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Abstract

Cyclic  Voltammograms of  [Ni(l1)5,7,12,14-tetrametyldinaphtho[b,i]
[1,4,8,11] tetraazal 14] annulene] ** cation complex ([ Ni(tmdnTAA)]?* hereafter) present two
irreversible reduction peaks at -0.70 V y -1.50 V vs Ag/AgCI in N,N"-dimethylformamide
(DMF), while in acetonitrile (MeCN) these peaks are at -0.93V. and -1.80 V vs Ag/AgCI.
When DMF/H,O or MeCN/H, O are used as solvents, the peaks are al so shifted with respect
to those in pure DMF as solvent. For example, in DMF/ H,O they are -0.76 and -1.04 V
respectively. Cyclic voltammograms of the cation complex in CO, saturated solutions
exhibited the catalytic wave of the CO, reduction, E°, at~-1.50 Vin DMF/H,O and at ~ -
1.80 Vin MeCN/H,O. Under these conditions, the only product of the bulk electrolysis was
hydrogen. Dueto the formation of a stable product, the catalytic current for the CO, reduction
of the second voltammetric cycleis 30% lessintense than the current of the first cycle. The
stable adduct, [Ni(ItmdnTAA-CQO]**, formed on the electrode was characterizated by
spectroeletrochemistry and FT-IR spectroscopy.

Resumen

Voltamogramas ciclicos del catién complejo macrociclico [Ni(ll)-1,7,12,14-
tetrametildinafto[ b,i] [1,4,8,11] tetraaza[ 14]anuleno]**, ([Ni(I) tmdnTAA]**), presenta
dos picos de reduccion irreversibles a -0,70 V' y -1,50 V vs Ag/AgCl en solucién de N,N
dimetilformamida (DMF), mientras que en solucién de acetonitrilo(MeCN) los potenciales
depico sedesplazana-0,93Vy -1,80V respectivamente. La voltametria ciclicadel complejo
en una solucion saturada con CO, muestra una onda catalitica de reduccion del CO,
cercana a -1,50V para la mezcla DMF/H,O y a -1,80V para la mezcla de MeCN/H,O. En
todos lo experimentos de electrdélisis a potencial controlado solamente fue detectado
hidrégeno como producto. Ademas, la corriente de pico catalitica para la reduccién de
CO, se reduce en un 30% al segundo ciclo voltamétrico lo cual indica el envenenamiento
de la superficie del electrodo por formacién de un aducto estable del tipo [Ni(l1)tmdnTAA-
CQJ**. Este aducto fue caracterizado por espectroelectroquimica y medidas de FT-IR.
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Introduction

Therehasbeen considerableinterest in the design of €l ectrocatalystsfor carbon dioxide
reduction to useful fuel products [1-5]. A number of transition metal complexes in both
homogeneous sol utions or confined on el ectrode surfaces have been shown to be effectiveinthe
electrocatalytic reduction of carbon dioxide[1-13]. Theelectroreduction of CO, involves not
only multiple e ectron transfersbut a so complex chemica stepswhich may involve protonation
[1,3,14,15,16]. Furthermore, there can be multiple and competing reaction pathwaysgiving rise
to avariety of reaction productsand someof them can deactivatethe catayst. Inthemechanism
of electrode poisoning when the reduction of CO, iscatalyzed by [Ni(CRH)]* (CR=2,12-
dimethyl-3,7,11,17-tetraazabicyclo-[11,3,1] heptadeca-1(17),2,11,13,15-pentaene) or
[Ni(cyclam)]?* (cyclam= 1,4,8,11-tetraazacycl otetradecane), the CO formed reactswith Ni(l)
toform acarbonyl adduct. The adsorbed Ni(l) carbonyl isfurther reduced to the catalytically
inactive Ni(0) carbonyl [14]. On the basis of these precedents, we have investigated the
electroreduction of CO, on glassy carbon electrodes in the presence of [Ni(l1)-5,7,12,14-
tetramethyldingphtho[b,i][1,4,8,11] tetraaza] 14]annulene)®, [Ni(I1)(tmdnTAA)]*, showninFgure 1.
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Figurel: -Molecular structure for:
[Ni(Il)-5,7,12,14-tetramethyldinaphtho[ b,i] [ 1,4,8,11] tetraaza[ 14] annulene] **,
[Ni(tmdnTAA)]**.

Experimental

Thesynthes's, spectroscopic characterization, acid-base properties, and photochemistry
behavior of [Ni(tmdnTAA)]**, and [Cu(tmdnTAA)]** macrocyclic cation complexes have been
previously reported [17]. Electrochemical measurementswere carried out withaPAR-173
potentiostat coupledto aPAR-175 universal programmer, and aX-Y Omnigraphic recorder. All
potentialsare referred to the Ag/AgCl electrode without correction for the liquid junction.
Degerated solutions 10 M in[Ni(tmdnTAA)]Cl, and 0.01M intetraethylammoniumn perclorate
(TEAP), were placed in athree electrode cell with aglassy carbon working electrode (GC),
platinum wire counter el ectrode and aAg/AgCl reference electrode. All cyclic voltammetry
experimentswere performed at 200 mv/s.



Electrochemical Reduction of carbon dioxide... 65

Electrolysis experimentsin saturated CO, atmosphere were carried out in the same
configuration used for cyclic voltammetry. A threeeectrodeairtight cell withaDuoce reticul ated
glassy carbon(RV C) 10PPI working e ectrodewas used in these experiments. A homemadethin
layer cell similar to one described by C.M.Duff and G.A.Heath [18] was used. An optical
transparent Pt mesh electrode was the working electrode, a platinum wire was the counter
electrode, and Ag/AgCl wasthereferencedectrode. Thisthinlayer cell configuration was placed
insideaVarian Cary 1E spectrometer. In atypical spectro-electrochemical experiment, the
spectrawererecorded at three minutesinterval suntil constant absorbance. Inthe CO saturated
atmosphere experiment the same configuration was used. Reaction productswereanalyzed by a
Varian 3400 Gas Chromatograph equipped with TCD and FID double detectors, respectively.
The capillar column used withthe TCD detector wasMolesiv 115-3632, 30m length, and 0.53
mm |.D. Thecapillary column used withthe FID wasaDB-1.

The productsformal dehyde and formic acid were investigated using the chromotropic
acid spot test[19]. A chromatographic column of 30 cmx 1.5 cmwas packed with silicagel,
andthen thedectrolysisproductswere separated using al:1 (v\v) chloroform-methanol mixture
aseluent.

FT-IR spectrafor bulk electrolysis productswere measured in aBruker model Vector
22 apparatususing afilm sample over ak Br window.

Results And Discussion

Voltammetric behavior of [Ni(tmdnTAA)]*™ cation.

Ingeneral, thecomplex investigated was €l ectrochemically well behaved and exhibited
both metal-based aswell asligand-based irreversible redox processes under nitrogen, carbon
dioxide and carbon monoxide atmospheres. Under nitrogen, thefirst electron reducesthe metal
center [20] to generatethe[Ni(1)(tmdnTAA)]* species. Thisprocessisfollowed by the addition
of another el ectron to generatetheligand-reduced
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Figure 2.- Voltammograms under nitrogen(——) and carbon dioxide(- - - -)
atmospheres for the macrocycle studied in N,N’'-dimethyl formamide/tetraethylammonium
perchlorate (TEAP) at v=200 mV/s.
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Table |. Redox potentials for [Ni(ll)-5,7,12,14-tertramethyl-dinaphtho
[b,i][1,4,8,11]tetraaza] 14] annuleneH]** at a glassy carbon electrode in 0,01M
tetraethylammonium perchlorate, Under N, and CO, atmosphere.

Solvents M etal-based®@ Ligand-based® E.®
DMF -0.70 -1.50 -1.75
MeCN -0.93 - 1.80 - 1.80

DMF/H,O -0.76 -1.04 -1.50
MeCN/H,O -1.10 -1.80 -1.80

(a) Potential in \olts, vs Ag/AgCI, in N,.
(b)Potentials in Volts, vs Ag/AgCI, in CO,. E_, values represents the potential of the wave
at which the current enhancement due to electrocatalytic reduction of carbon dioxide was
observed for the macrocycle studied.

species[Ni(I)(tmdnTAA)]. Typica voltammogramsfor these processesare shownin Figure 2.
Table 1 containspeak potential valuesfor theirreversible processesunder nitrogen and carbon
dioxide atmospheresin N,N’-dimethylformamide (DMF), Acetonitrile (MeCN), DMF/H,0O,
and MeCN/ H,O solvents,

Thelast column of Tablel liststhe potentiad sat the peak of thewave at which the current
enhancement dueto el ectrocatal ytic reduction of carbon dioxide was observed in the solvents
studied. Theedectrocataytic activity of theNi(I1) macrocyclecomplex toward reduction of carbon
dioxide waseva uated by comparing itsvoltammetric response under nitrogen and carbon dioxide
atmospheresasit can beseenin Fig. 2. A clear electrocatalytic current was detected in the
presenceof theNi(I1) macrocyclecomplex. Thereduction of carbon dioxide observed at —1.8V
(vsAg/AgCl) intheabsence of the complex takesplace at apotential more negative than—2.0
V(11). Ontheother hand, [Ni(tmdnTAA)]** hasawaysshown electrocatal ytic current after the
second reduction processasit isshownin Figure 2. Cyclic voltammogramsin protic media
exhibit an anodic feature at —0.05 V when thelimiting potential was more negative than the
potential where the hydrogen evolution began, Figure 3. We proposethat thefeature corresponds
to the oxidation of anickel hydrideformed on the el ectrode surface, eqns (1) and (2).

[Ni(I1)(tmdnTAA)]*+e—[Ni()(tmdnTAA))]* 0
[Ni(I)(tmdnTAA)]*__+H*—> [HNi(Il){tmdnTAA)]* @

Similar electrochemical processeswerereported by Aramataet a. for the reduction of carbon
dioxide on a glassy carbon electrode chemically modified by aza-macrocyclic-cobalt(l)
complexes[21,22].
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Inour el etrochemical experimentswith the Ni(I1) complex in protic media, an enhancement of
the carbon dioxided ectrocata ytic current wasevidenced in the voltammogramsand a so hydrogen
evolution occurred in DMF and MeCN wet solvents. Furthermore, the catalytic current of the
second cycle, e.g.,inDMF/ H,0, is~30% lessthan the current of thefirst cycle. At the same
time, shiftsto amore positive catalytic potential were observed in DMF/H,O respect to dry
DMF solvent (see Table 1), and the hydrogen evolutionisa soincreased. Theseresultssuggest
apossible competition between eg. (5) and eg. (6).

[Ni(11)(tmdnTAA)]*+ e+ CO, — [N(1)(tmdnTAA) CO,]* ©)
[Ni(1)(tmdnTAA)CO,]* + H — [Ni(1)(tmdnTAA) COOH | ** 4
[Ni(1)(tmdnTAA)COOH]**+ &—> [Ni(I1)(tmdnTAA)COJ**+OH- ©)
[HNi(I1)(tmdnTAA)]*_+H*+e— [Ni(l1)(tmdnTAA)]**_ +H, 6)

v v * T
-1.5 -1.0 -Q.5 0.0
E/V ve Ag/AgCh

Figure 3.- Voltammogram of [Ni(tmdnTAA)]** in N,N’ -dimethylformamide after
addition of water (showing the anodic hump at —0.05 V), under nitrogen
(—) and carbon dioxide(- - - -) at v=200 mV/s.

The reaction mechanism proposed by Sauvage et.al. [15] and Anson et.al. [16] for the
el ectrocata ytic reduction of carbon dioxidewith [NiCyclam]** over amercury eectrode can be
applied to thereduction catalyzed with [Ni(tmdnTAA)]**. In case of thelatter, thenickel (1)
carbonylated complex shownineguation (5) isvery stable, and thismay explainthelow efficiency
of thedectrocata ytic reduction with [Ni(tmdnTAA)]** cation complex.

InMeCN solutionsonly the second cathodic peak €l ectrocatalyzed the carbon dioxide
reductionat —1.80V (seeTablel). If protonswereadded to themedia, e.g. asawet solvent, the
voltammogram of N,-saturated sol utions exhibited the anodic hump of the hydride oxidation
also observed in wet DMF solutions (see Figure 3). A very strong enhancement of the
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el ectrocatal ytic peak and the absence of the hydride-related anodic hump resulted inwet MeCN
solutions saturated with carbon dioxide. Thisexperimental observationssuggest that in acetonitrile
and in protic media the reaction corresponding to equation 6 would not take place (at ca. —
1.80V).

Prepar ative-scale electrolysis
Preparative-sca e ectrolysswasperformedin agas-tight electrolysiscell. Thecurrent
decayed dowly and the solution turned from red to yellow over aperiod of three hoursunder an
applied potential of —1.80V vs Ag/AgCl. Samples of the gas phase were collected at thirty
minuteintervals. Hydrogen wasthe only reaction product asshowninfigure4.
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Figure 4.-Time-evolution of hydrogen for a bulk electrolysis experiment for
[Ni(tmdnTAA)]** under carbon dioxide in N,N’-dimethylformamide /water(1:1)
solvent at -1.65V vs Ag/AgCI.

Anayticd testsfor oxdate, formicacid, and formadehydeintheliquid phasewerenegative
for al the cases studied. Spectroel ectrochemical observationswere madein the presence of
carbon dioxide or carbon monoxide at open cicuit and-1.8 V, they revea ed anew absorption
band at 358 nm asshowninfigure 5. The absorption band can be attributed to astable species
[Ni(tmdnTAA)CQO]**. A similar but unstable species was detected by Anson et.al. in the
el ectrocatal ytic reduction of carbon dioxideto carbon monoxide by [Ni(cyclam)]? [16]. Similar
experimentsin acarbon monoxide atmosphere have shown the same behavior as presentedin
Figure6 (seeexperimentd).

TheFT-IR spectraof dectrolyzed and nondectrolyzed [Ni(tmdnTAA)]* solutions were
recorded after chromathography onsilicagd. Theresultsareshowninfigure7 for andectrolyss
of asolution saturated with nitrogen, for an € ectrolysisof asol ution saturated with carbon dioxide,
and non electrolyzed [Ni(tmdnTAA) ]** cation. The spectrafrom the non electrolyzed and the
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electrolysisunder nitrogen aresimilar (Fig. 7a, 7b) but the spectrum from the el ectrolysisunder
carbon dioxide exhibited anew and at 1729 cm*
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Figure 5.- Spectroelectrochemistry for [Ni(tmdnTAA)]** in acetonitrile under carbon
dioxide saturated atmosphere at open circuit (O.C.) and for E_.(applied potential)= -1.8
V. See inset for details.

A/nm

Figure 6.- Spectroelectrochemistry for [Ni(ll) (tmdnTAA)]** at E,=-18V in acetonitrile,
under carbon monoxide saturated atmosphere, showing the spectral changes each 3
minutes until constant behavior.

corresponding to the carbonyl [Ni(tmdnTAA)-CO]** complex. Therefore, thisstable adduct,
detected by spectroel ectrochemical and FT-IR spectroscopy, could beresponsiblefor the catalyst
poisoning when carbon dioxideiselectroreduced in DMF, DMF/H,O, MeCN or MeCN/H,O
solutions.
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Figure 7.- FT-IR film spectra of: a) [Ni(tmdnTAA)]**; and the electrolysis products:
b) under nitrogen, ¢) under carbon dioxide.

Conclusions

Thefact that cataytic currentswere observed after the second reduction process, suggest
that probably two electronsareinvolved in the carbon dioxide e ectroreduction. Inaddition, itis
quitelikely that morethan onemechaniam can explainthebehaviour observedin cyclicvoltametry.

Itisalsoclear that the nature of the productsand their distribution depend on the amount
of water presentinthe system for the macrocycle studied.

The[Ni(I1)-5,7,12,14-tetramethyl dingphtho[b,i][ 1,4,8,11]tetraaze 14] annulene]* cation
complex showed electrocata ytic effect in cyclic voltammetric experimentsfor carbon dioxide
reduction over GC dectrodeinthemediastudied. Electrolysisexperimentsat —1.8V vsAg/Ag/
Cl showed theformation of astableadduct [Ni(11)(tmdnTAA)CO]**whichwould beresponsible
of thelossof catdytic actvity, and the absenceof chromathographic detection of carbon monoxide
product inthe bulk electrolysisexperiments. Theseresults have shown that the stable Ni(I1)
carbonyl complex isthe cata yticaly inactive speciesin the system studied. Theselectivity and
efficiency for thehydrogen evol ution inthe cata ytic process can bemodified asafunction of the
amount of water added.

Acknowledgements

Thiswork hasbeen financed by FONDECY T (Chile), project N°8010006, M.I. thanks
FONDECYT (Chile), project N°2000010. A.R.E. thanksFONDECY T (Chile) for adoctora
fdlowship.

References

[1] Costamagna, J.; Ferraudi, G.; Canales, J.; Vargas, Coord. Chem. Rev. 1996, 148, 221.

[2] Costamagna, J.; Ferraudi, G.; Matsuhiro, B.; Campos-Vdlete, M .; Candles, J; Villagran,
M.; Vargas, J.; Aguirre, M.J., Coord. Chem. Rev. 2000, 196, 125.

[3] Keeng FR,; Sullivan, B.P, Electrochemical and Electrocatal ytic Reactionsof Carbon
Dioxide, Sullivan, B.P; Krigt, K.; Guard, H.E., Eds,, Elsevier: Amsterdam, 1993; Chap. 5.

[4] Bhugun,l.;Lexa, D. ; Saveant, M. ; J. Am. Chem. Soc. 1996, 118, 1769.

[5] Bhugun,l.;Lexa, D.; Saveant, JM. ; J. Phys. Chem. 1996, 100, 1981.



Electrochemical Reduction of carbon dioxide... 71

6]
[7]

[8]
[9]
[10]
[11]

[12]
[13]
[14]
[15]
[16]
[17]

[18]
[19]

[20]

[21]
[22]

Mostafa Hossain, A.G.M.; Nagaoka, T.; Ogura, K.; Electrochimica Acta 1997, 42,
2577; Chaplin, R.S.P; Wragg, A.A.; J. Appl. Electrochem., 2003, 33,1107.
Rasmussen, S.C.; Richter, M.M.; Yi, E.; Place, H.; Brewer, K.J. Inorg. Chem., 1990,
29, 3926.

Noemi, G.; Nallas, A.; Brewer, K.J. Inorg. Chim. Acta, 1996, 253, 7.

Smith, C.1.; Crayston, J.A.; Hay; R.W. J. Chem. Soc., Dalton Trans., 1993, 3267.
Fujita, E.; Half, J.; Sanzenbachen, R.; Elias, H. Inorg. Chem., 1994,33, 4627.

Beley, M.; Coallin, J.P; Rupert, R.; Sauvage, J.P. J. Chem. Soc., Chem. Commun., 1984,
1315.

Leiber, C.M.; Lewis, N.S. J. Am. Chem. Soc., 1984, 106, 5033.

Fujihia, M.; Hirata, Y.; Suga, K. J. Electroanal, Chem., 1990, 292, 199.

Bujno, K.; Bilewicz, R.; Siegfried, L.; Kaden, T. Electrochim. Acta, 1997, 42, 1206.
Beley, M; Coallin, J.P; Ruppert, R.; Sauvage, J.P. J. Am. Chem. Soc., 1986, 108, 7461.
Baazs, G.B.; Anson, F.C. J. Electroanal. Chem., 1993, 361, 149.

Costamagna, J.; Ferraudi, G.; Villagran, M.; Wolcan, E. J. Chem. Soc., Dalton Trans.,
2000, 2631.

Duff, C.M.; Heath, G.A. Inorg. Chem., 1991, 30, 2528.

Arang, C.; Yan, S.; Keshavarz, M.; Potts, K.T.; Abrufia, H.D. Inorg. Chem., 1992, 31,
3680.

a) A. Rios-Escudero, M. Villagran, J. Costamagna, G. Ferraudi., J. Coord. Chem., 2003,
56, 1233.

b) A. Rios-Escudero, J. Costamagna, G. |. Cardenas-Jiron., J. Phys. Chem. A., 2003,
submitted for publication.

Tanaka, H.; Aramata, A. J. Electroanal. Chem., 1997, 431, 29.

Aga, A.; Aramata, A.; Hisaeda, Y. J. Electroanal. Chem., 1997, 437, 111.





