also confirmed the nature of this agglomerated cubes to be Ag

(Figure S-2&3).

Additionally, TEM analysis were done after the CO2RR with

the 60 mA-90s sample and TEM images shown in Fig. 9

confirmed the reshaping of Ag nanoparticles with respect to

the sample before the test (shown in Fig. 3). The scattering and

reshaping of Ag particles, apart from a ri-orientation of the

superficial Ag in the top of the TiO2 NTs, also caused some Ag

particles to be re-deposited into the inner surface of the TiO2

NTs (see Figs. 8 and 9).
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Fig. 6 e FESEM top view of Ag sputtered electrocatalyst after 4hr of reaction.

Fig. 7 e Ag loading for different catalyst measured before and after reaction.
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Influence of pressure on the electrochemical CO2RR with the
Ag/TNT sample

Another parameter that can improve the performance for the

electrochemical reduction of CO2 is pressure. The reason is

that the amount of CO2 dissolved in aqueous electrolyte in-

creases by increasing the pressure of CO2 in the reactor.

Hence, to reduce in some extent the mass transfer limitations

due to CO2 dissolution and to investigate the effect of pressure

on the performance of the best of the Ag/TNT electrodes, we

performed an additional chronoamperometric experiment
Please cite this article as: Farkhondehfal MA et al., Syngas producti
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under CO2RR conditions by increasing the pressure of the

reactor to 7 atm. A comparison between CO and H2 production

rates at 1 and 7 atm, at the different applied potentials, are

reported in the bar graphs in Fig. 10. As expected, the CO

production rate was increased in this second experiment,

however, this increase was more clear at the lower potentials

(i.e. it was doubled at �1.4 V and �1.5 V vs SHE), in which the

CO2 reduction reaction is evidently more dominant than the

H2 evolution reaction (HER, which also increased but in a

lower proportion). In comparison, at �1.6 V vs SHE the CO

productivity was only increased by about 20% and the HER
on by electrocatalytic reduction of CO2 using Ag-decorated TiO2
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Fig. 8 e Schematic mechanism of agglomeration and/or dissolution of Ag ions into the electrolyte.
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dramatically raised in about 45%. These results demonstrate

that (i) the CO/H2 ratio can be strongly affected by the working

pressure at a specific applied potential and that (ii) these two

parameters have to be tuned in function of the desired final

production between CO and H2. As an example, at 1.4 V vs SHE

the ratio of quasi 1:2 (CO:H2) obtained which is an ideal ratio

for syngas to be used as a feedstock for methanol production.

Furthermore, to measure the maximum current density

which can be achieved by the electrocatalyst, one should

remove all the barriers which prevents the electrons to pass

through from the surface of the catalyst to electrolyte and
Fig. 9 e TEM side view image of 6

Please cite this article as: Farkhondehfal MA et al., Syngas producti
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finally reduce the dissolved CO2. The major barrier to this

phenomenon is mass transfer diffusion resistance in electro-

lyte. One way to minimize this effect is to use rotating disk as

working electrode. As the disk turns, some of the solution

described as the hydrodynamic boundary layer is dragged by

the spinning disk and the resulting centrifugal force flings the

solution away from the center of the electrode.Hence, solution

flows up, perpendicular to the electrode, from the bulk to

replace the boundary layer. The sum result is a laminar flow of

solution towards and across the electrode. The rate of the so-

lutionflowcanbe controlled by the electrode's angular velocity
0 mA 90s after the reaction.
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Fig. 10 e a) CO production rate b) CO to H2 ratio and c) CO Faradaic efficiency at 1 and 7 atm.
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and modeled mathematically. This flow can quickly achieve

conditions in which the steady-state current is controlled by

the solutionflow rather than diffusion [39]. This is a contrast to

the more stagnant flow (classical) experiments where the

steady-state current is limited by the diffusion of species in

solution. For this reason, an LSV (linear sweep voltammetry)

has been done in a RDE with 1600 rpm using 60 mA-90s in the

same electrolyte of KHCO3 0.1 M. Initially, LSV test has been

done with N2 bubbling and then the electrolyte saturated by

CO2 and the same test has been repeated. As can be seen in

Fig. 11 a higher onset potential can be noticed when CO2

reduction is occurring, which can be as a result of formation of

CO2
� radical which has its own kinetical barrier compared to

the process with only HER (blue line). When the applied po-

tential increases the current density increases drastically

respect to the reaction without CO2. This difference in current

densities can be attributed to CO2-RR. It is noteworthy that the

highest current density for CO2 reduction achieved at�1.6 V vs

SHE with �65 mA/cm2 which can be considered quite high
Fig. 11 e LSV test in RDE for Ag/TNT 60 mA 90s with N2

bubbling (blue) and CO2 bubbling. (For interpretation of the

references to colour in this figure legend, the reader is

referred to the Web version of this article).
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with respect to the experiments which have been carried out

by bulk noble metal electrodes [7,29,40]. A comparison of the

most recent result for syngas production can be found in

Tables Se3 in the supporting information.

Role of titania nanotubes on the electrochemical CO2RR

To investigate the actual effect of the titania nanotubes in elec-

trocatalytic activity of Ag NPs for the CO2RR the optimized

sputtering conditions (60 mA and 90s) has been used for Ag

deposition on different substrates: Titania NTs on Ti foil, Titania

NPs on Ti foil and bare Ti foil. These electrodes were tested in a

single chamber cell and the results obtained incontinuousunder

steady-state conditions at three different potentials (see Exper-

imental section) are reported in Fig. 12. The analysis of the

products of the above-mentioned catalysts showed that TiO2 is

not an electrocatalyst for CO2 reduction; in fact, the CO pro-

ductivity obtained with this material (in both electrodes: TNT

and TiO2 NPs on Ti foil) was almost zero and overlaps with the

behavior of the Ti foil at all the studied potentials (Fig. 12a).

Indeed, TiO2 has beenmainly used as a support for Ag (and other

noble metals like Au and Pt) to reduce CO2 into CO or other C-

based compounds under photocatalytic conditions [41,42]. The

use of TiO2 NPs as a support for a Ag electrocatalyst has only

been reported in a previouswork [26], in which the participation

of TiIV/TiIII was attributed to acts as the redox couple that sta-

bilizes the CO2RR intermediate. Moreover, the trivalent titanium

in TiO2 reported to serve as an efficient site for adsorption of CO2

and stabilization of the adsorbed CO2
� radical. Consequently, the

reduction of CO2 on TiO2NTs electrodes involves a fast first

electron and proton transfer followed by a slow second proton

transfer as the rate-limiting step [43].

This argument can be confirmed by analyzing the pro-

ductivity of the above-mentioned catalysts. As shown in

Fig. 12, at the three applied potentials, the Ag/TNT catalyst

showed the best performance. It is worth noticing that, at

�1.4 V vs SHE both the electrodes with Ag deposited on the

TiO2 substrates demonstrated a superior CO productivity than

the Ag/Ti foil electrode. At the higher potentials, due to

detachment of Ag nanoparticles from the TiO2 NPs substrate,

the catalytic activity of this electrode drastically decreased;

instead, the Ag NPs on the TiO2 NTs demonstrated to be more

stable than on the TiO2 NPs. As already observed in the pre-

vious tests, although the production of CO increases by

increasing the potential, the CO/H2 ratio decreases because

the HER prevails over the CO2RR under these conditions.
on by electrocatalytic reduction of CO2 using Ag-decorated TiO2
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Fig. 12 e a) CO production rate b) CO to H2 ratio for Ag nanoparticles as the catalyst with different substrate in different

potentials.
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Electrochemical impedance spectroscopy (EIS) measure-

ments have also been carried out to investigate in more depth

the effect of TiO2 NTs as Ag substrate for the CO2RR and the

results are shown in Fig. 13. At a first glance, it appears that

the impedance related to the Ag/Ti foil sample is quite large

with respect to the other two samples, in agreement with the

results discussed above. In addition, also the shape of the

spectrum in the low frequency region is quite different. In

fact, usually the typical spectrum of an electrode immersed in

an electrolytic solution during an electroreduction process is

characterized by a high frequency feature (i.e. a leftmost arc).

This process at high frequencies is related to the faster pro-

cess, i.e. charge transfer at the electrode-electrolyte interface.

Then, the lower frequency arc is related to the slower process,

which could account for the Warburg diffusion [44]. The high

frequency process, which is related to the extent of the elec-

troreduction can be modeled through a parallel between the

charge transfer resistance R1 and the double layer capacitance

C1, while the low frequency one, which accounts for the mass
Fig. 13 e EIS analysis for 3 different substrates with the

same Ag loading.
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transport limitations, can be modeled through a Warburg

impedance, characterized by the resistance R2; the series

resistance Rs models the ohmic losses (Figure S-8) [45]. It is

noteworthy that for the mass transport limitation a Warburg

Short element has been used. This element is the extension of

Warburg element to represent the finite length diffusion, i.e.

where no bulk electrolyte condition is present in the analyzed

system [46]. The equivalent circuit composed by these ele-

ments was used to fit the experimental impedance data: the

fitting procedure was proved to be good for the electrode

based on titanium oxide (see the solid curves in Fig. 13), while

gave origin to not reliable results when used for Ti foil-based

electrode. The reason for the observed discrepancy can be

attributed to the supposed capability of TiO2 to stabilize the

reaction intermediates, which favors the CO2 electro-

reduction: this characteristic is not evidenced in Ti foil, thus

causing a double layer formation at the Ti/Ag interface, which

limits the overall reaction. This hypothesis is supported by the

fact that a good fitting can be obtained by substituting the

Warburg impedance with a low frequency double layer pro-

cess, characterized by a resistance R2 and a capacitance C2

(see Figure S-8b): the curve calculated using this model is
Fig. 14 e The ECSA ratio measurement for electrocatalysts

with different Ti substrates.
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Fig. 15 e Cyclic voltammetry of Ag/Ti foil and Ag/TNT in the

presence of CO2.
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reported in Fig. 13 (blue curve). The values of the resistances

obtained through the fitting procedure are reported in the

inset of Fig. 13; as it demonstrates, the Ag/Ti foil sample is

characterized by larger resistances, and the low frequency

process becomes the limiting step of the reaction. On the

contrary, the Ag/TNT electrode exhibits the lowest imped-

ance, due to the fast electron path provided by the TiO2 NTs

mono-dimensional structuration.

Furthermore, ECSArel has been measured (as described

above) for the Ag deposited on the different substrates by

comparing the slope of the current vs. scan rate data after

different CV tests in the double layer capacity zone. Evidently

from Fig. 14 the slope for ECSArel for the sample with Ag NPs

deposited on TiO2 NTs is by far larger than those of the others.

It can, therefore, be concluded that Ag NPs being deposited on

Titania nanotubes have a higher electrochemical active sur-

face area than the same kind of Ag NPs deposited on both Ti

foil and titania NPs. These analyses confirm once more the

role of Titania nanotubes as the substrate for Ag nanoparticles

to improve the performance of electrocatalyst.

The outcomings of both the EIS and ECSA studies confirm

that the TiO2 NTs are able to improve electrons transport and

catalytically active surface area of electrocatalyst for the

CO2RR, in agreement with previous studies in which this

material has been used as substrate for metal oxide catalysts

for other electrochemical applications [47,48]. This is due to

the increase in the active surface area and stabilizing the rate

determining radicals by facilitating the electron transfer

route [26].

Moreover, in order to understand the role of Titania

nanotubes in the process of CO2 reduction into CO by Ag

nanoparticles, it is noteworthy to present the mechanism of

CO2 on Ag electrode. According to Kortlever et al. [49], the

reaction pathway for electroreduction of CO2 to formCO onAg

electrodes consists of these following steps1:

CO2ðgÞþ *1 þ HþðaqÞ þ e�4 COOH* (3)
1 The * sign represents the adsorption status on the surface of
electrode.
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CO2ðgÞþ * þ e�4 COO�* (4)

COO�* þHþðaqÞ4 COOH* (5)

COOH* þ HþðaqÞ þ e�4 CO* þ H2O ðlÞ (6)

CO* 4 CO ðgÞ þ * (7)

The first initial steps can occur either as a one-step Pro-

ton Coupled Electron Transfer (equation (3)) or two step

mechanism (equations (4) and (5)). An interesting recent

work by Firet et al. [50]. confirmed these mechanism by

monitoring the thin film Ag electrode by operando attenu-

ated reflectance Fourier transformed infrared spectroscopy

(ATR-FTIR). Based on this proposition, by applying higher

potentials the mechanism changes from a one-step PCET in

to a two-steps reaction. In both high and low overpotentials

the formation of COO�* (CO2-
ads) for the CO production is

very significant.

In addition, DFT calculations by Yangt et al. [51]. showed

that the presence of Ag NPs can substantially modify CO2

adsorption on anatase TiO2 (101). This calculation suggested

that Ag particles affect the CO2 adsorption on TiO2 sites where

there is no binding between CO2 and the particle itself, which

can be described as a form of modification of properties of

TiO2 as it donates electron density to the surface [51]. In

another words, the substantial amount of electrons which are

being transferred from the interface of electrode-electrolyte to

CO2 molecules and causing the formation of activated CO2
�

anions and eventually enhanced the CO2RR activity.

In order to compare the above proposed mechanism with

electrochemical behavior of Ag-decorated Titania nanotubes,

a comparison of cyclic voltammetry of TNT/Ag and Ti/Ag with

CO2 bubbling has been done so one can differentiate the

mechanism of CO2 reduction. As has been shown in Fig. 15 the

major difference in CV between using Ti and TNT are the

existence of the reduction peaks numbered as 1 and 3 that can

be attributed to the reactions for TiO2 (TiIV) and TiIII species,

which can indeed act as a redox electron carrier to facilitate

the electrochemical reaction steps, which include CO2

reduction [5]. For this reason the trivalent titanium in TiO2

reported to serve as an efficient site for stabilization of the

adsorbed CO2
� radical [43]. Moreover, this hydroxylation of

Titania cluster has been said to be accounted for CO2 reduc-

tion conditions in aqueous environment. As a result, DFT

calculations showed a strong bonding between CO2 and hy-

droxylate species on Titania surface, which causes a signifi-

cant bending from linear CO2 to a tridentate formation of O-C-

O that facilitates the subsequent CO2 transformations [52]. In

addition, based on the comparison of LSV's with Nitrogen

bubbling and CO2 bubbling (Fig. 11) potential value numbered

as 2 in Fig. 15 can be described as the onset potential for the

CO2RR, which in case of the Ag/TNT electrode happened at a

lower overpotential than on the Ag/Ti foil sample. This

description confirms the redox behavior of TiIV/TiIII for CO2

ads. reduction to CO2-
ads. This redox couple can facilitate the

transfer of electron for PCET mechanism to create redox

radicals (COO� and COOH* for the formation final reduction

products).
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Fig. 16 e The schematic of the mechanism of CO2 reduction over Ag-decorated Titania nanotube in aqueous electrolyte.

i n t e r n a t i o n a l j o u r n a l o f h y d r o g e n en e r g y x x x ( x x x x ) x x x12
This analysis confirms the proposed mechanism of Ag-

decorated Titania nanotube for electrocatalytic reduction of

CO2 to CO shown in Fig. 16. As has been discussed before, by

passing electrons through titania nanotubes, the redox

couple is created by which electron transfer to adsorbed is

facilitated to create CO2
� radical and then at the presence of

Ag nanoparticles this radical will be reduced to CO molecule.
Conclusion

In the presented work Ag-decorated titania nanotube has

been used for the electrocatalytic reduction of CO2 for the

production of syngas. Among different Ag loadings, the elec-

trocatalyst with sputtered silver at applied currents of 60 mA

for 90 s of deposition time showed to have a best performance

and stability among other low Ag loading titania nanotubes.

Furthermore, the role of titania in facilitating the process of

CO2 reduction has been investigated: it is argued that TiO2

probably is involved in the adsorption and stabilization of the

CO2
·- radical intermediate, which then can react to form CO on

adjacent Ag particles. Nanotubes showed to outperform Ag-

decorated titania nanoparticles by increasing the electro-

chemical active surface area by achieving a molar ratio of CO/

H2 of 1:2 which is a perfect proportion for the feedstock for the

methanol production. The morphological analysis of Ag-

supported titania nanotubes showed the re-shaping of Ag

particles during the reaction caused by possible acceptance of

electron from a neighboring smaller Ag particle through the

conducting substrate and causing agglomeration of Ag parti-

cles and dissolution of Ag þ into electrolyte. As a conse-

quence, a decrease in the electrocatalytic activity of Ag

nanoparticles by both loss of Ag particles and decrease in the

active surface area of agglomerated Ag particles have been

found. In general, this work opens new doors for using nano-

structures titania as a support for(silver based) electrocatalyst

in CO2 reduction. The stability of the electrocatalyst and pro-

duction rate of syngas are, however, still a challenge that

needs to be resolved to achieve the scale up targets for
Please cite this article as: Farkhondehfal MA et al., Syngas producti
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electrocatalytic reduction of CO2 to syngas at an industrially

relevant scale.
Appendix A. Supplementary data

Supplementary data to this article can be found online at

https://doi.org/10.1016/j.ijhydene.2019.04.180.
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