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Los micromotores son hoy en día una 
herramienta prometedora para la recuperación 
ambiental. ¿Quieres diseñar micromotores 
que se desplazan por sí mismos para purificar 
agua residual y obtener energía verde?

¿Quieres estudiar la conversión de CO2 en 
productos valiosos para la industria usando 
modelos computacionales?
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and Boon Siang Yeo*

Cite This: J. Am. Chem. Soc. 2023, 145, 24707−24716 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: A cause of losses in energy and carbon conversion

efficiencies during the electrochemical CO2 reduction reaction

(eCO2RR) can be attributed to the formation of carbonates

(CO3
2−), which is generally considered to be an electrochemically

inert species. Herein, using in situ Raman spectroscopy, liquid

chromatography, 1H nuclear magnetic resonance spectroscopy,
13C

and deuterium isotope labeling, and density functional theory

simulations, we show that carbonate intermediates are adsorbed on

a copper electrode during eCO2RR in KHCO3 electrolyte from 0.2

to −1.0 VRHE. These intermediates can be reduced to formate at

−0.4 VRHE and more negative potentials. This finding is supported

by our observation of formate from the reduction of

Cu2(CO3)(OH)2. Pulse electrolysis on a copper electrode

immersed in a N2-purged K2CO3 electrolyte was also performed. We found that the carbonate anions therein could be first

adsorbed at −0.05 VRHE and then directly reduced to formate at −0.5 VRHE (overpotential of 0.28 V) with a Faradaic efficiency of

0.61%. The nature of the active sites generating the adsorbed
carbonate species and the mechanism for the pulse-enabled reduction

of carbonate to formate were elucidated. Our findings reveal how carbonates are directly reduced to a high-value product such as

formate and open a potential pathway to mitigate carbonate formation during eCO2RR.

1. INTRODUCTION

The electrochemical CO2 reduction reaction (eCO2RR) to

chemical feedstocks and fuels is a potentially effective way to

both mitigate the global warming crisis and reduce our

dependence on fossil fuels.1,2 However, the loss of a significant

part of the CO2 reactant as carbonates (CO3
2−), especially

when alkaline electrolytes are used, compromises both carbon

and energy conversion efficiencies.3,4 While considerable effort

has been devoted to optimizing the functionality of eCO2RR

catalysts, our understanding of the role of carbonate species

and whether it can be directly reduced to useful products

remains limited.
Carbonates are formed during eCO2RR when CO2 and

OH− ions react via an acid−base equilibrium; the OH−

originates as an eCO2RR byproduct (for example, via 2CO2

+ 8H2O + 12e− → C2H4 + 12OH−), or is present as a result of

alkaline electrolytes being used.5,6 Carbonates are generally

considered to be electrochemically inert.7 Interestingly, in

some works, bulk Pb8,9 and Bi10,11 carbonates have been

proposed catalytic for reducing CO2 to formate. In thermal

catalysis, reducing carbonate is challenging as high temper-

atures of >300 °C or strong reducing reagents are required.
12,13

Electrochemically, reduction of carbonate is usually achieved

indirectly via a carbonate-to-CO2-to-products process in a

membrane-electrode assembly (MEA) cell incorporating a

bipolar membrane.14,15 The key step of this process involves

protons, produced from water dissociation within the

membrane, migrating to the cathodic compartment and

reacting with the carbonates to yield CO2. The CO2 is then

catalytically reduced to a product. However, an additional

potential of at least 0.83 V is required to dissociate the water

molecule, making this indirect process less energy-efficient.
16

There have been scattered results suggesting that carbonates

could be involved as active intermediates during eCO2RR.

Specifically, Katayama et al. have shown using infrared

spectroscopy that the formation of C1 products such as

methane and methanol on Cu surfaces are accompanied by

spectroscopic O-bound CO3
2− features, hinting that carbonate

could be a precursor to these C1 products.17 On the other

hand, Shao and Xu have shown that bicarbonate (conjugate

acid of carbonate), through equilibrium exchange with

dissolved CO2, is the primary source of carbon in the CO

formed on Cu and Au electrodes.18,19 CO2 has also been

proposed to reduce to formate on bismuth oxide via a

subcarbonate intermediate (O�Bi−CO3−Bi�O).20 Addi-
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Un vaso lleno de agua sucia se pone a burbu-jear en un laboratorio en Tarragona. Las in-vestigadoras de ese centro han lanzado en el agua un puñado de dispositivos tan pequeños que resultan invisibles, que generan esa efer-vescencia al desplazarse por el vaso.  
Esos tubos microscópicos autopropulsa-dos no solo descomponen la urea presente en el agua (un compuesto derivado de la ori-na que abunda en las aguas residuales de la ciudad), sino también la convierten en amoníaco (una sustancia que puede usarse como combustible limpio). 

El resultado  fue presentado en la revista Nanoscale por un equipo del Institut d’In-vestigacions Químiques de Tarragona (ICIQ) y de la Universidad de Goteburgo, en Suecia. Se trata de la prueba experimental de un nuevo sistema de depuración que ade-más generaría energía verde. Pero llevarlo del laboratorio a la depuradora no será  in-mediato, advierten las autoras. 
Los primeros micromotores aparecieron hace dos décadas. Se trata de estructuras químicas de tamaño micrométrico –las di-mensiones de las motas de polvo o de las bacterias– que los químicos fabrican con diversos materiales y con toda clase de for-mas: tubos, esferas, estrellas, etcétera.  

Lo que los caracteriza es que están dise-ñados de tal manera que son capaces de desplazarse por si solos. En algunos casos, el material que los compone reacciona con el medio en que se encuentran y esa reacción química genera un impulso mecánico que los desplaza. En otros casos, se pueden em-pujar aplicándoles luz o campos magnéti-cos, que interactúan con sus componentes impulsando el movimiento. 
«Sus principales aplicaciones son me-dioambientales o biomédicas», explica Ma-

ría José Esplandiu, investigadora del Insti-tut Català de Nanociència i Nanotecnologia (ICN2), no implicada en el trabajo. Se pue-den decorar con moléculas que degradan contaminantes a medida que se desplazan en el agua. O se pueden cargar con medica-

mentos y dirigir hacia partes  del organismo. Por ejemplo, se ha ensayado su uso en ratones para entregar medicamentos con-tra infecciones del estómago o para degra-dar células de cáncer de vejiga. La promesa es materializar la ciencia ficción de la pelí-cula Viaje Alucinante (1966). 
El micromotor desarrollado por el ICIQ es un tubo de 17 micrómetros de longitud y 2 de diámetro. El chasis del dispositivo es de óxido de silicio, pero en su interior hay una capa de óxido de manganeso. Este reaccio-na con el agua oxigenada, una sustancia que se suele disolver en el agua en las depurado-ras. La reacción tiene dos efectos. Primero, produce burbujas de oxígeno que impulsan el micromotor. Segundo, degrada la urea, un contaminante que abunda en las depurado-ras urbanas, al ser un componente impor-

tante de la orina, además de ser un subpro-ducto de diversos procesos industriales. 
Pero lo especial del invento del ICIQ es que la superficie externa del tubito está sembrada de lacasa, un compuesto químico que convierte la urea en amoníaco. «De esta forma, el sistema no sólo quita los contami-nantes, sino genera un combustible verde», explica Katherine Villa, investigadora del ICIQ y coautora del trabajo. 

En 15 minutos de reacción, el 3% de la urea se convirtió en amoníaco, explica Villa. El porcentaje podría llegar hasta el 7% con más tiempo. «Todavía son valores modes-tos pero hemos demostrado que podemos obtener un combustible verde a partir de agua contaminada», afirma. En una fase sucesiva, el amoníaco se puede concentrar y extraer del agua. 
«El estudio es importante, porque el amoníaco se usa para transportar hidróge-no [un combustible limpio]. Producirlo con micromotores es un paso adelante sustan-cial en el sector», afirma Martin Pumera, investigador del Instituto Centroeuropeo de Tecnología, en la República Checa.   

La efervescencia producida en el agua durante el experimento es tal que impide seguir las trayectorias y el comportamiento de los micromotores con los microscopios. Por eso, desde la Universidad de Goteburgo se desarrolló un sistema de inteligencia ar-tificial entrenado para distinguirlos dentro de esas imágenes confusas.  

Permisos y comprobaciones 

El uso de los micromotores en depuradoras (así como su uso médico) está lejos, según Villa. «Hay que reducir los costes, se tienen que poder recuperar y reutilizar por muchos ciclos seguidos, y en biomedicina es aún más complicado: para meterlos en el cuer-po se necesitan permisos y comprobacio-nes», explica. De momento, el equipo del ICIQ se va a concentrar en optimizar el dis-positivo para que convierta en amoníaco el 100% de la urea. Asimismo, pretende redi-señarlo para que no necesite el agua oxige-nada para impulsarse. La alternativa sería equipar el micromotor con compuestos sensibles a la luz e impulsarlo directamente con la luz solar. «Buscamos también que al-macenen la energía solar para que puedan funcionar sin luz, como si fueran una pe-queña batería», explica Villa.  
Otro asunto clave es asegurarse que los propios micromotores no sean ni tóxicos ni contaminantes. Para ello, las estrategias consisten en fabricarlos en materiales bio-degradables, o equiparlos con partículas magnéticas que permitan extraerlos del medio con imanes. 

Micromotores  
extraen energía 
del agua residual
Investigadoras de Tarragona han diseñado unos  tubos microscópicos impulsados por burbujas que  descomponen la urea y la convierten en amoníaco

Michele Catanzaro.

El cambio verde

El salto del 
laboratorio a la 
depuradora 
requiere reducir 
costes y más 
eficiencia

 La doctora Katherine Villa, líder de grupo del ICIQ que ha realizado el experimento. / ICIQ

Los tubos  
también se han 
usado para 
transportar 
fármacos en 
ratones 

Nuestro Instituto está organizado en 
3 áreas principales que abarcan una 

amplia variedad de líneas de investigación 
diseñadas para abordar desafíos globales:
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Los procesos circulares son un sistema ideal 
para reciclar materias primas una y otra vez. 
¿Quieres mejorar estos procesos circulares 
para reciclar plásticos?

¿Y producir un nuevo plástico hecho con 
biomateriales con ayuda del Área de 
Transferencia de Conocimiento y Tecnología y 
Proyectos Industriales?

ENERGÍAS 
RENOVABLES

Para investigar sobre enfermedades de todos 
conocidas a veces hay que usar nuevos 
enfoques, como es el caso de la química 
médica. ¿Quieres explorar nuevas dianas 
terapéuticas contra el cáncer utilizando 
técnicas de modelización molecular?

¿O bien desarrollar un dispositivo capaz 
de detectar de forma rápida y eficaz 
biomarcadores de insuficiencia renal aguda?
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Polymer Recycling

Bicyclic Guanidine Promoted Mechanistically DivergentDepolymerization and Recycling of a Biobased Polycarbonate
David H. Lamparelli+, Alba Villar-Yanez+, Lorenz Dittrich, Jeroen Rintjema,Fernando Bravo,* Carles Bo,* and Arjan W. Kleij*

Abstract: We here report the organocatalytic and
temperature-controlled depolymerization of biobased
poly(limonene carbonate) providing access to its trans-
configured cyclic carbonate as the major product. The
base TBD (1,5,7-triazabicyclo[4.4.0]dec-5-ene) offers a
unique opportunity to break down polycarbonates via
end-group activation or main chain scission pathways as
supported by various controls and computational analy-
sis. These energetically competitive processes represent
an unprecedented divergent approach to polycarbonate
recycling. The trans limonene carbonate can be con-
verted back to its polycarbonate via ring-opening
polymerization using the same organocatalyst in the
presence of an alcohol initiator, offering thus a potential
circular and practical route for polycarbonate recycling.

Introduction

Chemical recycling of polymers has become a major focus to
combat the adverse effects of non-optimal plastic disposal
strategies and microplastics formation within our eco-
systems.[1] Ideally, recycling approaches deliver the originalmonomers under appropriate catalytic conditions, and re-
polymerization towards the same polymers can be accom-
plished creating circular loop opportunities.[2] Remarkable
examples of such latter achievements have been recently
reported for polyesters,[3a,b] poly(dioxolanes)/ethers[3c,d] and
polyurethanes.[3e] Apart from these advances, polycarbon-
ates have also drawn substantial attention with aliphatic

polycarbonates being of particular interest due to their
potential degradation and biocompatibility.[4] Polycarbon-
ates can be generated through the copolymerization of
epoxides and carbon dioxide,[5] with cyclic epoxides being
among the widest studied monomers to date. In particular,
cyclohexene oxide (CHO)[6] and limonene oxide (LO) are
monomers that upon copolymerization with CO2 yield
polycarbonates with high glass transitions (>100 °C) valua-
ble in plastics used in their amorphous state.

The copolymerization of LO and CO2 is rather challeng-
ing since there are only two known types of catalysts
reported capable of producing poly(limonene carbonate),
PLC.[7] The use of LO as a biobased monomer hassignificantly increased due to the functional character of the
repeat units in PLC allowing to engineer different types of
materials.[8] These developments show that the use of bulky
monomers such as LO are picking up pace and relevance in
efforts devoted to the creation of more sustainable polycar-
bonates and other types of polymers prepared from steri-cally constrained (biobased) epoxides.[9] Crucial to newly
developed polycarbonates is their propensity for recycling,
and in this context de Koning and Sablong reported that the
bicyclic guanidinium TBD (1,5,7-triazabicyclo[4.4.0]dec-5-
ene) can be used as a catalyst at 110 °C to fully depolymerize
PLC into LO and CO2.

[10] However, mechanistically thisPLC degradation process is not fully understood, and
repolymerization of LO and CO2 requires elevated pressures
thereby affecting the overall energy profile and practicality
of PLC recycling. While various other seminal examples of
catalytic/thermally induced depolymerization of polycarbon-
ates have been reported such as for poly(cyclohexene
carbonate), PCHC,[11] only in few contributions these path-ways led to high yield of a cyclic carbonate monomer. For
instance, Coates reported the hydrolysis of PCHC into
trans-1,2-cyclohexane-diol, that upon reaction with triphos-
gene gave a polymerizable trans-carbonate monomer.[11a]

A more convenient and practical approach for PLC
recycling (not depending on higher-pressure copolymeriza-tion of LO and CO2) would rely on the formation of trans
limonene carbonate as a major degradation product,
followed by ring-opening polymerization. However, such a
circular process has not yet been developed and would
require a deeper understanding of the involved mechanisms.
Apart from this, ring-opening polymerization of trans-
configured five-membered cyclic carbonates remains ex-tremely rare,[12] especially when more hindered cyclic
carbonates are involved. In this context, the use of TBD[12a]

for the successful ROP of trans-cyclohexene carbonate, the
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Quantification of the PvO⋯HN hydrogen bond in

the binding of creatinine with phosphonate calix

[4]pyrroles†

Andrés Felipe Sierra, a Gemma Aragay, a Rosa M. Gomila b and

Pablo Ballester *a,c

We report the results of 1H and 31P NMR titrations of a series of calix[4]pyrrole cavitands with hexyl creati-

nine in dichloromethane solution. We show that all studied calix[4]pyrrole cavitands form thermo-

dynamically and kinetically highly stable 1 : 1 inclusion complexes. We used isothermal titration calorimetry

(ITC) experiments to thermodynamically characterize the inclusion complexes. The binding processes are

enthalpically and entropically favored. The cavitand receptors incorporating an inwardly directed phospho-

nate bridging group at their upper rim produce more stable complexes. The X-ray structure of the inclusion

complex of a mono-phosphonate calix[4]pyrrole cavitand having an inwardly directed phosphonate group

with the creatinine derivative reveals the existence of an intramolecular PvO⋯HN hydrogen bond. We esti-

mated that the strength of the PvO⋯HN hydrogen bond is close to 2 kcal mol−1 based on the differences

in free binding energies between complexes having the inwardly directed PvO group and those lacking it.

We performed DFT calculations to gain some insight into the structures of the inclusion complexes and

support the experimental findings (relative thermodynamic stabilities and chemical shift values).

Introduction

Cavitands are synthetic organic molecules featuring enforced

cavities. The cavity of the cavitands is large enough to include

other molecules. The included molecules must be size and

shape complementary.1,2 In addition, the efficient inclusion of

polar molecules demands the existence of complementary

functional groups in the cavitand’s scaffold.
3

Resorcin[4]arene deep-cavitands possess a large open-

ended cavity shaped by eight aromatic panels. The electron

rich inner lining of the cavity is suitable for the inclusion of

alkylammonium cations displaying a positively charged knob. In

organic solvents, the inclusion complex is mainly driven by the

establishment of multiple CH–π and cation–π interactions.4

Resorcin[4]arene phosphonate cavitands feature a shallower aro-

matic cavity than resorcinarene deep cavitands. They also bind

alkylammonium units through CH–π and cation–π

interactions.5,6 Remarkably, the bridging phosphonate groups at

their upper-rim that are inwardly directed with respect to the

cavity engage in additional cation–dipole and hydrogen-bonding

interactions with the included guest. Owing to the offered array

of converging electrostatic interactions, resorcin[4]arene phos-

phonate cavitands have emerged as privileged receptors for

supramolecular recognition and sensing of polar substrates.
7–12

The cone-conformation of tetra-alpha aryl-extended calix[4]

pyrroles defines an open-ended deep aromatic cavity equipped

with a polar binding site at its closed end. We and others used

tetra-alpha aryl-extended calix[4]pyrroles for the binding of

polar small molecules in organic solvents and in water.

Inspired by the outstanding binding properties of phospho-

nate resorcin[4]arene cavitands, we introduced mono- and bis-

phosphonate calix[4]pyrrole counterparts.13–1
5 In particular,

we exploited the binding properties of the mono-phosphonate

calix[4]pyrrole cavitand (1i) for recognition and sensing of crea-

tinine 2a (Fig. 1). Creatinine is a small polar molecule and an

essential biomarker of kidney injury and other chronic and

non-chronic diseases. A potentiometric sensor for the determi-

nation of creatinine in biological fluids was developed using 1i

as an ionophore.15 The high affinity displayed by the phospho-

nate calix[4]pyrrole 1i towards creatinine 2a was attributed to

the excellent size, shape and function complementarity in the

complex 2a⊂1i (Fig. 2).

†Electronic supplementary information (ESI) available: General methods and

instrumentation, 1H and 31P NMR titration experiments, ITC experiments, esti-

mation of HB interaction energy, computed energy minimized structures and

the corresponding Cartesian coordinates, and computed thermodynamic para-

meters. CCDC 2222649. For ESI and crystallographic data in CIF or other elec-

tronic format see DOI: https://doi.org/10.1039/d2qo01952c

aInstitute of Chemical Research of Catalonia (ICIQ), The Barcelona Institute of

Science and Technology (BIST), Avgda. Països Catalans, 16, 43007 Tarragona, Spain.

E-mail: pballester@iciq.es
bDepartament de Química, Universitat de les Illes Balears, Crta de Valldemossa km

7.5, 07122 Palma de Mallorca, Baleares, Spain
cICREA, Passeig Lluís Companys, 23, 08010 Barcelona, Spain
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