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ABSTRACT

Herein, we report a simple approach to synthesiglk-performance and structurally
stable CuO nanoparticles catalyst embedded in, fi@hotube arrays for GO
reduction. To summarize, anodic pi@anotube arrays (TNTs) were electrochemical
reductive doped in 1 mol/L (NHLSO, solution to form an activated surface. Then
CuO nanoparticles were successfully filled into theres pace of TNTs by
electrodeposition and heat treatment. The effett$i(dll) reduction doping were
discussed by means of electrochemical impedancetrepeopy (EIS) and X ray
photoelectron spectroscopy (XPS). Results show ghetal Ti([V) in TNTs can be
reduced to Tilll) by electrochemical reduction, which leads to agnificant
improvement in TNTs surfactivity and then benefitlse deposition of Cu
nanoparticles to form a stable embedded strucAsea consequence, the composite
electrodes showed higher photoelectrocatalyticgpernce for C@ reduction. The
maximum current of CuO-TNTs composite electrodasiso -1.37 mA/crhat -0.5 V
and high selectivity for methanol synthesis is albtained in this case. At the same
time, the amount of methanol produced by the Cubdeped TNTs composite
electrode is about 15% higher than that by the TD$ electrode without reductive
doping.

Keywords. CuO catalyst, TNTs reductive doping, Photoelectiagais, CQ



reduction

1 Introduction

Global warming and energy shortage are becomingligoproblems in the
21th century. The problems caused by the increa€i@y concentration in the
atmosphere are damaging our living environment lamaging negative effects to
sustainable development. Many researchers haveogedpthe use of photocatalytic
reduction of CQto organics (such as methanol, formaldehyde, methetc.) to solve
these problems. Cu and its oxides [1-4] have aédaextensive research interest in
photocatalytic or photoelectrocatalytic reductidnC®, due to the narrow band gap,
relative negative conduct band, low cost and naicity. For example, CuO with
band gap of 1.3~1.6 eV shows high visible lightpmwse. Its relative negative
conduct band is about -0.78 V vs. NHE, far beloe tbduction potential of CGo
CH3OH (-0.38 V vs. NHE) and C£ao HCHO (-0.48 V vs. NHE) [5, 6], which means
a strong ability for C@reduction.

Some studies have reported the excellent photgtatahctivity of CuO
nanoparticles [7, 8]. As we known, the agglomeratdd CuO nanoparticles and the
charge recombination are the important factors itgpado the decrease of their
photocatalytic activities. In order to solve thessues, various strategies have been
tried, for example, the use of dispersant [7] ar@hstructing heterojunction
semiconductors system to promote electron-holeragpa [9]. TNTs is a favorable
substrate in nanometer material synthesis [10-1%jin@ to its distinctive
nanostructure and high chemical stability [16, IHJrthermore, TNTs in itself is a
kind of photocatalyst responding to only UV ligledause of its broad bandgap [18].
Thus, the combination of CuO with TNTs may bring same expected results, i.e.
the visible light response and the p-n junctiosiag from the p type CuO and the n
type TiO,, which can efficiently promoted the separation pbiotoelectrons from
vacancies.

However, CuO nanopatrticles are easy to accumulatth® surface of TNTSs,



and few can be deposited into the pore space osTNfich is mainly caused by the
poor conductivity and the inert surface of Fi@anotubes [19]. The loose crumb
structure usually leads to a rapid depletion of G@Doparticles, accompanied by fast
decay in photocurrent and low efficiency. In theoprstudies [20], it has been
discovered that partial T\) can be reduced to Ti{) by reductive doping, and the
conductivity and surficial characteristics of TNdan be improved remarkably, thus
facilitating the deposition of nanoparticles. Basedthis, we synthesized CuO-TNTs
composite electrode with a stable embedded strigiarusing reductive doped TNTs
as substrate, in order to obtain high-performamck atructurally stable CuO

composite catalyst.

2 Experimental
2.1 Preparation of CUO/TNTSs.

TNTs are prepared by anodic oxidation on Ti shd@s mmx15 mmx1
mm, >99.5%) in 1% HF aqueous solution at constastergial (20V) and room
temperature (20°C). Before anodization, the Ti &hewere polished with
metallographic sandpaper and ultrasonically degctas ethanol, followed by
chemical polishing in solution with 50 g/L Cg@nd 3% HF at 50°C. All TNTs were
heat treated under 450°C for two hours in a tulbeafte with heating and cooling rate
of 5°C per minute, by which the amorphous TNTs lsartrransformed into anatase [21,
22].

Reductive doping of TNTs was conducted in 1 molNH§),SO, solution at
different applied potentials with different redweti times using CHI660C
electrochemical workstation. A conventional thrészode system was used by
employing the TNTs, Pt sheet and a saturated cadleteetrode (SCE) as working
electrode, counter electrode and reference elextrogspectively. Cu was
electrodeposited on the reductive doped TNTs im¥CuSQ, via pulse mode with
a cathodic pulse (-0.07A, 0.01a)) anodic pulse (+0.07A, 0.002s) and rest time (0A,

1s). Finally, all samples were calcined at 450°Clfd.



2.2 Characterization

Cyclic voltammetry curves and electrochemical inmgrez® spectroscopy were
measured on CHI660C electrochemical workstationngusplatinum sheet and
saturated calomel electrode (SCE) as auxiliarytelde and referring electrode,
respectively. The frequency range of 100 kHz to riblz and the modulation
amplitude of 10 mV were employed for impedance mesaments. Microstructural
observation and elemental analysis were performed®M (Tecnai G2 F30) and
SEM (ZEISS SUPRA55) equipped with the GENENIS-4088ergy dispersive
spectrometry (EDS). XRD patterns of TNTs and CuOFr$Nvere recorded on a
Panalytical X'Pert PRO equipped with Cu Kadiation §=0.154056 nm) at 40 kV
and 40 mA. And the valence states of Ti in TNTsenemnalyzed by XPS (Kratos Axis
ultra DLD, Al Ka X-ray source, 7=1486.6 eV).

2.3 Photoel ectrocatalytic reaction

The photoelectrocatalytic reduction of €®as carried out in a homemade 100
ml gas tight dual-chamber cell with 0.1 mol/L NaH£6olution, in which the
CuO/TNTs electrode with an exposed area of 1 cnrmxlid a Pt foil were served as
photocathode and counter electrode. The chambeiirveaiated from the side by a
250 W xenon lamp and the light intensity reaching surface of sample was about
100 mW/cm. CO, waskept bubbling into the solution to remove oxygemptetely
and saturate COin solution. The photocurrent curves were recorded0.5 V (vs
SCE) with an interval of 60 s for light on/off. Thetal yield of methanol and
formaldehyde in the liquid phase from the photaeteatalytic reduction of COIn
the period of 5h was detected by headspace gasnakwgraph (Fuli GC9720)
equipped with a flame ionization detector (GC-F#dy capillary column (30m, inner
diameter 0.25mm, DB-23) . The column and deteaarperatures were kept at 60
and 180 °C, respectively. The carrier gas of hightp N, was flowing at a rate of 30
mL/min. The amount of formaldehyde was detectedlWy-vis spectroscopy (HACH
DR6000). In detail, 10 mL liquid product was difgciixed with 2.5 ml of color

agent which consists of 50 g ammonium acetate, 6apdtic acid and 1ml



acetylacetone in 100 mL deionized water. After mgxithe final solution was heated

at 50°C for 20 min and analyzed by UV-vis spectopsc

3. Resultsand discussion
3.1 Ti(lII) reductive doping

Redox behavior of TNTs in (NHJbSO, aqueous solution is studied and the
characteristic CV curve is shown in Fig. 1. A calicgpeak is clearly seen at -1.46 V
during negative potential scanning, which denatethi¢ reduction of Ti{/) to Ti(ILI)
[20]. On the reverse scanning, an oxidation peakesponding to the reduction of
Ti(IlI) appears at -1.30 V. The CV curve indicates thatself-doping of TNTs can be
conducted by electrochemical reduction under aegatentials.

Naturally, the reductive doping potential is a mdgctor to be considered. Low
overpotential is insufficient to drive the reductiof Ti(IV) and under too negative
potential serve hydrogen evolution will occur. hder to reveal the exact influence of
doping potential on the surface reactivity of TNGsCu electrodeposition, a series of
electrochemical impedance curves are measuredafarus reductive-doped TNTSs, as
shown in Fig. 2. It is found that all curves shovslghtly depressed semicircular
shape. The different radius indicates differenfaivity in medium. It is obvious
that the reductive doped TNTs is more active tham sample without reductive
doping, as evidenced by the shrunken capacitivpsloAn equivalent circuit model
R«(R:Q) is employed to analyze the EIS data. In thisuiiy R; stands for electrolyte
resistance, Rparallel accounts for the charge transfer resistarficCu reduction on
TNTs and Q is constant phase angle component. Taldbows the fitting results by
using the equivalent circuit modely(R.Q). It is found that the charge transfer
resistance is as high as 109 knt for the undoped TNTs, which reduces obviously
when the TNTs is reductive doped. Moreover, alorith whe reductive potential
turning negative the charge transfer resistanceedses and then reaches a minimum
at potential of -1.5 V, after which it changedditt

In order to further illustrate the exact effectg@ductive doping, XPS analysis is

adopted to reveal the variation of Ti valence stat€NTs. From the XPS patterns in



Fig. 3, it is noted that the characteristic peali@p XPS for undoped TNTs appears
at 458.8 eV [21, 23], which shifts slightly towdv binding energy after reductive
doping at -1.2, -1.5 and -1.7 V. The negative sffiffi2p peak is an evidence of Ii(
existence [24-26]. By comparison, it is also fouhdt the doping amount of Ti{)
reaches saturation at -1.5 V and the further degrgaf doping potential is bootless.

This result agrees well with the electrochemicgi@aance analysis.

3.2 Characteristic of CUO/TNTs

Fig. 4 shows the XRD patterns of TNTs and CuO/TKdmsposite electrode, in
which the TNTs support is reductive doped at -1.5Tke diffraction peaks of Ti
substrate is clearly seen as the CuO/TNTs filmnlky several hundred nanometers
thick. The weak diffraction peaks at 25.28° dendtes presence of TNTs (JCPDS
00-001-0562) [27], and the peaks emerging at 35a6€°38.78° are attributed to (0 0
2) and (1 1 1) reflections of face-centered cub® Ciihere is no obvious GO
diffraction peak, indicating that the heat treatmah 450°C enables a complete
transformation of the electrodeposited Cu to Cu@ust be noted that the TIik) will
also be oxidized to Ti{) during the heat treatment because of the unstabface
doping [28].

Fig. 5 shows the top and cross-section views of Ga@bparticles loaded on the
TNTs support with or without reductive doping. #ircbe seen that the Ti@anotubes
exhibit an average diameter of 80 nm with tube tleraf 300~400 nm. The deposits,
i.e. CuO nanopatrticles, are clearly seen whilertfiéng position are much different.
For the case of undoped TNTs (Fig. 5a, b), lotslanfie-grained CuO particles
accumulate on the surface of TNTs and only fewfdéled into the pore space of
TNTs, so many nanotubes are empty. However, whieig tise TNTs reductive doped
at -1.5 V as support (Fig. 5c, d), it is readilyfited that numerous CuO nanoparticles
are deposited in the pore space of TNTs and thamiticke size becomes smaller.
Obviously, the deposition of CuO on TNTs supporfasilitated by the reductive
doping of TNTs. A CuO/TNTs composite electrode wath embedded structure is

then synthesized, which seems more stable thanottee with CuO particles



accumulating on the surface of TNTs due to theefiaatation by TiQ nanotubes.

The corresponding TEM images of CuO/TNTs with rdéthecdoping are shown
in Fig. 6a. Similarly to the above SEM observations, the TEMaga also
demonstrates that the CuO nanoparticles are wpthsied in the pose space of TNTs,
which locate at not only the inner side of nanosubat also the interstice between
nanotubes (Fig. 6a). In addition, most CuO nanapest grow along the tubes wall
and so some tubes are empty at the center, irairfgra hollow structure. In Fig. 6b,
the HRTEM image exhibits two different set of atorfdttice fringes, and they match
well with the (1 0 3) crystallographic plane of tase TiQ and (-1 1 1)
crystallographic plane of CuQhis result is consistent with the XRD analysis-ig.

4. By contrast, the deposition of Cu nanopartiageandoped TNTs is unsatisfactory
(Fig. 6¢).

Based on the above analysis, a schematic illustratif the growth of Cu
nanoparticles on different TNTs is presented in FigBy reductive doping treatment,
partial Ti(lV) can be reduced to Ti{) at the presence of HTi** + e~ + H* -
Ti3*H*) [19]. Both the bottom and the wall of TiQubes is then activated due to
existence of these active sites. The enhancemesuriiactivity is bound to bring
convenience for the deposition of Cu nanopartiddesa result, Cu nanoparticles will
grow from the bottom and the tube wall, leadingfdon an embedded structure.
However, for the case of bare TNTs without any ttremmt, it is difficult for Cu
nanoparticles to deposit inside the nanotubes duéstinert state. In this way,
abundant of Cu nanoparticles can only grow on thiéase of TNTs and form loose

crumb structure.

3.3 Photoelectrocatalytic activities of CUO/TNTs

The linear sweep voltammetry of CUO/TNTs in 0D saturated 0.1 M N&O,
solution was shown in Fig. & the medium without carbon sourcex{daturated), the
cathodic current increases sharply when the scgrpotential reaches -0.6 V, which
denotes hydrogen evolution. It is found that théhadic current in C@saturated

medium is much higher than that in-Baturated medium, indicating that the electrode



has excellent electrocatalytic/photoelectrocatalgttivity for CQ reduction.

Fig. 9a shows a series of transient photocurrentesuof CuO/TNTs electrodes
using different TNTs support, in order to underdtéime effects of reductive doping
potential on their photoelectrocatalytic properfi@sCQO, reduction. For comparison,
the transient photocurrent curve of the sample grexp on titanium plate is also
presented. It can be seen that TNTs play a sigmfimle in photoelectrocatalysis, the
photocurrent on a CuO/TNTs electrode is much higien that on a CuO/Ti
electrode. From these curves, the effects of reéductoping potential of TNTs on
electrode’s photoelectrocatalytic property are emtd The initial photocurrent of
composite electrode is only around -1.21 mAfowhenusing undoped TNTs as
support. However, for the case of using doped TNiBs support, the initial
photocurrent rises obviously, which is about -1n28/cn?, -1.37 mA/cni and -1.37
mA/cn respectively at doping potential of -1.2 V, -1.5%Kd -1.7 V. Also, it is found
that when the doping potential of TNTs is not nagatenough (i.e. -1.2 V), the
effects of reductive doping is not obvious. Witte tincreasing of doping potentials,
the photocurrent rises and reaches the maximunotanfal of -1.5 V. Obviously,
Overnegative doping potential won’'t improve the fpenance of CuO/TNTs
electrode any more, which is in agreement withréeilts in EIS and XPS analysis
(Fig. 2 and Fig. 3).

The influence of reductive doping time at same c#da potential is also
investigated and the corresponding transient pliotent curves of C@reduction are
presented in Fig. 9b. There is an obvious incregndency in photocurrent with the
extension of doping time. When the doping time BITE is 5 s, an obvious current
growth is observed, which indicates a fast trams&dion of Ti(V) to Ti(lll) during
doping process. And it is found that the photoaqurreaches the highest at reductive
doping time of 10 s after which the current keepsstant, that is to say, the reductive
doping of TNTs reaches saturation state quickly.

Furthermore, it is worth noting that whether ITlf is doped or not, there is
severe current fluctuation between light on and off to 1mA, which indicates a

strong photoresponse of CuO/TNTs in visible light. addition, the current of



as-prepared CuO/TNTs can reach a high level atntbenent light on, which is

contributed to the fast separation and transmissi@bectron-hole pairs.

3.4 Photoelectrocatalytic reduction of £0

Photoelectrocatalytic properties of CuO/TNTs eladtis toward C&reduction
is investigated at -0.5 V under visible light. Theoduct contains methanol and
formaldehyde in the liquid phase and very few me¢his detected in the gas phase.
The methanol yield by using the synthesized CuOMQ HIEctrode is displayed in Fig.
10. It is found that the methanol yields of the tsamples synthesized on different
TNTs vary greatly with time. For instance, afteredmour of reaction, the methanol
yield on CuO/self-doped TNTs and CuO/undoped TNfks &3 umol/cnf and 7.6
umol/cnt, respectively. In spite of the subtle differennethie initial stage, however,
after two hours of reaction, the amount of methaolduced by a CuO/self-doped
TNTs electrode is about 15% higher than that by@@ndoped TNTs electrode. And
after five hours of reaction, the amount of metharemaches 30umol/cn? on
CuO/self-doped TNTs electrode, far more than th#éhva CuO/undoped TNTs
electrode (2Gimol/cnt). The enhancement of methanol yield after longatezaction
is closely related with the higher activity and thesellent stability of CuO/self-doped
TNTs electrode.

Effect of applied potentials on the products seéldgt was also studied and
shown in Fig. 11. It can be seen clearly that enrdnge of -0.2 V to -0.5 V, the yield
of methanol on CuO/self-doped TNTs electrode irmesawith the negative shift of
potentials, while the yield of formaldehyde decesagradually. However, when the
applied potential reaches -0.6 V, the outputs a@h lmoethanol and formaldehyde will
decrease. Obviously, formaldehyde is easier toymediuring C®@ reduction at low
applied potential (-0.2 V) [29], while methanolingline to generate at more negative
potentials (>-0.3 V). However, when the appliedeptial is too negative (>-0.6 V),
the hydrogen evolution reaction began to take plac&0], as shown in Fig. 8. As a
result, the competition between g®@eduction and hydrogen evolution reaction

becomes serious, which finally lead to the decredseatalytic efficiency for C®



reduction. i.e. the reduction of methanol and fddehyde yields.

3.5 Thereaction mechanism

Fig. 12 shows the diagram of p-n junction of CUOTBNP-type CuO and n-type
TiO, are combined to form -Scheme p-n junction [31, 32]. Some photo generated
electrons in TiQwith a lower conduction band could recombine witle toles in
CuO as the valence band of CuO is close to the umtiwh band of Ti@ More
powerful photo generated electrons and holes caethmed on different counterparts,
the isolated powerful oxidative holes and reductlectrons generated on Li@nd
CuO respectively result in a strong photoelectragét ability [32], as shown in Fig.
9. A possible reaction mechanism is that ,C&n be reduced to methanol and
formaldehyde during the reaction because of the epimv reductive electrons
generated by CuO, and formaldehyde will be furthesluced to methanol at a

relatively negative potential.

4 conclusion

In conclusion, CuO/TNTs composite electrodes waceeassfully synthesized by
using reductive doped TNTs as support. Varioussteebw that the surfactivity of
TNTs doped with Ti(I) is greatly improved so that Cu nanoparticles lbarbetter
deposited inside the Tghanotubes. The optimum condition for TNTs dopisagad
conduct at potential of -1.5 V for 60 s. The copasding CuO/reductive doped TNTs
electrode shows a strong photocurrent of -1.37 mmA/cwhich means a high
photoelectrocatalytic reduction ability for G@eduction. The appropriate potential
for methanol synthesis is around -0.5 V due to ligher yield and the better

selectivity.

Acknowledgements

This work was supported by the Natural Science Hation of Zhejiang

Province (No. LY17B030009 and No. LQ16E020002).



References

[1] G. Ghadimkhani, N.R. de Tacconi, W. Chanmar@eJanaky, K. Rajeshwar, Efficient solar
photoelectrosynthesis of methanol from carbon diexiusing hybrid CuO-GO
semiconductor nanorod arrays, Chemical Communiaesitid9 (2013) 1297-1299.

[2] F.D.B. Juliana, A.D.S. Alexander, A.J. CavalleiM.V. Boldrin Zanoni, Evaluation of the
parameters affecting the photoelectrocatalytic cédn of CGQ to CHOH at Cu/CyO
electrode, International Journal of Electrochem@eiEnce, 9 (2014) 5961-5973.

[3] B. Fang, Y. Xing, A. Bonakdarpour, S. ZhangPDWilkinson, Hierarchical CuO-Tihollow
microspheres for highly efficient photodriven retioe of CG, to CH,, ACS Sustainable
Chemistry & Engineering, 3 (2015) 2381-2388.

[4] M. Zhang, J. Cheng, X. Xuan, J. Zhou, K. CetigiRRphene aerogel deposited in Cu foam as a
3D binder-free cathode for G@eduction into liquid chemicals in a Ti@hotoanode-driven
photoelectrochemical cell, Chemical Engineeringdaly 322 (2017) 22-32.

[5] S.N. Habisreutinger, L. Schmidt-Mende, J.K. I8tozyk, Photocatalytic reduction of G@n
TiO, and other semiconductors, Angewandte Chemie Iniena Edition, 52 (2013)
7372-7408.

[6] K. Hashimoto, H. Irie, A. Fujishima, TiOphotocatalysis: a historical overview and future
prospects, Japanese Journal of Applied Physic&0BRb) 8269-8285.

[7] S. Sonia, S. Poongodi, P.S. Kumar, D. Manggalakh Ponpandian, C. Viswanathan,
Hydrothermal synthesis of highly stable CuO nanmstires for efficient photocatalytic
degradation of organic dyes, Materials Science @miSonductor Processing, 30 (2015)
585-591.

[8] D. Jiang, J. Xue, L. Wu, W. Zhou, Y. Zhang, X, Photocatalytic performance enhancement
of CuO/CyO heterostructures for photodegradation of orgamyes: Effects of CuO
morphology, Applied Catalysis B: Environmental, Z2017) 199-204.

[9] V. Scuderi, G. Amiard, R. Sanz, S. Boninelli, Bpellizzeri, V. Privitera, TiQ coated CuO
nanowire array: Ultrathin p-n heterojunction to miade cationic/anionic dye
photo-degradation in water, Applied Surface Scieddé (2017) 885-890.

[10] J.S. Zhong, Q.Y. Wang, Y.F. Yu, Solvothermedgaration of Ag nanoparticles sensitized ;TiO
nanotube arrays with enhanced photoelectrochemiedbrmance, Journal of Alloys and
Compounds, 620 (2015) 168-171.

[11] G.S. Pozan, M. Isleyen, S. Gokcen, Transitioetal coated Ti@nanoparticles: Synthesis,
characterization and their photocatalytic activipplied Catalysis B: Environmental,
140-141 (2013) 537-545.

[12] K. Zbudniewek, J. Goralski, J. Rynkowski, Saglon TiQ/SiO,and Pd/TiQ/SiO, catalysts
in photoreduction of COwith H,O to methanol, Russian Journal of Physical Chemi&tr
86 (2012) 2057-2062.

[13] R. Fagan, D.W. Synnott, D.E. McCormack, S.dllaR An effective method for the
preparation of high temperature stable anatase gli©tocatalysts, Applied Surface Science,
371 (2016) 447-452.

[14] S. Kuang, L. Yang, S. Luo, Q. Cai, Fabricaticharacterization and photoelectrochemical
properties of Fg€s; modified TiQ, nanotube arrays, Applied Surface Science, 255900



7385-7388.

[15] C.W. Lai, S. Sreekantan, P.S. E, W. Krengyifteparation and photoelectrochemical
characterization of W@loaded TiQ nanotube arrays via radio frequency sputtering,
Electrochimica Acta, 77 (2012) 128-136.

[16] X. Yan, X. Chen, Titanium Dioxide NanomatesiaR015.

[17] M. Hepel, I. Kumarihamy, C.J. Zhong, Nanop@dLiO,-supported bimetallic catalysts for
methanol oxidation in acidic media, Electrochemgi€€ommunications, 8 (2006) 1439-1444.

[18] P. Roy, S. Berger, P. Schmuki, pi@anotubes: synthesis and applications, Angewandte
Chemie, 50 (2011) 2904-2939.

[19] J.M. Macak, B.G. Gong, M. Hueppe, P. Schmidijng of TiO, nanotubes by self-doping
and electrodeposition, Advanced Materials, 19 (2G027-3031.

[20] H. Cao, K. Huang, L. Wu, G. Hou, Y. Tang, Ghehg, Enhanced catalytic performance of
Pt/TNTs composite electrode by reductive dopingl'NiTs, Applied Surface Science, 364
(2016) 257-263.

[21] H. Miao, X. Hu, J. Fan, C. Li, Q. Sun, Y. HaB, Zhang, J. Bai, X. Hou, Hydrothermal
synthesis of Ti@ nanostructure films and their photoelectrochemjmaperties, Applied
Surface Science, 358 (2015) 418-424.

[22] M. Xiao, K.P. Musselman, W.W. Duley, N.Y. ZhoResistive switching memory of T}O
nanowire networks grown on Ti foil by a single hyttrermal method, Nano-Micro Letters, 9
(2016).

[23] J. Jiang, H. Zhou, F. Zhang, T. Fan, D. Zhatgdrothermal synthesis of core—shell 7it©
enhance the photocatalytic hydrogen evolution, KgplSurface Science, 368 (2016)
309-315.

[24] H. Yin, X. Wang, L. Wang, Q. N, H. Zhao, Seléped TiQ hierarchical hollow spheres with
enhanced visible-light photocatalytic activity, daal of Alloys and Compounds, 640 (2015)
68-74.

[25] W.-D. Zhu, C.-W. Wang, J.-B. Chen, Y. Li, J.aj, Enhanced field emission from®*Ti
self-doped TiQ nanotube arrays synthesized by a facile cathadioation process, Applied
Surface Science, 301 (2014) 525-529.

[26] W. Liao, J. Yang, H. Zhou, M. Murugananthan,Ztiang, Electrochemically self-doped }iO
nanotube arrays for efficient visible light phowatlocatalytic degradation of contaminants,
Electrochimica Acta, 136 (2014) 310-317.

[27] H. Wu, J. Fan, E. Liu, X. Hu, Y. Ma, X. Fan, M, C. Tang, Facile hydrothermal synthesis of
TiO, nanospindles-reduced graphene oxide compositeangtthanced photocatalytic activity,
Journal of Alloys and Compounds, 623 (2015) 298-303

[28] M. Wen, S. Zhang, W. Dai, G. Li, D. Zhang, ditu synthesis of Ti self-doped mesoporous
TiO, as a durable photocatalyst for environmental réatieth, Chinese Journal of Catalysis,
36 (2015) 2095-2102.

[29] Y. Ji, Y. Luo, Theoretical study on the mecisam of photoreduction of Co CH, on the
anatase Tigf101) Surface, ACS Catalysis, 6 (2016) 2018-2025.

[30] P. Li, J. Zhang, H. Wang, H. Jing, J. Xu, Xi,SH. Hu, H. Yin, The photoelectric catalytic
reduction of CQ to methanol on CdSeTe NSs/BifTs, Catalysis Science &Technology, 4
(2014) 1070-1077.

[31] J.C. Wang, L. Zhang, W.X. Fang, J. Ren, Y.¥. H.C. Yao, J.S. Wang, Z.J. Li, Enhanced



photoreduction C@activity over direct Z-scheme alpha,Pg/Cu,0O heterostructures under
visible light irradiation, ACS Applied Materials Baterfaces, 7 (2015) 8631-8639.

[32] S. Qin, F. Xin, Y. Liu, X. Yin, W. Ma, Phototalytic reduction of C@in methanol to methyl
formate over CuO-Ti@ composite catalysts, Journal of Colloid and Irategf Science, 356
(2011) 257-261.



Tables

Table 1 The parameters obtained by simulation with the equivaent
circuit model Ry(RQ)



Table 1

Reduction potential V. Rs/Qcm®  Rg/Qcm? QI em?s™ n
0 8.60 1.08E4 2.19E-5 0.895
-1.2 8.72 0.54E4 2.02E-4 0.931
-15 11.18 0.41E4 2.42E-4 0.925
-1.7 10.13 0.46E4 2.60E-4 0.922




Figures

Fig. 1 CV curve of TNTsin Imol/L (NH,4)>SO, at scan rate of 50 mV/s.

Fig. 2 EIS plots of various TNTs measured at 0.2 VV with 10 mV amplitude sinusoidal
perturbation in 1mol/L CuSO, solution.

Fig. 3 Ti2p XPS spectra of the TNTs reductive doped at different potentials.

Fig. 4 XRD patterns of TNTs and CuO/reductive doped TNTs electrodes.

Fig. 5 Top and cross-section views of the CUO/TNTSs (a, b) without reductive doping
and (c, d) reductivedoped at -1.5V.

Fig. 6 TEM and HRTEM analysis of CuO/TNTs (a,b) with reductive doping and (c)
without reductive doping.

Fig. 7 Schematic illustration of Cu electrodeposition on (&) undoped TNTs and (b)
self-doped TNTSs.

Fig. 8 The Linear Sweep Voltammetry of CUO/TNTSs electrode in N,-saturated and
CO,-saturated 0.1 M Na,SO, solution with the scan rate of 50 mV/s under light
on/off.

Fig. 9 Transient photocurrent response of CUO/TNTs at -0.5 V under visible light, (a)
TNTs is reductive doped at different potentials for 60 sec, (b) TNTs is
reductive doped at -1.5 V for different time.

Fig. 10 Methanol yield by using different CUO/TNTSs electrodes.

Fig. 11 Methanol and formaldehyde concentrations at different reductive potentials

within 5h.

Fig. 12 Mechanism of photoel ectrocatal ytic reduction of CO, on CuO/TNTSs.
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Fig. 2
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Fig. 3
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Fig. 4

—— CuO/TNTs

n
e
Z
=

CTT)
ot )
oyt

€00 )®

*: Ti
¢: CuO
v: TiO,

p-

C ovavPXh

(A

€0T )X

ko

0TT YK

€071 )X

gcot )

20

(‘ne) Aususu|

20 ( Degred






Fig .6




Fig .7
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Fig. 8
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Fig. 9
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Fig. 10
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Fig. 11
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Highlights
CuO/TNTs composite electrode with an embedded structure was successfully
fabricated viausing self-doped TNTSs.
The activated surface of TNTs by reductive doping benefits the deposition of Cu
nanoparticles.
High activity and stability for CO, reduction are achieved with the
CuO/self-doped TNTs electrode.
The yields of methanol produced by CuO/self-doped TNTs electrode increased

significantly.



