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Sumari

A l'electroquimica practica moderna, I'estabilitat de les capes superficials als eléctrodes
actius és un dels problemes més importants en diversos processos industrials. La
inevitable degradacié dels eleéctrodes és especialment important per a les
transformacions catalitiques que tenen lloc a alts potencials d'oxidacio, com les
reaccions d'evolucié d'oxigen i clor, la reaccié de reduccio d'oxigen, 1'electro-oxidacio
de compostos organics en medis aquosos, etc. Les implementacions industrials de
processos, que impliquen la formaci6 electroquimica o el consum d'oxidants agressius,

sovint es basen en 1'is de metalls nobles com a materials d'eléctrodes.

Es important destacar que en molts casos els metalls nobles no es fan servir
exclusivament per la seva estabilitat contra I’oxidacid, siné que representen un paper
clau en la corresponent transformacié com a catalitzadors eficients. Per tant, en els
eléctrodes industrials classics sovint comparteixen dues funcions, treballant
simultaniament com a catalitzadors 1 matrius d'eléctrodes resistents a 1'oxidacié. No
obstant aixo, fins i tot en les situacions en qué 1'as de metalls nobles es considera
raonable a causa de les propietats catalitiques, la quantitat d'aquests materials escassos i
costosos en la majoria de casos es podria reduir drasticament. L'enfocament més actual
per assolir aquest objectiu es basa en la implementacid del metall catalitic corresponent

en forma de nanoparticules.

Tanmateix, el sistema catalitic basat en nanoparticules sol requerir un suport conductor
inert com a matriu estable, sobre la qual es dipositen les nanoparticules, separant aixi les
funcions del material de la matriu i el component actiu. La integracid d'aquests sistemes
a la practica industrial, inclosos els casos d'elevada importancia per a la propera
transicid energética, com ara la industria de les piles de combustible i la de produccio
d'H» per descomposicid d'aigua, esta drasticament limitada per 1'elecci6 restringida de

materials de matriu conductors adequats.

Historicament, els oxids metal-lics conductors suportats sobre metalls resistents a
'oxidacié degut a les seves propies capes superficials d'oxid (per exemple, titani) s'han
utilitzat tipicament per a processos electroquimics en condicions molt oxidatius, com
ara la produccio d'hipoclorit. Aquests eléctrodes solen ser mecanicament robusts, estan
limitats en les possibles formes geometriques i, en general, no sén porosos o tenen una
porositat minima, encara que aquestes limitacions no son critiques per a les industries
classiques a les quals s'utilitzen. Els metalls nobles, en cas de la seva implementacio,
s'inclouen com a oxids al sistema d'0xids mixtos, 1 el recobriment de I'anode TiO2/RuOz
(ORTA) és I'exemple més classic. També s'han utilitzat ampliament sistemes d'oxids de

metalls catalitics no preciosos, basats en Pb, Co, Ni 1 molts altres metalls de transicio.
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En els darrers anys, pero, la demanda generada per les industries electroquimiques
nounades relacionades amb 1'energia renovable ha conduit a un major interes en
eléctrodes flexibles i facilment modelables amb una porositat extensa fins al nivell
nanometric i la corresponent superficie operativa alta. Aixi, les diferents formes de
materials amb carboni s’han convertit en un nou punt d'atraccio per a la ciéncia dels
eléctrodes. Els suports més estudiats inclouen tela de carboni, feltre de carboni, escumes
de carboni i diversos recobriments pirolitics carbonosos. També¢ s'han investigat
materials 1 compostos més sofisticats basats en nanotubs de carboni i fins i tot diamants.
La combinaci6 de parametres fisics, quimics i de procés permet que aquests materials

superin enormement altres possibles candidats a la majoria de les aplicacions modernes.

Tot 1 l'atractiva conveniéncia industrial i economica dels materials de suport basats en
carboni, la seva estabilitat oxidativa en la majoria dels casos és molt menor en
comparacio amb la resisténcia a 1'oxidacid dels metalls nobles i fins i tot els materials
basats en 0xids metal-lics, que per aquesta rad encara es fan servir en processos que

inclouen els oxidants més agressius.

Malgrat tot, dos tipus de materials pertanyents al grup de suports carbonosos
representen una excepcio a aquesta regla general: els carbonis vitris i els nitrurs de
carboni.

Els anomenats carbonis vitris, produits mitjancant pirolisi de polimers carbonosos
facilment accessibles, tenen una estabilitat oxidativa exclusiva juntament amb una alta
conductivitat i inactivitat quimica. Els eléctrodes de carboni vitri funcionen com a
estandard d'or en la investigacié de 1'electroquimica a causa de la combinaci6
d'estabilitat i abséncia de propietats catalitiques propies. Tot i aixo, la seva aplicacid

industrial es limita a usos en que es prefereixen superficies cataliticament inactives.

La rad principal d'aixo rau en el fet que el procés de pirolisi, que condueix a la formacio
de carboni vitri, requereix temperatures notablement altes (1000-3000 °C). A més del
cost obviament elevat del material, resulta en la inviabilitat practica de la produccio de
compostos cataliticament actius que se'n deriven, a causa de la inestabilitat demostrada
a temperatures elevades per gairebé totes les nanoparticules catalitiques i precursors
moleculars dels catalitzadors. D'altra banda, I'aplicacié de particules o compostos
moleculars sobre la superficie del suport de carboni vitri fabricat préviament dona com
a resultat recobriments inestables a causa de 1'adhesi6 feble tipica per a la superficie
llisa del material. La fragilitat i la dificultat de processament mecanic complica encara
més I'us practic. Tot i que s'han realitzat multiples intents per limitar la temperatura de
pirolisi, necessaria per a la formaci6 de carbonis vitris, encara es manté molt per sobre
del llindar d'estabilitat de la majoria de les nanoparticules, que es troba al rang de 200 a
700 °C.
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Un altre grup de materials de la familia del carboni, que es distingeix per la seva alta
estabilitat oxidativa, els nitrurs de carboni, exhibeix la combinacié de propietats que el

situen gairebé a I’antipoda del carboni vitri.

Els nitrurs de carboni es produeixen tipicament mitjancant pirolisi de melamina,
diciandiamida, urea o alguns altres precursors rics en nitrogen. La temperatura de
pirolisi, en contrast amb el carbd vitri, €s forca baixa, situant-se en el rang de 400 a
600 °C. El material resultant en el cas classic €s una pols groga amb estructura
cristallina imperfecta i superficie rugosa, que no es pot utilitzar directament com a

material de matriu de suport.

Com a pedra angular de la present tesi, es va plantejar la hipotesi de I'existéncia d'un
nou membre de la familia dels materials carbonosos, el nitrur de carboni vitri, que es
podria produir mitjangant pirdlisi de precursors polimeérics rics en nitrogen i retenir un
alt contingut de nitrogen en la forma final. També es va suposar que el material aixi
obtingut combinaria els beneficis del carboni vitri i el nitrur de carboni sense
experimentar els seus inconvenients. Es va identificar que la formacié d'una superficie
llisa 1 mecanicament robusta va ser el resultat de que la matriu de polimer fos el
precursor del material pirolitic, per la qual cosa s'esperava que el nou material formés
aquesta superficie. L'alt contingut de nitrogen, d’altra banda, es va associar amb una
temperatura de pirolisi baixa, que es va identificar com a caracteristica del nou material.
Com a resultat, s'esperava un producte generador de recobriments amb la capacitat de
formar compostos amb nanoparticules i complexos amb ions de metalls de transicio

cataliticament actius.

La primera publicacio, que representa la base de la present tesi, tracta sobre I'obtencid
amb exit d'aquesta nova classe de materials mitjangant la pirolisi de tres nous polimers
triazinics, també sintetitzats durant aquest projecte. Aquests tres precursors polimerics
pertanyen a una classe insuficientment estudiada de polimers lineals basats en triazina i
demostren una excel-lent solubilitat en diversos dissolvents organics, propietats de
formaci6 de pel-licula i una tendéncia a retenir grans quantitats de nitrogen durant la
seva pirolisi. S'han elaborat métodes eficacos per a la fabricacid de revestiments de
nitrur de carboni a partir de solucions de N, N-dimetilacetamida dels polimers
precursors. Es va demostrar que els materials de recobriment obtinguts aixi tenen una
alta robustesa mecanica i requereixen baixes temperatures de pirolisi, com s'esperava
inicialment. Finalment, va demostrar una estabilitat electroquimica extraordinariament

alta de les pel-licules recollides en polaritzacions anodiques i catodiques elevades.

Els resultats han estat patentats i publicats posteriorment al Journal of Materials
Science. Els principals resultats obtinguts a la publicacié formen part del Capitol 2 del

present manuscrit.
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La segona linia de recerca dins I’estructura de la tesi es va dedicar a la fabricacio de
recobriments cataliticament actius a partir de precursors polimerics préviament
desenvolupats. En primer lloc, es va descobrir que les solucions amb aigua dels
precursors podien formasr-se amb exit en medis alcalins. L'aplicacio de solucions de
polimer a base d'aigua sobre el substrat de tela de carboni va resultar en deposicio de
recobriments porosos de nitrur de carboni. L'is de tintes de polimer precursor que
contenen nanopols de carboni va permetre obtenir recobriments compostos amb

porositat controlada.

En segon lloc, es va proposar la coordinacié de Ni** al medi aquds amb els polimers
precursors com un metode per a la introduccio de centres de metalls de transicio
cataliticament actius en els recobriments resultants. S'ha demostrat que els recobriments
carregats amb Ni sobre eléctrodes de tela de carboni tenen una excel-lent activitat i una

estabilitat perllongada com a materials actius per a la reacci6 de despreniment d'oxigen.
Els resultats estan sota consideracid a in Angewandte Chemie edicio internacional.

L'altima part associada al tema de la tesi va sorgir de la necessitat de mesurar els
parametres electroquimics dels eléctrodes que han estat fabricats en les condicions
d'accés intermitent a un potenciostat adequat a les necessitats, limitat durant un llarg
periode a causa del confinamentrelacionat amb la pandémia del COVID-19. E sper aixo,
que es va desenvolupar un esquema de mesura simple, basat en un microxip
amplificador operacional, i es va construir el dispositiu corresponent. Juntament amb els
programes escrits en llenguatges Arduino IDE i Python, el sistema va permetre

organitzar mesuraments precisos i continus d’acord amb les nostres necessitats.

Es interessant que la configuracio resultant es pot fer servir de manera eficient també
per organitzar les practiques d’estudiants amb una experiéncia d'aprenentatge practica
més profunda i inversions minimes. L'article corresponent esta sota consideracio per a la

seva publicacio al Journal of Chemical Education.
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Summary

In the modern practical electrochemistry, the stability of active electrode layers is one of
the most critical issues in miscellaneous industrial processes. Inevitable degradation of
electrodes is especially important for catalytic transformations taking place at high
oxidative potentials, such as oxygen and chlorine evolution reaction, oxygen reduction
reaction, electrooxidation of organic compounds in aqueous media, etc. Industrial
implementations of processes, involving electrochemical formation or consumption of

aggressive oxidants, are often based on the use of noble metals as electrode materials.

It is important to emphasize that, in many cases, noble metals are not used exclusively
for their oxidative stability, but play a key role in the corresponding transformation as
efficient catalysts. Thus, in classical industrial electrodes they often share two roles,
working simultaneously as catalysts and oxidation-resistant electrode matrices.
However, even in the situations when the use of noble metals seems reasonable due to
their catalytic properties, the quantity of these scarce and costly materials can often be
drastically reduced. The most contemporary approach to achieve this goal is based on

the implementation of the corresponding catalytic metal in the form of nanoparticles.

Nanoparticle-based catalytic systems, however, usually require an inert conducting
support as stable matrix, on which the nanoparticles are deposited, thus separating the

roles of the matrix material and the active component.

The integration of such systems into industrial practice, including the cases of
tremendous importance for the upcoming energy transition — the industry of fuel cells
and H» production by water splitting, is drastically constrained by limited choice of

appropriate conducting matrix materials.

Historically, conducting metal oxides supported over valve metals (e.g. titanium) have
typically been used for harsh electrochemical processes, such as hypochlorite
production. These electrodes are usually mechanically robust, limited in their possible
geometrical shapes and typically are non-porous or have limited porosity — although
these limitations are non-critical for the classical industries they are used for. Noble
metals, in case of their implementation, are included as oxides in the mixed oxides
system, TiO2/RuO> (ORTA) anode coating being the most classical example. Non-
precious catalytic metal oxide systems, based on Pb, Co, Ni and many other transition

metals, have also been extensively used.

In the recent years, however, the demand generated by newborn electrochemical
industries related to green energy, led to increased interest in flexible and easily
shapeable electrodes with extensive porosity down to the nanometer level and

corresponding high operative surface. Different forms of carbon-based materials
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became a new hotspot in the electrode science. The most studied supports included
carbon cloth, carbon felt, carbon foams and various pyrolytic carbonaceous coatings.
More sophisticated materials and composites based on carbon nanotubes and even
diamond have also been investigated. The combination of physical, chemical and
process parameters allows these materials to outperform massively over other possible

candidates in the majority of modern-day applications.

However, in spite of appealing industrial and economic convenience of carbon-based
support materials, their oxidative stability in most cases is much lower compared with
the resistance to oxidation of noble metals and even metal oxide systems, which for this

reason are still used while dealing with the most challenging oxidants.

Nevertheless, two families of materials belonging to the group of carbon-based supports
represent an exception to this general rule — glassy carbons and carbon nitrides.

The so-called glassy (or vitreous) carbons, produced by means of pyrolysis of cheap
carbonaceous polymers, possess an exclusive oxidative stability together with high
conductivity and chemical inertness. Glassy carbon electrodes perform as a golden
standard in research electrochemistry due to combination of stability and absence of
own catalytic properties. Their industrial application, however, is limited to the

applications where catalytically inactive surfaces are preferred.

The main reason for this lies in the fact that the pyrolysis process, leading to the
formation of vitreous carbon, requires noticeably high temperatures (1000 to 3000 °C).
In addition to obviously elevated cost of the material, it results in practical infeasibility
of production of catalytically active composites derived therefrom — due to instability
demonstrated at elevated temperatures by nearly all catalytic nanoparticles and
molecular precursors to catalysts. On the other hand, application of particles or
molecular compounds on the surface of preliminary fabricated vitreous carbon support
results in unstable coatings due to weak adhesion typical for smooth surface of the
material. Its brittleness and difficulty of mechanical processing further complicates the

practical use.

Although multiple attempts to limit the pyrolysis temperature, required for glassy
carbons formation, have been undertaken, it still remains far above the stability

threshold of most nanoparticles, which lies in the range from 200 to 700 °C.

Another group of material of the carbonaceous family, distinguished for its high
oxidative stability, carbon nitrides, exhibits the combination of properties making it

nearly antipodean to vitreous carbon.

Carbon nitrides are typically produced by means of pyrolysis of melamine,

dicyandiamide, urea or some other nitrogen-rich precursors. The pyrolysis temperature,
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in contrast with glassy carbon, is rather low, laying in the 400 to 600 °C range.
Resulting material in the classic case is a light yellow powder with imperfect crystalline

structure and rough surface, which cannot be directly used as a support matrix material.

As a cornerstone for the present thesis, it was hypothesized the existence of a new
member of the carbonaceous materials family, glassy carbon nitride, that could be
produced by means of pyrolysis of nitrogen-rich polymeric precursors and retain high
nitrogen content in the final form. It was also supposed that the material thus obtained
would combine the benefits of vitreous carbons and carbon nitride without having their
drawbacks. Formation of smooth and mechanically robust surface was identified to be
the result of polymer matrix being the precursor for the pyrolytic material, for which
reason the new material was expected to form a surface with similar properties. High
nitrogen content, on the other hand, was associated with low pyrolysis temperature,
which was identified to be characteristic for the new material. As a result, a coating-
forming product with the ability to form composites with nanoparticles and complexes

with catalytically active transition metals ions, was expected.

The first publication, forming the basis of the present thesis, reports the successful
obtainment of this new class of materials by means of pyrolysis of three novel triazinic
polymers, also synthesized in this work. All three polymeric precursors belong to
insufficiently studied class of linear triazine-based polymers. They demonstrate
outstanding solubility in several organic solvents, film-forming properties and a
tendency to retain high amounts of nitrogen at pyrolysis. Efficient methods for
fabrication of carbon nitride coatings from N,N-dimethylacetamide solutions of the
precursor polymers have been elaborated. It was demonstrated that coating materials
obtained in this way possesses high mechanical robustness and requires low pyrolysis
temperatures, as it have been previously expected. Finally, outstandingly high
electrochemical stability of the annealed films in high anodic and cathodic polarizations

was shown.

The results were patented and subsequently published in the Journal of Materials
Science. The main results obtained in the publication form part of Chapter 2 of the

present manuscript.

The second research project within the scope of the thesis was devoted to the
fabrication of catalytically active coatings on the basis of previously developed polymer
precursors. First, it was found that these water-based solutions of the precursors could
successfully be produced in alkaline media. Application of water-based polymer
solutions on carbon cloth substrate resulted in depositing porous carbon nitride coatings.
Using precursor polymer inks containing carbon nanopowder allowed obtaining

composite coatings with controlled porosity.
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Secondly, coordination of Ni*" in the aqueous media with the precursor polymers was
proposed as a method for introduction of catalytically active transition metal centers
into the resulting coatings. Ni-loaded coatings on carbon cloth electrodes have been
demonstrated to possess excellent activity and prolonged stability as active materials for
oxygen evolution reaction.

The results are under consideration in Angewandte Chemie international edition.

The last project associated with the topic of the thesis arose from the necessity to
measure the electrochemical parameters of the electrodes that have been fabricated in
the conditions of intermittent access to research-class potentiostat due to COVID-19
related lockdown. A simple measurement scheme, based on one operational amplifier
microchip, was developed and the corresponding device build. Together with programs
written in Arduino IDE and Python languages, the system allowed to organize accurate

and continuous measurements according to our needs.

The resulting setup can be efficiently used for organizing student practicums with

deepen hand-on learning experience and minimum investments.

The corresponding article is under consideration for publication in the Journal of

Chemical Education.
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Resumen

En la moderna electroquimica practica, la estabilidad de las capas superficiales de
electrodos activos es uno de los problemas mas importantes en diversos procesos
industriales. La inevitable degradacion de los electrodos es especialmente importante
para las transformaciones cataliticas que tienen lugar a altos potenciales de oxidacion,
como las reacciones de evolucion de oxigeno y cloro, la reduccion de oxigeno, la
electro-oxidacion de compuestos organicos en medios acuosos, etc. Las
implementaciones industriales de procesos, que implican la formacion electroquimica o
el consumo de oxidantes agresivos, a menudo se basan en el uso de metales nobles

como materiales de los electrodos.

Es importante destacar que en muchos casos los metales nobles no se utilizan
exclusivamente por su estabilidad contra oxidacion, sino que representan un papel clave
como catalizadores eficientes en la correspondiente transformacion. Por lo tanto, en los
electrodos industriales clasicos, a menudo comparten dos funciones, trabajando
simultdneamente como catalizadores y matrices de electrodos resistentes a la oxidacion.
Sin embargo, incluso en las situaciones en las que el uso de metales nobles se considera
razonable debido a sus propiedades cataliticas, la cantidad de estas materias escasos y
costosos en la mayoria de casos podria reducirse drasticamente. El enfoque mas actual
para lograr este objetivo se basa en la implementacion del correspondiente metal
catalitico en forma de nanoparticulas.Sin embargo, el sistema catalitico basado en
nanoparticulas suele requerir un soporte conductor inerte como matriz estable, sobre la
cual se depositan las nanoparticulas, separando asi las funciones del material de la

matriz y el componente activo.

La integracion de tales sistemas en la practica industrial, incluidos los casos de elevada
importancia para la préxima transicion energética, como la industria de las pilas de
combustible y la de produccion de Hz por descomposicion de agua, estd drasticamente
limitada por la eleccion restringida de materiales de matriz conductores adecuados.

Histoéricamente, los 6xidos metéalicos conductores depositados sobre metales resistentes
a la oxidacion debido a sus propias capas de 6xido superficiales (por ejemplo, titanio) se
han utilizado tipicamente para procesos electroquimicos en condiciones muy oxidativos,
como la produccion de hipoclorito. Estos electrodos suelen ser mecanicamente robustos,
pero estan limitados en sus posibles formas geométricas y, por lo general, no son
porosos o tienen una porosidad minima, aunque estas limitaciones no son criticas para
las industrias clasicas para las que se utilizan. Los metales nobles, en caso de su
implementacion, se incluyen como 6xidos en el sistema de 6xidos mixtos, siendo el

recubrimiento del &nodo TiO2 / RuO, (ORTA) el ejemplo mas clasico. También se han
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utilizado ampliamente sistemas de 6xidos de metales cataliticos no preciosos, basados

en Pb, Co, Ni y muchos otros metales de transicion.

En los ultimos afios, sin embargo, la demanda generada por las industrias
electroquimicas recién nacidas relacionadas con la energia renovable ha conducido a un
mayor interés en electrodos flexibles y facilmente moldeables con una porosidad
extensa hasta el nivel nanométrico y la correspondiente altamente operativa superficie.
Las diferentes formas de materiales a base de carbono se convirtieron en un nuevo
punto de atraccion para la ciencia de los electrodos. Los soportes mas estudiados
incluyeron tela de carbono, fieltro de carbono, espumas de carbono y varios
recubrimientos piroliticos carbonosos. También se han investigado materiales y
compuestos mas sofisticados basados en nanotubos de carbono e incluso diamantes. La
combinacion de parametros fisicos, quimicos y de proceso permite que estos materiales
superen enormemente a otros posibles candidatos en la mayoria de las aplicaciones

modernas.

Sin embargo, a pesar de la atractiva conveniencia industrial y econdmica de los
materiales de soporte basados en carbono, su estabilidad oxidativa en la mayoria de los
casos es mucho menor en comparacion con la resistencia a la oxidacion de los metales
nobles e incluso los materiales basados en 6xidos metalicos, que por esta razén todavia

se utilizan en procesos que incluyen los oxidantes mas agresivos.

De todas formas, dos tipos de materiales pertenecientes al grupo de soportes carbonosos
representan una excepcion a esta regla general: los carbonos vitreos y los nitruros de
carbono.

Los llamados carbonos vitreos, producidos mediante pir6lisis de polimeros carbonosos
facilmente disponibles, poseen una estabilidad oxidativa exclusiva junto con una alta
conductividad e inactividad quimica. Los electrodos de carbono vitreo funcionan como
un estandar de oro en la investigacion de la electroquimica debido a la combinacion de
estabilidad y ausencia de propiedades cataliticas propias. Sin embargo, su aplicacién
industrial se limita a las aplicaciones en las que se prefieren superficies cataliticamente

inactivas.

La principal razén de esto radica en el hecho de que el proceso de pirolisis, que conduce
a la formacion de carbono vitreo, requiere temperaturas notablemente altas (1000 a
3000 °C). Ademas del costo obviamente elevado del material, resulta una inviabilidad
practica de la produccion de compuestos cataliticamente activos derivados del mismo,
con motivo de una inestabilidad demostrada a temperaturas elevadas para casi todas las
nanoparticulas cataliticas y precursores moleculares de los catalizadores. Por otro lado,
la aplicacion de particulas o compuestos moleculares sobre la superficie del soporte de

carbono vitreo fabricado previamente da como resultado recubrimientos inestables
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debido a la adhesion débil tipica para la superficie lisa del material. Su fragilidad y

dificultad de procesamiento mecanico complica ain mas el uso practico.

Asimismo, aunque se han realizado multiples intentos para limitar la temperatura de
pirolisis, necesaria para la formacion de carbonos vitreos, todavia se mantiene muy por
encima del umbral de estabilidad de la mayoria de las nanoparticulas, que se encuentra
en el rango de 200 a 700 °C.

Otro grupo de materiales de la familia carbonécea, que se distingue por su alta
estabilidad oxidativa, los nitruros de carbono, exhibe la combinacién de propiedades

que lo sittan casi en las antipodas del carbono vitreo.

Los nitruros de carbono se producen tipicamente mediante pirdlisis de melamina,
diciandiamida, urea o algunos otros precursores ricos en nitrogeno. La temperatura de
pirdlisis, en contraste con el carbon vitreo, es bastante baja, situdndose en el rango de
400 a 600 °C. El material resultante en el caso cldsico es un polvo amarillo con
estructura cristalina imperfecta y superficie rugosa, que no puede usarse directamente

como material de matriz de soporte.

Como piedra angular de la presente tesis, se plante6 la hipotesis de la existencia de un
nuevo miembro de la familia de los materiales carbonosos, el nitruro de carbono vitreo,
que podria producirse mediante pirdlisis de precursores poliméricos ricos en nitrogeno y
retener al mismo tiempo el alto contenido de nitrogeno en su forma final. También se
supuso que el material asi obtenido combinaria los beneficios del carbono vitreo y el
nitruro de carbono sin tener sus inconvenientes. Se identificé que la formacion de una
superficie lisa y mecanicamente robusta fue el resultado de que la matriz de polimero es
el precursor del material pirolitico, por lo que se esperaba que el nuevo material formara
dicha superficie. El alto contenido de nitrégeno, por otro lado, se asocié con una
temperatura de pirdlisis baja, que se identificé como caracteristica del nuevo material.
Como resultado, se esperaba un producto generador de recubrimientos con la capacidad
de formar compuestos con nanoparticulas y complejos con iones de metales de

transicion cataliticamente activos.

La primera publicacion, que forma la base de la presente tesis, informa sobre la
obtencion exitosa de esta nueva clase de materiales mediante la pirdlisis de tres
novedosos polimeros triazinicos, también sintetizados durante este proyecto. Estos tres
precursores poliméricos pertenecen a una clase insuficientemente estudiada de
polimeros lineales basados en triazina y demuestran una excelente solubilidad en varios
disolventes organicos, propiedades de formacion de pelicula y una tendencia a retener
grandes cantidades de nitrogeno en su pirolisis. Para ello, se han elaborado métodos
eficaces para la fabricacion de revestimientos de nitruro de carbono a partir de

soluciones de N, N-dimetilacetamida de los polimeros precursores. Se demostr6 que los
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materiales de recubrimiento obtenidos de esta manera poseen una alta robustez
mecanica y requieren bajas temperaturas de pirolisis, como se esperaba anteriormente.
Finalmente, se demostrd una estabilidad electroquimica extraordinariamente grande de

las peliculas recocidas en polarizaciones anddicas y catddicas elevadas.

Los resultados fueron patentados y publicados en el Journal of Materials Science. Los
principales resultados obtenidos en la publicacion forman parte del Capitulo 2 de la
presente memoria.

El segundo tema de investigacion dentro la estructura de la tesis se dedico a la
preparacion de recubrimientos cataliticamente activos a partir de precursores
poliméricos previamente desarrollados. En primer lugar, se descubrié que las soluciones
acuosas de los precursores podian prepararse con €xito en medios alcalinos. La
aplicacion de soluciones acuosas de polimero sobre el sustrato de tela de carbono
resultd en deposicion de recubrimientos porosos de nitruro de carbono. El uso de tintas
de polimero precursor que contenian nanopolvo de carbono permitié obtener

recubrimientos compuestos de porosidad controlada.

En segundo lugar, se propuso la coordinacién de Ni** en el medio acuoso con los
polimeros precursores como un método para la introduccién de centros con metales de
transicion cataliticamente activos en los recubrimientos resultantes. Se ha demostrado
que los recubrimientos cargados con Ni sobre electrodos de tela de carbono poseen una
excelente actividad y una estabilidad prolongada como materiales activos para la

reaccion de desprendimiento de oxigeno.
Los resultados estan bajo consideracion en Angewandte Chemie edicion internacional.

El ultimo proyecto asociado al tema de la tesis surgio de la necesidad de medir los
parametros electroquimicos de los electrodos que han sido fabricados en las condiciones
de acceso intermitente a un potenciostato de calidad de investigacion debido al
confinamiento relacionado con la pandemia de COVID-19. Se desarroll6 un esquema de
medicion simple, basado en un microchip amplificador operacional, y se construy¢ el
dispositivo correspondiente. Junto con los programas escritos en lenguajes Arduino IDE
y Python, el sistema permiti6 realizar mediciones precisas y continuas. La configuracion
resultante se puede utilizar también de manera eficiente para organizar practicas de los
estudiantes, con una experiencia de aprendizaje practica mas profunda e inversiones

minimas.

El articulo correspondiente estd bajo consideracion para su publicacion en Journal of

Chemical Education.
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Chapter 1

Introduction

The first chapter of this thesis presents general considerations regarding electrochemical
stability of carbonaceous electrodes and describes the spectrum of promising electrode
binding materials, comparing their benefits and drawbacks from the point of view of
their applicability for fabrication of coatings with high hydrophilicity, high electrical

conductivity and high stability in harsh oxidative conditions.
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1.1. Carbon-based electrodes: general considerations

The modern-day green energy revolution generates an extensive demand for electrode
materials possessing novel or greatly improved characteristics, with fuel cells industry
being the leading area where new approaches arise. According to Majlan et al [1], high
electrical conductivity, porosity, easy compatibility with contemporary nanoparticle-
based catalysts, low critical and costly materials consumption, good mechanical
properties is the basic list of prerequisites to an industrially viable electrode support on
the example of fuel cells industry. Carbon-based materials attract considerable scientific
attention due to good conformance to the majority of these requirements [1]. Recent
advancements in electrode research showcase that the cell performance in direct
methanol fuel cells is essentially governed by carbon-based support materials as they
strongly influence the performance, stability, and efficiency of the electrocatalysts,
amalgamated with the support [2]. The group of especial interest for the practical
implementation includes soft carbon-based materials: carbon cloth and carbon felt,
characterized in addition to the above mentioned general benefits of carbonaceous
materials by flexibility, easy processability and availability of numerous applicable

post-modification methods [3].

The energy applications of carbon felt-based-electrodes are intensively studied and
practically implemented in various fields in addition to classical fuel cells: water-
splitting electrolyzers, vanadium redox flow batteries, microbial fuel cells, biofuel cells,
capacitors, solar cells and lithium ion batteries. In the field of wastewater treatment, an
important process for remediating waters containing biorefractory pollutants is electro-
Fenton process, also often relying on soft carbon-based materials as electrode support

where the oxidation of organic contaminants is conducted [3].

It is important to emphasize that carbon-based electrodes, including soft carbonaceous
materials like carbon felt and carbon cloth, typically do not exhibit any specific catalytic
activity, thus being «electrochemically innocent» matrix support materials. A number of
various approaches for electrodes modification in order to render them with specific

redox properties has been developed.
In fact, however, all these approaches can be split into two main categories [1]:

1. Organizing the interaction of (usually) nanoparticle-based active component and
carbon-based electrode material in a mechanical way, by means of physically pressing
together the electrode with another surface (usually ion-exchange membrane) with

previously applied catalytic ink.

2. Implementing a specific, usually polymeric, binder material in order to attach the

particles of catalyst to the electrode surface or create particle-based porous composite.
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1.2. Electrode binders: existing solutions and their limitations

Most typically, practically implemented electrodes are represented by polymer-bound
composites integrating catalytically active species on the surface or in the bulk of
composite electrode materials. As reported by Narayanasamy et al. [4] on the example
of microbial fuel cells, nitrogen- and fluorine-containing polymers, such as
polyacrylonitrile (PAN), polyaniline (PANI), polytetrafluoroethylene (PTFE),
polydopamine (PDA) and polyacrylamide (PAM), have been identified as potential
candidates for bulk or surface modification in the presence of redox active species.

However, for electrodes implemented in high polarization anodic regimes and/or in
contact with aggressive oxidants like oxygen, peroxides or chloride, one outstandingly
important characteristics of the material becomes exceedingly critical: the ability to
withstand oxidatively harsh working conditions.

Most non-fluorinated binder polymers undergo oxidation at high anode potentials,
resulting in rapid electrode deterioration, as it was demonstrated by Haddadi-Asl et al
[5]. Due to this well-known effect, much more stable fluorine-containing polymers,
PTFE and PVDF being the simplest examples, are often used as electrode binders and
catalyst particles adhesives in the most critical applications, including redox-flow
batteries electrodes [6]. Electrically insulating nature of these binders leads to reduced
overall conductivity of resulting electrodes, thus limiting the possible concentration of
the polymer in the composite mixture. To some extent, this issue can be addressed by
means of adding to the composites nano-sized forms of carbon such as nanotubes,
which reduces the required concentration of the polymer for the target conductivity and
mechanical strength level due to nano-scale mesh formation [6].

A more important contradiction comes out when hydrophilicity and chemical resistance
of the binder polymer should be combined. In some cases, fuel cells and metal air
batteries cathodes being the classic examples, it is prerequisite for the electrode to retain
hydrophobic properties throughout the lifecycle of the device in order to be able to
transport gaseous oxygen or air flow through the pores of the material. For such
applications, the intrinsically hydrophobic nature of PTFE, PVDF and many other
fluorinated polymers is beneficial and intensively used to this end [7, 8]. Albeit, for the
majority of other applications where porous electrodes are immersed in aqueous
electrolyte, hydrophilicity is required. Surprisingly, only one polymeric binder
massively available in the contemporary electrochemical practice is characterized by
both by impeccable chemical stability and low contact angles — Nafion ®.

Despite its high cost and poor resistance to heating, Nafion ® has been used for decades
as binder for classic porous carbon paste-based electrodes fabrication [9] and, more
recently, as stabilizer and adhesive component for cast deposition of nanoparticle-based
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inks on carbon-based surfaces [10, 11]. The popularity of the material is not deteriorated
even by the proven fact that it partially hinders the surface of many nanoparticles,
resulting in decreased catalytic activity of the composite compared to bare nanoparticles
suspension [12].

Yet another important limitation, extremely critical for Nafion ® and, to a lesser extent,
for other fluorinated and non-fluorinated binder polymers, is pour thermal stability. In
the Nafion ® case, the electric conductivity of the material is based on proton transfer in
hydrated polymer gel, so the operational temperature limit is set by water boiling point
at pressure of the cell, although thermal decomposition only starts above 280° C [13].
For PTFE case, the decomposition starts above 250° C. Only PVDF-based composites
are able to continuously withstand temperatures above 400 °C [15].

It can be concluded that no binder materials that would combine high electrical
conductivity, hydrophilicity, thermal and oxidative stability and good compatibility with
carbon-based materials and nanoparticles, have been previously reported, while only
one product (Nafion ®) combines all these properties with the exception of thermal
stability and with conductivity being based exclusively on ionic and not electronic
transfer.

This obvious gap in the spectrum of available binders critically limits the development
of fuel cells and other electrochemical devices with high (over 300 °C) operational
temperatures, believed to represent an important step forward towards higher power

densities in electrochemical power generation and carbon capture [16, 17].

The fundamental issue in the search of new polymer binders can be reflected as
following: high chemical and thermal endurance is traditionally achieved in polymer
technology by means of chain fluorination, while fluorinated polymers are naturally
hydrophobic [18]. Although hydrophilization of fluoro-polymers is possible, it is
achieved in difficult to obtain costly structures, combining fluorinated and sulfoacid
functionalities (Nafion ®) [19].

This problem can be solved by screening as potential binders other (non-fluorinated)
classes of oxidatively stable macromolecules with intrinsic hydrophilicity. Among non-
fluorinated structures, the combination of high thermal endurance with resistance
against oxidants is often found in aromatic structures with high heteroatoms content:
aromatic polyacids, polyamides, nitrogen-rich aromatic heterocycles [20]. Out of these
group of materials, three potential candidate materials have been identified: graphene
oxide, polyanilines and triazine-based polymers. They have been selected due to the
presence of an additional property of intrinsic conductivity or semiconductivity, greatly
desirable for an electrode binder. The benefits and drawbacks of these potential

candidates are commented below.



UNIVERSITAT ROVIRA I VIRGILI

SEMI-AMORPHOUS CARBON NITRIDE FILMS DERIVED FROM SOLUBLE POLYMERIC PRECURSORS:
TOWARDS MULTIFUNCTIONAL ELECTROCHEMICAL COATINGS WITH ENHANCED STABILITY

Oleg Dubov

1.3. Graphene oxide: high costs and limited overall hydrophilicity

Graphene oxide cannot be considered a polymeric material in the strict sense. However,
high molecular weight of graphene oxide particles, excellent film-forming capability
and high viscosity of its aqueous solutions due to intensive hydrogen bonding
interactions makes it comparable with some classic polymeric binders and promote
intensive scientific interest to implement it for obtaining various nanocomposites [21].
Graphene oxide is most typically obtained by means of oxidation of graphite with
strong oxidants such as potassium permanganate in massive excess over equivalent
quantity in hot highly acidic media [21]. Relatively high cost of permanganate and
dangers of manipulating its highly concentrated solutions at high temperatures stimulate
the search for milder and cheaper oxidants with nitric acid being intensively studied in
the recent years [22]. Another approach consists in finding oxidants that would not
require big equivalent excess over graphite to run the process, with ferrate recently
shown to drastically reduce oxidative chemicals consumption [23]. Howbeit, existing
industrial solutions for graphene oxide synthesis still require huge amounts of
aggressive and dangerous chemicals and long processing times, which results in highly

elevated costs of graphene oxide [24].

Another important limitation of graphene oxide as binder material is linked with the
mechanism of its thermal decomposition. During heating, graphene oxide films loose
oxygen and water and undergo transformation into graphene-based carbonaceous
material with irregular structure [25]. Due to low oxygen content in the final annealed
material, it completely loses the hydrophilic nature of the pristine graphene oxide,
resulting from the presence of carboxylic groups, and becomes hydrophobic [26].
Although this issue can be addressed by means of chemical reduction of graphene oxide
in thoroughly controlled conditions to achieve only partial loss of oxygen-containing
groups [27]; or by means of blending graphene oxide with nanoparticles with high water
affinity [28], these approaches cannot be expected to result in highly hydrophilic

coatings.

In addition, oxygen-containing carbonaceous materials when applied as cathodes in
electrochemical systems are well known to demonstrate tendency to reduce oxygen
following the 2-electrone pathway, with corresponding generation of peroxide and
hydroxyl radicals [29, 30]. Although in some application beneficial (for instance, for
decomposition of recalcitrant organic compounds [28], in many practical cases this

behavior results in quick electrode deterioration [30].

With all the discussed issues of graphene oxide as conductive electrode binder taken
into account, it can be concluded that, although being extensively studied to this end, it

does not fulfill all the prerequisite requirements for effective binder materials.
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1.4. Polyanilines: high conductivity with moderate stability

Polyanilines belong to the group of conductive polymers, materials with outstanding
and yet only partially discovered industrial potential, although they represent the eldest
example of conducting polymers. Polyanilines are highly conductive in their doped
form, demonstrate excellent affinity to water, can form composite materials and are
synthesized by means of simple methods and from widely available source materials
[31]. Although many other conducting polymers have been synthesized, in this topic
only polyanilines are discussed due to their improved (over other widely used

conductive polymers) oxidation stability and easiness of synthesis.

In the same time, non-solubility in all common solvents is an important drawback of
polyanilines. Coatings based on polyanilines are well-known, including composite
coatings incorporating nanoparticles, although are typically produced by means of
electrooxidation of aniline or its derivatives [32], chemical deposition involving rapid
chemicals mixing [33] or in the form of paints by using a complimentary binder [34].
According to the analyzed literature, no method for solution-based coating formation
based exclusively on conducting polymers without complimentary adhesive additives
has been elaborated.

The main impediment for the efficient use of polyanilines as electrochemical coatings
and binders for harsh conditions is related, however, to their insufficient chemical and
electrochemical stability in oxidizing media. Stejskal et al [35] have demonstrated that
immersion in the hydrogen peroxide mixture with sulfuric acid, a widely used strong
oxidant system, resulted in decomposition of 70% polymer mass. Electrochemical
anodic degradation of polyanilines has also been investigated by A. Malinauskas [36],

who showed a sharp increase in degradation rate process at anode potentials exceeding
09 V.

Although it seems very likely that conductive polymers with outstanding
electrochemical resistance can be synthesized based on substituted analogs of
polyaniline or other conductive polymers, it should be concluded that at the moment the
basic conductive polymers structures cannot be considered stable enough to be

implemented as stable coatings.

The insolubility of conducting polymers and corresponding difficulty of industrial-scale
coatings fabrication further aggravates the problem. Thus, polyanilines cannot be
viewed as viable candidates for application in electrode coatings in aggressive anodic
regimes.
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1.5. Triazines and carbon nitrides: an overlooked alternative?

Surprisingly, according to our knowledge, triazine-based polymers, an important class
of oxidatively stable polymeric structures, has never been studied as possible polymeric
binders, although they combine all the previously listed properties prerequisite for

prosperous electrode surface materials.

Stability to oxidation is a well-known characteristic of nitrogen-containing aromatic
heterocycles when compared with benzene ring and derives primarily from
delocalization of lone electron pairs of nitrogen, «pumping» the system with excessive
electron density [37]. Thus, triazine and heptazine moieties, aromatic structures

containing high amount of nitrogen, can be expected to possess high oxidation stability.

This is confirmed by multiple direct experiments for both monomeric and polymeric
structures. For instance, Dbira et al. [38] have shown that ring nitrogen atoms of triazine
system in nitrogen-based pesticides are not oxidized even in the harsh conditions of
photo-Fenton process. Gabriel da Silva et al [39] have demonstrated that in direct
oxidation initiated by hydroxyl radical, HO« addition at a carbon ring site proceeds with
the largest known barrier for addition to an unsaturated carbon (41 kjoule mol ™ !). In the
same work, easy abstraction of a hydrogen atom in s-triazine by HOe, (barrier of only

13.8 kjoule mol '), has been shown.

Thus, it can be expected that triazine-based structures without hydrogen substituents
(layered or crosslinked linear polymers) should demonstrate high stability to oxidation.

Polymeric systems, completely based on triazine- or heptazine moieties and
characterized by low hydrogen content are typically referred to as carbon nitrides. The
oxidational stability of carbon nitrides is well-known, the material is intensively used as
catalyst support in numerous oxidation reactions, including the processes with highest
oxidation potentials: Fenton and photo-Fenton oxidation reactions [40, 41, 42].

Furthermore, carbon nitride is highly hydrophilic due to polar C-N interactions [43] and
is effectively used as wettable support for various catalysts in aqueous systems. It
possesses semiconductor behavior with a moderate bandgap. Although pure conductive
carbon nitride has never been synthesized, phosphorus-doped material demonstrates
good conductivity [44].

Surprisingly, no publications describing the application of carbon nitride as
electrochemically stable coatings materials have been found in the literature. This topic
has been identified as a research gap and led to the basis of the present dissertation

work.
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1.6. Hypotheses

1. Carbon nitride or similar materials, defined as polymeric structures composed mainly
by carbon and nitrogen with acceptable presence of some hydrogen, oxygen or chlorine
impurities, can be obtained in the form of smooth or porous films with preferably
amorphous or semi-amorphous structure, similar to the structure of vitreous

carbonaceous materials.

2. Such films can be obtained by means of thermal decomposition of linear nitrogen-
rich polymeric precursors, based on triazine imide units as main constituent and,
optionally, containing other nitrogen-rich moieties without C-C bonds or with C-C
bonds, corresponding with thermally unstable leaving groups such as -COOH. The
precursors can contain halogen substituents, -OH groups or other good leaving groups
in one of the triazine ring position, permitting thermal crosslinking of the precursor by

means of elimination of these leaving groups.

3. Said linear nitrogen-rich precursors can be synthesized by means of condensation
reactions in a solvent and some of them, especially those containing halogens as leaving
groups, will be soluble at least in aprotic bipolar solvents in the form of salts with bulky
organic cations. In the form of salts with ammonium or alkaline metals, solubility in
water can be expected. In the same time, free forms of precursor polymers presumably
will sparingly dissolve due to strong hydrogen bonding interactions, typical for triazine
imides (explaining, for instance, insolubility of classic carbon nitride in all common

solvents).

4. Due to projected similarity in decomposition mechanisms, the decomposition
temperature of linear nitrogen-rich precursors will not exceed the synthesis temperature,
typical for classical carbon nitride synthesis (600-650 °C), thus allowing combination of

materials with various molecular and nano-sized catalytic precursors.

5. Mixing of precursor polymer solutions with transition metals salts will result in
formation in N-coordination products, transformed in the course of annealing into

carbon nitride-coordinated metal centers, suitable for catalytic applications.
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1.7. Objectives:

The main objective of the present thesis work was to develop a synthesis approach to
carbon nitride coatings based on the use of soluble polymeric precursors and to
characterize the coatings and precursors in order to create a basis for their

implementation in future research and industrial practice.

In particular, the objectives to investigate in details basic physical properties of the
coatings, important for their practical electrode applications, as well as basic
electrochemical properties with the special focus on conductivity and oxidative stability,

have been pursued.

One more objective of the proposed work was to investigate the behavior of a transition
metal salt (on the example of nickel nitrate) in the aqueous solution of the precursors
and demonstrate the catalytic activity of the metal in the annealed film and the oxidative

stability of the resulting composite on the example of oxygen evolution reaction.

An additional objective arose from the necessities encountered in the course of
electrochemical measurements. It was decided to create a simple potentiostatic
electrochemical measurement device based on operational amplifiers and a simple
Arduino microcontroller and demonstrate its ability to measure electrochemical
parameters in a three-electrode system, including capacitive porous electrode, with

practically required level of quality.
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Chapter 2

Synthesis of polymeric precursors, fabrication of flexible
carbon nitride films and their characterization as

electrochemically stable coatings

Uniform flexible carbon nitride coatings have been synthesized by means of
annealing of films, fabricated from soluble triazine-based polymeric precursors. The
coatings exhibit fascinating electrochemical stability and drastically increase the
capacitance of coated carbon cloth electrodes.

Following the analogue with turbostratic carbons, typically produced by means of
polymeric precursors pyrolysis, we demonstrate that annealing of dried nitrogen-rich
polymeric films results in coatings, composed by nearly equal atomic quantities of
carbon and nitrogen, according to elemental analysis, and exhibiting noticeable
mechanical robustness. X-ray diffraction patterns and infrared spectra of the materials
allow to characterize them as partially amorphous carbon nitride with presumably
heptazinic structure.

Annealed films exhibit extrinsic semiconducting behavior with optical bandgaps in
the range from 1.71 to 1.99 eV and fairly good conductivity. The outstanding long-term
electrochemical stability of annealed films makes them competitive with pyrolytic
carbon, while much lower annealing temperatures allow preparation of nanocomposites
with various particles. The precursor polymers were obtained by self-condensation of 2-
amino-4,6-dichloro-1,3,5-triazine and condensation of cyanuric chloride with 5-
aminotetrazole and 3-amino-1,2,4-triazole-5-carboxylic acid, respectively, in N,N-
dimethylacetamide. The polymers contain mainly C-N skeletal bonds and can therefore
be viewed as “extension” of typical carbon nitride precursors, like melamine or

dicyandiamide, to polymeric structure.
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2.1. Introduction

Nitrides of carbon represent a family of materials, which includes two layered
analogues of graphite with layers consisted of sheets of (poly(tri-s-heptazine imide) and
1,3,5-triazine imide, respectively, as well as different products of incomplete
condensation with pending amino groups [1] and, more recently, linear [2] and two-
dimensional [3] triazine imides.

Carbon nitrides have become a hotspot in the materials science in the recent years due
to a wealth of attractive properties that they possess. Both heptazine-based and 1,3,5-
triazine-based structures exhibit fascinating thermal endurance, superior stability against
oxidation and hydrolysis, biocompatibility and semiconducting properties with moderate
and easily tunable bandgaps, corresponding to excitation with near UV or even blue-
violet light, which makes them undoubtedly interesting for photoelectronics and
photocatalysis [4].

Bulk heptazine-based graphitic carbon nitride is typically synthesized by simply
pyrolyzing (even often without a need for inert atmosphere) of nitrogen-rich precursors -
most typically, melamine, dicyandiamide, urea or their mixtures [1]. However, in a great
number of implementations, including virtually all the electrochemical applications as
well as uses for electronics and photocatalysis, it is prerequisite to deposit the material on
a support, forming a film, or fabricate a composite material containing carbon nitride as
a binder for nanoparticles possessing structural and catalytic functionality.

Many film deposition techniques, e.g., growing a film from a precursor melt or molten
salt with a precursor [5, 6], vacuum sputtering [ 7], chemical vapor deposition (CVD) [8],
electrolysis of soluble precursors using the support as an anode [2], have been
successfully used and provided the production of smooth and well-ordered films.

Nonetheless, from the viewpoint of equipment simplicity, industrial feasibility and
process cost, solution or suspension-based approaches are always preferred. Suspensions
of carbon nitrides are well known. Following the analogue (albeit very imperfect from
the structural viewpoint) of graphitic carbon nitride with graphite, chemical or ultrasonic
exfoliation are typically used with the objection of obtaining a suspension of graphene-
like carbon nitrides nanosheets in a solvent. The suspension is subsequently deposited on
the chosen support by one of the standard liquid coating techniques (e.g., dropcasting,
spincoating, dipcoating, doctor blade, spraying and still others).

However, no industrially feasible technique for exfoliation of graphitic carbon nitride
have been proposed so far. Ultrasonic exfoliation in water and organic solvents typically
requires tens of hours of sonication. Furthermore, the concentrations of exfoliated

nanosheets are generally very low (in the order of few grams per liter) [9,10].
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Another possible approach to liquid coating techniques implies the use of soluble
precursors. Although melamine is well known to be very poorly soluble in all common
solvents, other popular precursors for carbon nitride, dicyandiamide and urea, can easily
be dissolved in both water and organic solvents.

Howbeit, according to our observations and quite expectably, the low molecular weight
of these compounds leads to their crystallization during solvent evaporation after the
composition is applied and, similarly as with coatings derived from nanoparticles, to
formation of carbon nitride particles weakly bound to the support instead of forming a
smooth film. Hence, an ideal hypothetical carbon nitride film precursor should be a
polymer or supramolecular complex that could form a gel upon evaporation of the
solvent.

Intriguingly, the approach to synthesis of carbon nitride materials, starting from
reactions of precursors in a solvent is well known, but these condensation reactions
typically result in formation of non-soluble, crosslinked products, which are further
crosslinked by annealing.

For instance, in the work by Ok-Hee Kim et al. [11], carbon nitride material has been
synthesized by the condensation of melamine and cyanuric chloride in N,N-
dimethylformamide; Xu et al. [5] used as precursor a supramolecular complex of cyanuric
chloride with 2,4-diamino-6-phenyl-1,3,5-tiazine (benzoguanamine). However, to the
best of our knowledge no solution-based approaches allowing obtaining mechanically
robust carbon nitride coatings have been proposed to date.

On the other hand, this approach does exist and is well developed for carbon-based
materials without a substantial nitrogen content. Partially ordered forms of carbon with
folded graphitic nano-ribbons, erroneously called «glassy carbon» or, more precisely,
pyrolytic carbon, are known from mid-1950s [31, 32]. These materials have emerged into
a golden standard in electrochemical measurements, being exceptionally stable in both
anodic and cathodic polarization regimes and showing no own catalytic activity.

Pyrolitic carbons are typically synthesized by pyrolysis of crosslinked polymeric
precursors, more often phenol-formaldehyde resins. By pyrolyzing crosslinked polymer
films deposited on carbon or ceramic substrates, pyrolytic carbon coatings can be
obtained.

Pyrolytic materials with some nitrogen content, obtained from polymers, are also well
known, although to our knowledge none of them has been reported to have fraction of
nitrogen even near to that of graphitic carbon nitride (57.1% at.) and their poor long-term
electrochemical stability has recently been reported and related with typically low
graphitic nitrogen content in these materials [12].

Although pyrolytic carbons are unique electrochemical materials due to their

electrochemical inertness and applicability to fabrication of electrodes with complex
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shapes [32], there are three inherent properties of these materials that complicate their use
in many practical fields. High elastic modulus and brittleness impede fabrication of thin
films and filaments, eminent hydrophobicity results in poor wetting of electrodes in
water-based systems, while high fabrication temperature leads to practical unfeasibility
of functional composites production that would involve pyrolysis of polymeric precursors
of glassy carbon with catalytically active complexes or nanoparticles.

According to our findings, all these issues can be simultaneously addressed by
incorporation of high amounts of nitrogen into pyrolytic carbon matrix.

In this work, the synthesis of three soluble polymers is reported. One of the polymers
is completely triazine-based and other two represent block polyimides of triazine with
nitrogen-rich heterocyclic amines. All the three obtained polymers have never been
described before. Moreover, the general family of linear imides composed by triazine
moiety and triazole or tetrazole seems to have never been characterized in the literature.

Linear imides of triazine, although previously described [2], have never been
synthesized with chloride as side-substituents, presumably important for the solubility of
the resulting polymer salt in organic solvents.

Pyrolysis of dried precursor polymer films results in the materials with high nitrogen
content, low density and exceptional stability to oxidation and reduction, while their XRD

and AFM patterns closely resemble pyrolytic carbons.

Fig.2.1. Hypothetic twisted monolayer of heptazine-based carbon nitride
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2.2. Materials and methods

All chemicals have been purchased from Sigma Aldrich and used without any
additional purification. Anhydrous 99.8% pure N,N-dimethylacetamide (DMAc) (Sigma
Aldrich), <0.005% water, has been used as a solvent in all polymer syntheses. 3.18 mm
thick, carbon cloth (CC) sheets and glassy carbon plates for electrodes fabrication have
been purchased from Alfa Aesar.

2-amino-4,6-dichloro-1,3,5-triazine was synthesized according to the published
procedure described by Baliani et al in the Supporting Information provided for their
publication [13]. Briefly, it was obtained by means of ammonolysis of cyanuric chloride
in acetone solution at 0 °C with 4 equivalents of aqueous ammonia. 5-aminotetrazole was
obtained by drying the corresponding monohydrate (purchased from Sigma Aldrich) in
air at 105 °C for 24 hours according to the procedure described in [15], followed by
keeping the product two weeks in vacuum desiccator over P2Os.

NMR spectra have been recorded using a VARIAN Mercury VX400 spectrometer.

SEC chromatography installation consisted of an Agilent 1260 Isocratic Pump, manual
sample injector Rheodyne Model 7125 with 20 mL loop, two PLgel 5 mm Mixed-D 30 x
7.5 mm linear columns (MW 200-400.000) 75970 and 97293 plates/m (1/2 ht)) with an
Agilent 1100 series refractive index detector.

JASCO 4700 spectrometer has been used for FTIR spectra recording. Infrared spectra
have been processed in free SpectraGryph software.

Thermogravimetric analysis has been carried out with SETARAM SENSYS EVO 3D
Tech. For analysis, sample (of around 10 mg) was placed in platinum pan and heated at a
constant rate of 4 °C/min.

Elemental analysis of the samples was performed using Perkin Elmer EA2400 serie 11
elemental analyzer after sample incineration at 930 °C.

UV-Vis diffuse reflectance spectroscopy measurements were carried out using a
Shimadzu UV-3600 equipment with BaSO4-coated integration sphere.

JEOL model 1011 and Thermo Fisher SCIOS 2 with field emitter have been used for
transmission and scanning electronic microscopy/EDX, respectively.

STM scanning has been performed on Pico SPM II (Pico+) system.

XRD (X-ray diffraction) measurements were made using a Siemens D5000
diffractometer (Bragg-Brentano parafocusing geometry and vertical 0-0 goniometer)
fitted with a curved graphite diffracted-beam monochromator, incident and diffracted
beam Soller slits, a 0.06° receiving slit and scintillation counter as a detector.

Contact angles have been measured by the static sessile drop method using Kyowa
Interface Science DM211 goniometer for films.

Autolab PGSTAT204 with FRA32M has been used for all electrochemical

experiments. Free EIS Spectrum Analyzer software has been used for profile fitting.
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2.3. Polymer precursors synthesis and characterization

Three nitrogen-rich triazine-based polymers have been synthesized by self-
condensation and condensation reactions, respectively. N,N-dimethylacetamide (DMAc)
has been used as a solvent and N,N-diisopropylethylamine (DIPEA) as a non-nucleophilic
base in all cases. Sodium and potassium carbonates were also tested and found to be
effective acid scavengers for these syntheses, although their utilization derives in
prominent increase of reaction suspension viscosity. This high viscosity issue, however,
presumably would not be critical for industrial-scale process in a reactor, equipped with
a powerful mechanical mixer. Synthesis in the presence of alkali metals carbonates can
be an important improvement towards obtaining precursor polymers in their pure imide
(acidic) form without the aliphatic organic base (e.g. DIPEA) impurity, important for
future development of carbon nitride films with further elevated content of nitrogen.

The first polymer, [azanediyl (2-chloro-1,3,5-triazine-4,6-diyl)], further abbreviated as
poly(CY A-CI-NH), have been synthesized by self-condensation of 2-amino-4,6-dichloro-
1,3,5-triazine.

poly(CYA-CI-NH)

Cl B Cl

/K H, )\ DIPEA )\
PO F PP P

L DIPEA-H* Jn

7

poly(CYA-CI-AMTAZ)
C

)\N \N DIPEA )\
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NH,
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Fig. 2.2. Reaction schemes for the syntheses of precursors
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Two other polymers, poly[(2-chloro-1,3,5-triazine-4,6-diyl (5-iminotetrazol-2-yl)],
further abbreviated as poly(CYA-CI-AMTAZ), and poly [(2-chloro- 1,3,5-triazine-4,6-
diyl  (5-carboxy-3-iminotriazol-1-yl)], further abbreviated as poly(CYA-CI-
AMCARTRIA), were synthesized by condensation of 5-aminotetrazole and 3-amino-
1,2,4-triazole-5-carboxylic acid, respectively, with cyanuric chloride.

In all cases, formation of linear polymers with substitution of two of three chlorine
groups, present in cyanuric chloride, was expected. For the poly(CY A-CI-NH) case, this
pathway was guaranteed by the presence of two chlorine substituents per each amino
group. It two other cases, the 1/1 equivalent ratio between cyanuric chloride (containing
three active chlorine groups) and aminotriazole or aminotetrazole, respectively,
containing one reactive imine group in the ring and one amino functionality, also provided
3/2 ratio between chlorine and imino/amino groups.

For the poly(CYA-CI-NH), no isomeric structure within the linear polymer case are
possible. For two other polymers, atactic configurations have been expected due to
stochastic nature of the polycondensation reaction.

The amount of DIPEA for all polymer syntheses has been chosen so that the base would
consume all the HCI, liberated in the course of synthesis, as well as form salts with acidic
imide groups (for poly(CYA-CI-NH) and poly(CYA-CI-AMTAZ) and imide + carboxyl
groups (for poly(CYA-CI-AMCARTRIA), with no free base remaining.

All the three polymers were originally obtained in the form of 5% wt. solutions of
polymeric salts with DIPEA in DMAc, containing also DIPEA-HCI. At higher
concentrations, the precipitation of DIPEA*HCI salt from cold solutions takes place.

The syntheses have been operated in accordance with the following protocols:

Synthesis of poly [azanediyl (2-chloro-1,3,5-triazine-4,6-diyl)], further
abbreviated as poly(CYA-CI-NH)

8 mmol (1.32 g) of 2-amino-4,6-dichloro-1,3,5-triazine and 24 mmol (3.10 g) of N,N-
diisopropiaylethylamine (DIPEA) were dissolved in 10.3 g of DMAc. The vial was
purged with Ar and sealed. The solution was refluxed at room temperature for 20 min,
then heated to 110 °C and left under reflux at this temperature for 72 hours.

No obvious signs of the reaction were mentioned except for slow color change from
slightly yellow to brown. Although no systematic study on the optimal reaction conditions
have been undertaken, it was mentioned that the samples obtained at lower temperatures
and/or with shorter reaction times, upon addition of the DMA solution to acidified water,
demonstrated formation of fine colloidal suspensions with poor filterability, probably

indicating low molecular weight of condensation products.
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Synthesis of poly [(2-chloro-1,3,5-triazine-4,6-diyl (5-iminotetrazol-2-yl)|, further
abbreviated as poly(CYA-CI-AMTAZ)

8 mmol (0.68 g) of S5-aminotetrazole and 24 mmol (3.10 g) of N,N-
diisopropylethylamine (DIPEA) were dissolved in 20 g of DMAc. The solution was
cooled down to -5 °C. In continuous Ar flow, a solution of 8 mmol of cyanuric chloride
(1.48 g) in 6.18 g DMAc was added to the mixture dropwise under cooling in ice + NaCl
bath and intensive stirring so that the temperature would not have exceeded 0 °C. After
finishing the addition, the solution was refluxed with gradual heating to room temperature
during 20 min, then sealed, heated to 70 °C and left under reflux at this temperature for
24 hours.

Intensive production of heat and color change to fluorescent-yellow take place
immediately after addition of the first portions of cyanuric chloride, indicating that the
formation of conjugated condensation products starts instantly even at low temperatures.
It is of critical importance to maintain the temperature below 0 °C during all the process
of cyanuric chloride addition. At higher temperatures, an insoluble product is formed,
probably as a result of cross-linking due to known noticeable reactivity of the last chlorine

atom in cyanuric chloride at elevated temperatures [11].

Synthesis of poly [(2-chloro-1,3,5-triazine-4,6-diyl (5-carboxy-3-iminotetriazol-1-
yl)], further abbreviated as poly(CYA-CI-AMCARTRIA)

8 mmol (1.02 g) of 3-amino-1,2,4-triazole-5-carboxylic acid was suspended in 20 g of
DMACc and 40 mmol (5.20 g) of N,N-diisopropylethylamine (DIPEA) were added to the
suspension. In continuous Ar flow, a solution of 8 mmol of cyanuric chloride (1.48 g) in
10.62 g DMAc was added to the mixture dropwise at room temperature. In contrast with
the CYA-CI-AMTAZ synthesis, no color change nor heat production have been
mentioned during the monomers mixing stage of the reaction towards CYA-CI-
AMCARTRIA, indicating much lower reactivity. For this reason, no cooling of the
reaction mixture has been used. After finishing the addition, the solution was sealed,
heated to 110 °C and left under reflux at this temperature for 72 hours.

Reaction solution samples obtained at lower temperatures and/or with shorter reaction
time, demonstrated formation of colloidal suspensions upon pouring into acidified water
and were probably represented by low molecular weight products.

All three polymers, synthesized according to correct protocols, demonstrate formation
of flake-like suspension upon pouring their solutions to the excess of 5% HCI solution.
These suspensions can be vacuum-filtered on 0.45 pm cellulose filter within several hours
or centrifuged at 5000 RPM within 10 min.
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NMR characterization of as-synthesized polymer solutions was performed with 'H
spectra of as-synthesized solutions (i.e., in non-deuterated DMAc). Although all polymers
can easily be separated by sedimentation in acidified water followed by filtration, the
resulting powders after drying demonstrate negligible solubility in DMAc and DMSO
even in the presence of DIPEA or triethylamine, thus not allowing to prepare solutions in
a deuterated (e.g., for instance DMSO-d6/triethylamine-d15) system.

However, the main objectives of the NMR characterization were to identify the
remaining peaks of the reactants/oligomeric products and to measure the concentrations
of DIPEA forms in order to characterize the acidity of the polymers. For these purposes,
the use of non-deuterated solvents almost did not complicate the analysis.

With the objection to test the hypothesis that partial evaporation of DIPEA in the
reaction course could take place, NMR of samples with added carefully metered amount
of trifluoroacetic acid was recorded. The results for all polymers clearly demonstrate
that DIPEA evaporation during the reaction course was negligible as acid consumption
correctly fits the expected DIPEA content.

In order to clearly identify the ratio between free DIPEA and its salts, direct titration
with 0.1 N HCI of samples of all three reaction mixtures after pouring 1g of reaction
mixture to 100 ml of deionized water was accomplished. For poly(CYA-CI-NH), the pH
of 10.7 in the resulting solution was measured and pH-metric titration down to pH 6.0
demonstrated the presence of 38.3% of the added DIPEA in the free form, in good
agreement with the NMR data. For poly(CYA-CI-AMTAZ), the pH of the resulting
mixture was 8.1, while the titration demonstrated nearly complete presence of DIPEA in
the ionized form. A similar result was obtained for poly(CYA-CI-AMCARTRIA) with
pH equal to 8.6 and 1.8 percent of free DIPEA as given by the titration.

Although the results of titrations cannot be considered precise due to unknown acidity
constants and correspondingly unclear equilibrium pH values for solutions with fully
ionized DIPEA, the results are in good agreement with data, obtained from the NMR
spectra.

The concentration of DIPEA*H" for poly(CYA-CI-NH) solution according to NMR
equals to 60% of the total DIPEA content. Taking into account that absorption of HCI,
released during the polycondensation, would bind 66.6% of the total DIPEA, the
observed value indicates the low acidity of the polymer, mostly existing in the solution
in its free form coexisting with free DIPEA.

The presence of impurity peak at 9.05 ppm in the 'H spectrum probably allows to
characterize the condensation process as incomplete/leading to low molecular weight

polymer.
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Fig. 2.4. 'H NMR of poly(CYA-CI-NH) 5% (as synthesized) + CF;COOH (1.02 mmol/g),

corresponds to 4x molar excess over non-reacted DIPEA in the solution.

In the poly(CYA-CI-AMTAZ) case, the intensity of DIPEA*H" peak ideally fits the
expected total DIPEA concentration — i.e. the polymer exists as DIPEA salt with all the
DIPEA being ionized. Upon addition of CF3COOH, the intensity of DIPEA*H" peak
remains unchanged while all the added acid shows up as free solvated protons, further
proving the absence of free DIPEA.
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Fig.2.7."H NMR of pob/(CYA-CI-AMCARTRIA) 5% (as synthesized, contains DIPEA and DIPEA*H").

The wide signal around 11.2 ppm presumably comes from the exchange between
DIPEA*H" and polymer COOH protons.
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Fig. 2.8. 'H NMR of poly(CYA-CI-AMCARTRIA) 5% (as synthesized )+ CF;COOH

(1.02 mmol/g), corresponds to 4x molar excess over non-reacted DIPEA in the solution.

CF;COOH consumption corresponds with the hypothesis of low acidity of the
polymer. Surprisingly, even in the acidified solution, the DIPEA*H" peak shows up as a
diffused wide signal.
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Solvent exclusion chromatography (SEC, GPC) of the polymers was carried out for
as-synthesized solutions, diluted by N,N-dimethylformamide (DMF) with LiBr.

The lithium bromide addition was used in order to weaken the H-bonding interactions
between imide polymer chains and reduce possible agglomeration and globulation of
polymers.

It is important to emphasize that SEC experiments conducted in this study were
undoubtedly affected by two inevitable issues: the standard used for calibration (PMMA)
was very different from examined polymers in chain mechanics and polarity; the samples
were injected “as synthesized”, which resulted in impurities peaks way more intensive
than polymer peaks.

For this reason, the results of SEC experiments were used exclusively to differentiate
between polymeric and oligomeric condensation products and not to characterize the
exact values of molecular weights. SEC of the polymers has been carried out with the

following recording conditions:

Solvent: DMF, (0.1% w. LiBr), polymethylmethacrylate (PMMA) as calibration
standard, toluene as flow rate marker (FRM). Sample preparation: DMF solution (HPLC
grade) approx. 100 mkL of synthesis solution in 2.0 mL of DMF. Prepared samples have
been filtered through 0.22 um syringe filter.

The polymer solutions have been diluted by DMF “as synthesized”, i.e., the final
solutions used for SEC characterization contained DMAc, DIPEA and its hydrochloride.
Although the use of “as synthesized” polymers typically is not recommended for GPC
characterization due to intensive peaks of impurities often shading the signals of
polymeric components, we found that for our system the signals of polymers were well

distinguishable on the chromatograms.

The following abbreviations are used in the molecular weight tables:

Mn = number average molecular weight;
Mw = weight average molecular weight;
Mp = peak maximum molecular weight;
D =refractive index.

An intensive peak at around 23.5 minutes as well as two other peaks at 18.0 and 18.8
minutes appear in all chromatography runs even when DMAc/DIPEA/DIPEA*HCI
model solution (without a polymer) is injected, so these three peaks have been assigned
to solvent and system peaks. Two peaks with high molecular weight appear around 15.5

and 16.7 minutes. Their molecular weight data are provided in the Table 2.1.
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Fig. 2.9. Poly( CYA-CI-NH) chromatogram general view

Table 2.1. Poly( CYA-CI-NH) molecular weight data

Polymer

Mn (Da)

Mw (Da)

Mp (Da)

poly(CYA-CI-NH)
(two GPC peaks)

1. 14460

2. 5840

1. 15600

2.6130

1. 14500

2.6120

1.1.079

2.1.048
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Fig. 2.10. Poly( CYA-CI-AMTAZ) chromatogram general view
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Fig. 2.11. Poly( CYA-CI-AMTAZ) chromatogram scaled to show polymer peaks

Fig. 2.10 and Fig. 2.11 represent the general view and the scaled product peak signal for
poly(CYA-CI-AMTAZ). Intensive peaks after 17.5 min retention are system and solvent
peaks, while the polymer appears as weak signal at around 17 min. The molecular weight

data for the peaks is provided in the Table 2.2.

Table 2.2. Poly( CYA-CI-AMTAZ) molecular weight data.

Polymer Mn (Da) Mw (Da) Mp (Da) b
poly(CYA-CI-AMTAZ) 1+2. 78697 1+2. 91041 é 23;22 1.157
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Fig. 2.12. Poly(CYA-CI-AMCARTRIA) chromatogram.

Fig. 2.12 represents the chromatogram obtained for poly(CYA-CI-AMCARTRIA)

sample. Data are provided in the Table 2.3.

Table 2.3. Poly( CYA-CI-AMCARTRIA) molecular weight data.

Polymer Mn (Da) Mw (Da) Mp (Da) b
oly(CYA-CI-

poly( 552 566 592 1.025

AMCARTRIA)

Table 2.4 summarizes the results with molecular masses, corresponding with all peaks

believed to be linked with products. Indexes in bold go along with numbers of peaks,

provided in the SI.

Table 2.4. Molecular masses, determined by SEC

Polymer Mn (Da) | Mw (Da) | Mp (Da) b
poly(CYA-CI-NH) 1. 14460 | 1. 15600 1. 14500 | 1.1.079
(two peaks) 2.5840 2. 6130 2.6120 | 2.1.048
poly(CYA-CI-AMTAZ) 1+2. 1+2. 1. 84706 1+2.
(two nearly merging peaks) 78697 91041 2. 64875 1.157
poly(CYA-CI-AMCARTRIA) 552 566 592 1.025
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2.4. Preparation of polymer precursor coatings from DMAc solutions

and FTIR characterization of their annealing at different temperatures

Application of as-synthesized solutions of all three polymers on any thermally stable
support (glassy carbon, carbon cloth, Al,O3 ceramics plate or Ti foil have been used in our
experiments) with subsequent drying at 110 °C for 24 hours allows evaporating the solvent
as well as DIPEA and its hydrochloride (ascertained by drastically reduced intensity of
sharp peaks with maximums at 2920 and 2960 cm™ ! in FTIR spectrum, corresponding with
the absorption of DMAc and DIPEA species, as discussed below in this chapter) and
obtaining smooth, well-adhered films. In order to examine the process of thermal
transformation of the precursors, the films applied on glassy carbon plates were subjected
to pyrolysis in Ar atmosphere. The temperature range that is practically used for pyrolytic
synthesis of carbon nitride materials is well established and relatively narrow, according to
all the cited literature sources [1, 3, 4, 5, 6, 8, 10, 11, 19, 21]. When using melamine or
dicyandiamide as starting materials, condensation to melem (2,5,8-triamino-heptazine) and
similar oligomeric intermediates is typically believed to start at about 350 °C [1, 18].
Temperatures above 700 °C are commonly reported to cause decomposition of most carbon
nitride materials. In our experiments, in agreement with the latter, pyrolysis at temperatures
exceeding 650 °C always resulted in disappearance of coating.

In all experimental runs, the standard pyrolysis procedure started from annealing the
sample at 200 °C for 1 hour, followed by ramping the temperature at 1 °C per minute to
the desired temperature — 300, 350, 400, 450, 500 or 550 °C. Non-annealed films spectra
were recorded after standard drying (110 °C for 24 hours in air). The spectra recorded for
all three precursor polymers as well as for the annealed materials derived therefrom show
peculiar similarity in the position of peaks, albeit the intensity of absorption steadily
decreases with increase of pyrolysis temperature.
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/ ' ]

— .¥
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j \f — poly(CYA-CI-NH) 300
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Fig. 2.13. Infrared spectra of poly(CYA-CI-NH) films on vitreous carbon support,

annealed at different temperatures
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Fig. 2.14. Infrared spectra of poly( CYA-CI-AMTAZ) films on vitreous carbon support,
annealed at different temperatures
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Fig. 2.15. Infrared spectra of poly(CYA-CI-AMCARTRIA) films on vitreous carbon

support, annealed at different temperatures

As can be seen from the spectra provided (Fig. 2.13 —2.15), all the precursor polymers
as well as films obtained by their annealing, show wide high-intensity band composed by
overlapping peaks in between 1450—1800 cm !, diffuse absorption region placed
between 2600 and 3700 cm ! and sharp peak around 816 cm™!. Two small sharp peaks at
2920 and 2960 cm!, disappearing after annealing at 400 °C or above, were assigned to
the remaining DMAc and DIPEA species, respectively, decomposing at high
temperatures.

The DMAc and DIPEA salt characteristic peaks were acquired by preliminary
recording the corresponding spectra of pure DMAc and DIPEA*HCI samples. These

4000
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absorption maximums with much higher intensities appear in the spectra of films, dried

at lower temperatures or lesser time.

2.5. Thermogravimetric characterization of polymers annealing

For the purpose of TGA characterization, DMAc as-synthesized solutions of all three
precursor polymers were placed in Petri dishes with liquid layer thickness of about 1 mm
and dried in air at 110 °C for 20 days in order to provide a maximum possible efficiency
of DMAc and DIPEA species removal. It was previously found out in our experiments
that DMAc/DIPEA/DIPEA-HCI solution with the ratio of components similar to that
found in as-synthesized polymer solutions, completely evaporates at this temperature and
in the same layer within 12 hours.

Taking into account previously mentioned disappearance of all polymeric films at
annealing temperatures exceeding 650 °C, we have recorded TGA in the temperature
range from 70 °C to 700 °C (Fig. 2.16).

100 1
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50 -
40 -
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= —— poly(CYA-CI-NH)
poly(CYA-CI-AMTAZ)

. —— poly(CYA-CI-AMCARTRIA)

Sample mass, % of the initial

50 150 250 350 450 550 650
Temperature, °C

Fig. 2.16. TGA curves for the three precursor polymers

For all curves, at temperatures below 160 °C, only minor depletion of mass has been
observed, presumably linked to evaporation of traces of DMAc and DIPEA/DIPEA-HCI.

Albeit additional research is needed to explore the pathway of decomposition, it can be
assumed that the pattern of mass loss in the interval from 180 to 260 °C, nearly identical
for all the three materials, is related to the decomposition of the polymer-bound DIPEA,
i.e. DIPEA serving as counter-cation for the polymer and hence not sublimed in the
DIPEA-HCI form during preliminary drying.



UNIVERSITAT ROVIRA I VIRGILI
SEMI-AMORPHOUS CARBON NITRIDE FILMS DERIVED FROM SOLUBLE POLYMERIC PRECURSORS:
TOWARDS MULTIFUNCTIONAL ELECTROCHEMICAL COATINGS WITH ENHANCED STABILITY

Oleg Dubov

At higher temperatures, the actual transformation of polymer chains supposedly starts.
Increased mass loss dynamics demonstrated by poly(CYA-CI-AMCARTRIA) above 300
°C can be related to decarboxylation of the precursor.

Although it would have been logical to expect the poly(CYA-CI-AMTAZ) precursor
to exhibit comparatively quicker decomposition or/and lower onset temperature due to
presence of unstable tetrazole ring, its actual mass loss curve have not demonstrated any
significant differences from other polymers. It goes in line with the observation already
made in the FTIR spectra analysis, supporting the assumption that tetrazole cycle stability
in triazineimide-linked polymers is fairly high in comparison with monomeric tetrazole
compounds.

All preliminary transformations terminate above 400 °C for all the three polymers, with
subsequent process likely corresponding to steady decomposition of already formed
carbon nitride product, which goes in line with minor FTIR spectra changes above this
point. This process accelerates above 600 °C, resulting in complete disappearance of all

materials in the temperature range from 640 to 690 °C.

2.6. Elemental analysis

Elemental analysis was performed on samples, prepared according to the same
procedure as used for TGA. The results for mass % contents of C, N and H are provided
in the Table 2.5.

Table 2.5. Elemental analysis results for the synthesized polymers

Precursor polymer C N H Others Formula
wt%) wt%) (wt%) wWt%)
poly(CYA-CI-NH) 51.40 47.31 0.71 0.58 CNooHo.17
poly(CYA-CI- AMTAZ) 48.35 49.26 0.48 1.91 CNo.s7Ho 12
poly(CYA-CI-AMCARTRIA) | 54 2> 42.12 2.08 1.58 CNo.s7Ho.46

It was expected that the remaining mass of samples to be represented mainly by chlorine and
oxygen. Although the elemental analysis procedure did not allow us to determine these
elements, we attempted to estimate their content using FSEM-integrated EDX spectrometry.
EDX spectrometry can only be viewed as a rough semi-quantitative technique for light
elements such as C, N and O, while typically providing more reliable results for CI. Although
the figures were fluctuating boldly between samples, for all the measured instances of films the
atomic % contents of carbon and nitrogen, calculated in the assumption of zero hydrogen
content due to inability of EDX to detect hydrogen, were in ranges 45-52 at% and 31-45 at%,

respectively, thus being well in agreement with elemental analysis data. For chlorine (also in



UNIVERSITAT ROVIRA I VIRGILI

SEMI-AMORPHOUS CARBON NITRIDE FILMS DERIVED FROM SOLUBLE POLYMERIC PRECURSORS:
TOWARDS MULTIFUNCTIONAL ELECTROCHEMICAL COATINGS WITH ENHANCED STABILITY

Oleg Dubov

the assumption of zero hydrogen content) the values were measured to be in the range 0.2-0.4
at% for poly(CYA-CI-NH) samples and 0.5-0.9 at% for poly(CYA-CI-AMTAZ) and
poly(CYA-CI-AMCARTRIA). Oxygen content for all the samples fluctuated in the 0.3-0.6
at% range regardless the precursor, but increasing noticeably for samples kept in air before
measurement.

Thus, it can be concluded that values, obtained in the course of EDX measurements, although
lack accuracy, allow stating that all the remaining mass of the samples can be explained by
presence of relatively small amounts of chlorine and oxygen. The oxygen (and hence hydrogen)
contents are at least partially related to the presence of absorbed water, so measurement
procedure with complete moisture protection is to be implemented for precise determination of
oxygen and hydrogen. Higher apparent content of hydrogen in poly(CYA-CI-AMCARTRIA)-
derived films is probably related to increased water absorption rate of this film.

2.7. UV-Visible diffuse reflectance spectroscopy and optical bandgap

determination

Films, annealed in Ar atmosphere, derived from all three precursors on Ti foil support
without secondary treatment were taken for characterization. The represented spectra are
baseline-corrected, BaSO4-coated white standard plug used for recording the baseline.
Pure Ti foil DRS has been determined and have shown more efficient reflection than the

standard BaSO4 plug which resulted in values exceeding 100% for Ti reflection.
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Fig. 2.17. UV-VIS DRS for annealed coatings on Ti support
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As can be observed in the Fig. 2.17, all polymers demonstrate very similar UV
reflection behavior. Optical bandgaps for three polymer-derived materials were
determined by outlining the corresponding Tauc plots.
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Fig 2.18. Tauc plot, used for optical bandgap calculations, and the corresponding values

The optical bandgaps were calculated to be 1.88, 1.99 and 1.71 eV for poly(CYA-CI-
NH), poly(CYA-CI-AMTAZ) and poly(CYA- CI-AMCARTRIA), respectively. These
values are way below the bandgap of graphitic and polymeric carbon nitride, typically
reported to be 2.8-2.9 eV [4,5], and correspond with visible light excitation (623 to 725
nm). Hence, all the materials can be regarded as low-bandgap semiconductors.

We suppose that the reduced bandgap values are related to carbon doping of the films.
It can easily be noted that the bandgap correlates with the content of nitrogen in the
annealed sample, with poly(CYA-CI-AMTAZ)-based sample 49.26% N wt.
demonstrating the highest bandgap (1.99 eV), followed by samples based on poly(CYA-
CI-NH) with 47.31 % N wt. and 1.88 eV and, finally, on poly(CYA-CI-AMCARTRIA)
containing 42.12% N wt% and showing the lowest bandgap of 1.71 eV. For such a low
bandgap range, noticeable dark conductivity can be expected.

2.8. SEM, TEM and STM characterization

SEM of all annealed films demonstrate non-informative, extremely smooth surfaces.

For this reason, SEM images are not provided.
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TEM of films, mechanically scratched out of Ti support, reveals their hazy structure
with small nebulous clumps. No obvious distinction between films, derived from different

precursors, has been mentioned.

|[400kX & T o |500kX

Fig. 2.19. Poly(CYA-CI-AMTAZ)-based films, annealed at 550 °C, TEM at 400 kX and
500 kX magnifications (kX stands for thousand times).

High-resolution STM microscopy (Fig. 2.20), carried out in non-contact mode in
ambient conditions, supports the conviction that surface of all the films is smooth down
to the level of hundreds nanometers. At higher magnification the FM mode scans show
wave-like protrusions on the surface sized in the range of dozens of nanometers and small
(2-5 nm) ripple, which can be related to chaotically packed protuberances of melon-like
nanoribbons. STM images of glassy carbons, existing in the literature [24, 25], support
this point of view, demonstrating similar granular, fiber-like or groove-like

nanostructures on their surface, although typically of marginally larger size.

Fig. 2.20. High resolution STM images of poly(CYA-CI-AMTAZ) film on Ti substrate,
annealed at 550 °C
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2.9. XRD of annealed films and glassy carbon powder reference

As it was previously shown in TGA experiments, drying and subsequent pyrolysis of
polymeric precursors in thick layers (more than 200 pm after solvent drying) implies
incomplete evaporation of DMAc and DIPEA species, typically leading to altered
structure and mechanical properties.

For this reason, samples for XRD characterization were prepared by means of spreading
as-synthesized solutions of polymers on 100 um Ti foil with subsequent drying for 24
hours at 110 °C and annealing in Ar with starting temperature of 200 °C, final temperature
of 550 °C and 1 °C/min ramp. The resulting coating thickness was in the range from 30
to 55 pm according to microscopic measurement. The annealed foils with carbon nitride
coatings were then dissolved in 5% hydrofluoric acid at room temperature, the exfoliated
carbon nitride flakes washed with deionized water to neutral pH and dried on paper filter
at 110 °C in air for 24 hours. They were grinded before XRD characterization, although
due to extreme mechanical resilience of films, the shape of the resulting particles
remained lamellar with 10-15 pm average diameter. Glassy carbon powder (grinded from
glassy carbon rod, Alfa Aesar) was used as reference material with confirmed turbostratic
structure.

The references, cited in this chapter (2.8) and related to XRD characterization, are
provided separately at the end of the chapter.

2.9.1. Measurement conditions

The angular 260 diffraction range was between 5 and 70°. The data were collected with an
angular step of 0.05° at 3 s per step and sample rotation. A low background Si(510) wafer
was used as sample holder. Cuk o radiation was obtained from a copper X-ray tube
operated at 40 kV and 30 mA.

2.9.2. Profile fitting

Profile fitting was performed with the TOPAS v6 software (Bruker AXS GmbH, 2017)
(Coelho, 2018). The background was fitted with a 2nd order Chebyschev polynomial.
The instrumental contribution to the diffraction profile was calculated with the
Fundamental Parameters Approach (Cheary, Coelho, & Cline, 2004). The peak width of
each phase was modelled with the Double-Voigt Approach (Balzar, 1999) by considering
only the Lorentzian contribution of the crystallite size effect and discarding any
contribution of the microstrain to the peak width. The averaged integral breadth was
obtained from the resulting fitted Voigt function to the whole diffractogram. The Scherrer

equation (Stokes & Wilson, 1942) was then applied to obtain the apparent crystallite size.
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2.9.3. Measurements results and their interpretation
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Fig. 2.21. XRD spectra of HF-detached films, annealed at 550 °C
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Fig. 2.22. XRD spectra of glassy carbon powder

The X-ray diffraction patterns of all the three annealed films, given in the Fig. 2.21,
demonstrate evident similarity, with one diffuse peak centered at 27.05° and well-
corresponding with characteristic (002) plane reflection of theoretically considered fully
polymerized hexagonal carbon nitride, typically ascribed as arising from interlayer
reflection. The absence of other relatively weak reflections, described for graphitic carbon
nitride, e.g., from planes (100), (600) or (004) [20], has been related to flat shape of



UNIVERSITAT ROVIRA I VIRGILI
SEMI-AMORPHOUS CARBON NITRIDE FILMS DERIVED FROM SOLUBLE POLYMERIC PRECURSORS:
TOWARDS MULTIFUNCTIONAL ELECTROCHEMICAL COATINGS WITH ENHANCED STABILITY

Oleg Dubov

particles that resulted in anisotropicity of the sample.The glassy carbon powder
diffraction pattern, provided in the Fig. 2.22, corresponds well with previously reported
results. The main peak at 23.87° and lower intensity maximum at 44.14° are typically
found in similar positions in glassy carbon difractograms and are usually ascribed as (002)

and (100) indices of graphite lattice, respectively [26].

The main (002) reflections have similar shapes in both polymer-derived carbon nitride
and glassy carbon samples and are cardinally widened when compared to corresponding
reflexes of graphitic carbon nitride [27] and graphite powder, respectively. In the glassy
carbon case, this widening is explained by most authors in terms of semi-cristalline or so
called turbostratic structure of the latter: the material arrangement can be represented as
ribbons or globules of ordered graphene-based phase immersed in amorphous carbon
matrix.

If the same model is applicable to our novel polymer-derived carbon nitrides, the
average size of ordered units in their structure can be calculated by fitting Voigt function
and finally using Scherrer equation to obtain the sizes of crystallites (calculation details
in the SI). From this approach, the following values of apparent crystallite sizes were
obtained: 1.89 nm for poly(CYA-CI-NH)-derived film, 1.44 nm for poly(CYA- Cl-
AMTAZ)-derived film, 1.47 nm for poly(CYA-CI-AMCARTRIA)-derived films, 0.89
nm for reference glassy carbon powder. Hence, although more precise experiments are
required in order to elucidate the explicit structure of newly synthesized polymer-derived
carbon nitride films, their X-ray diffraction patterns allow identifying them as semi-
amorphous materials with crystallite sites of the same order of magnitude as in glassy

carbons.

2.10. Contact angle measurements

Water wettability of coatings is of immense importance for all applications where films
are brought in contact with water-based liquid. Contact angles have been measured by the
static sessile drop method for films on Ti foil support, annealed in standard regime with

550 °C final temperature in Ar and air atmosphere.

Table 2.6. Measured contact angles

Precursor polymer Annealed in Ar, degrees | Annealed in air, degrees
Poly(CYA-CI-NH) 76 31
poly(CYA-CI-AMTAZ) 48 <20

poly(CYA-CI-AMCARTRIA) 51 <20
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Table 2.6 shows that air-annealed samples demonstrated much lower contact angles,
presumably due to oxidative elimination of surface pollution by trace hydrophobic
contaminants. In all measurement where contact angles below 20 degrees were recorded,
drops have been slowly spreading on the film during the procedure, so the exact value

has not been determined.

2.11. Characterization of electrochemical properties of annealed films

UV-VIS DRS measurements concede to characterize all films, annealed at 550 °C, as
low bandgap semiconductors (1.71-1.99eV). The massive difference between these
observed values with the bandgap value reported for graphitic carbon nitride, allows
considering the newly synthesized coatings to be extrinsic semiconductors with bandgap
reduced presumably by carbon doping.

In order to investigate electrochemical parameters of films in a way reflecting their
potential practical application, all three solutions of precursor polymers were applied on
carbon cloth (CC) electrodes, produced from Alfa Aesar 3.18 mm thick carbon cloth
sheets. 3.18x3.18x50 mm electrodes were cut out of the cloth and half-dipped in a vial
with as-synthesized solution of precursor polymers. The vial with electrode vas sonicated
for 1-2 min to ensure complete wetting of the dipped part, then electrode fixed with coated
end downwards in a vacuum chamber and dried in 0.3 Pa vacuum for 12 hours, then in
air at 110 °C for 24 hours. The treated electrodes were annealed at 550 °C in Ar flow
according to the standard heating regime. A control uncoated CC electrode of the same
dimensions was annealed in the same conditions.

Electric impedance measurements were carried out by means of EIS spectroscopy.
0.0IN Fe(CN)s>/ 0.0IN Fe(CN)s*/0.1N KCI solution was chosen as redox-buffered
electrolyte. Annealed bare CC and film-coated CC electrodes were immersed into
solution by 5 mm, forming solid-liquid geometric interface surface of approximately 0.7
cm? and immersed electrode volume of about 0.05¢cm?, 6 cm? Pt mesh has been used as a
counter-electrode in all electrochemical experiments. The following EIS experiment
parameters were chosen: frequency range from 0.1 Hz to 100000 Hz, 10 points/decade,
sinus amplitude 10 mV, direct current (DC) potential 0 mV versus Ag/AgCl/saturated
KCI.
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Fig. 2.23. Fitted Niquist plot for poly(CYA-CI-AMTAZ)-derived coating

As can be seen from Fig. 2.23, almost perfect fitting of the experimental data with the
corresponding simple equivalent circuit was achieved. The best-fitting circuit is
represented by a capacitor and a resistor connected in parallel together with a serially
connected Warburg element.

A control EIS experiment carried out with an uncoated electrode afforded a spectra that
was ideally fitted by the same equivalent circuit, with capacitance and resistance of 0.008
F and 13 kQ, respectively, and Warburg impedance of 270 Q s~ 2. The aerial capacitance
of untreated carbon cloth is reported by Yi-Jie Gu et al. [28] and Dong Ye et al. [29] to
be 0.96 mF cm 2 and 0.8-0.9 mF cm 2, respectively. Both works report treated CC
(calcined in air and electrochemically oxidized/reduced, respectively) to have largely
higher aerial capacitances with respective maximum values 1136.7 and 505.5 mF cm 2.

The measured aerial capacitance of annealed carbon cloth (0.008 F per 0.7 cm? of
projected area), or 11.4 mF cm 2 can hence be classified as rather low, being only one
order of magnitude larger than untreated CC aerial capacitance reported. At the same
time, the aerial capacitance of coated electrodes (236 mF cm2) is comparable with the
reported CC-based modified electrodes proposed for super capacitor applications.

The resistance measured for both coated and uncoated CC electrodes, corresponding to
the semicircle diameter on the Niquist plots, coincides with the interfacial resistance,
while the internal resistance of both cells, given by the high-frequency Z” value, was in
the range of several Ohms. The impedance-frequency behavior of both cells allows
assuming their impedance as classically faradaic, with double layer capacitance and redox
process-mediated resistance standing for C; and R; values, respectively, and Warburg
impedance probably originating from diffusion kinetics. The effective resistivity on the
solid-electrolyte junction of the coated electrodes can be calculated in the assumption of
uniform 50 pm coating to be 56 kOhm cm according to EIS, allowing to classify the
coatings as conductive rather than semi conductive. Moreover, the intrinsic resistivity of
films is most likely fairly lower, as the faradaic resistivity is affected by reaction transfer

kinetics.
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In order to further elucidate the efficiency of electron transfer through electrode-
electrolyte interphase, cyclic voltammetry (CV) curves of annealed bare CC/annealed
poly(CYA-CI-AMTAZ)-coated CC electrodes were recorded in the same Fe’'/Fe?*
electrolyte and in the same conditions. To reduce capacitive currents, all scans were
operated at low scanning speed of 10 mV/s. For the coated electrode at scanning speed of
50 mV/s the capacitive currents were in the range of dozens mA/cm? and resulted in
unstable measurement, making the experiment unreliable and further supporting high
capacitance of coated electrodes. The results are provided in the Fig. 2.24.
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Fig. 2.24. CV scans of bare and coated CC in 0.0IN Fe(CN)s*/ 0.01 N Fe(CN)s*/0.1 N
KCl solution

Surprisingly, although in agreement with high faradaic resistances measured by EIS,
annealed bare CC electrodes provided very low specific currents in both oxidation and
reduction half-waves. In contrast, all coated CC electrodes developed pronounced half-
waves with maximum currents, exceeding 6-7 times the corresponding currents for both

oxidation and reduction peaks on untreated CC electrodes.
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In order to investigate the electrochemical activity and stability of coatings at high
overpotentials in acidic aqueous media, 100 CV scans in 1 N sulphuric acid in the
potential range from -1 V to +1.5 V versus Ag/AgCl at 10 mV/s were undertaken. Prior
to scanning, the electrodes were conditioned for 10 min at +1. 5V versus Ag/AgCl to

eliminate possible surface contamination.
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Fig. 2.25. Voltammetric scans for CYA-CI-AMTAZ-coated electrodes in IN H2SO4

As can be seen from the Fig. 2.25, coated electrodes, after first several scans,
demonstrate extremely stable electrochemical behavior. In the negative branch of the CV,
currents increase progressively from Ist to 12th scans and stabilize during all the
following CV passes with only negligible differences between 12th and 100th scans.
Positive currents expose noticeable reproducibility with no apparent changes after first 3
scans. Surprisingly, voltamperograms in sulphuric acid demonstrate low capacitive
currents, corresponding to only dozens of puF-level capacitances. Supposedly, it can be
related to ion-exchange behavior of carbon nitride coatings, driving considerable
elteration of electric double layer structure in dependance on the pH and ionic
composition of the electrolyte.

The most intriguing, however, is the presence of noticeable and reproducible anodic
current, appearing above -0.25 V vs Ag/AgCl and almost linearly increasing with
potential.

Chronoamperometric characterization (Fig. 2.26) of electrodes provides furthermore
support for the hypothesis of reversible oxidation and reduction of the surface,
demonstrating quick current deterioration with time at applied static potential in both
oxidation and reduction modes.
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Fig. 2.26. Chronoamerometric curves for poly(CYA-CI-AMTAZ)/CC annealed at 550

°C at cathodic and anodic polarizations (current modules shown)

2.12. Results and discussion

In this paper, we demonstrate a way to fabricate carbon nitride analogues of glassy
carbons by means of pyrolysis of ultra-nitrogen-rich polymeric precursors. The logics
behind the selection of possible precursors has been based on an observation that nearly
all the compounds, used as precursors for carbon nitride, do not contain C-C bonds, being
instead based on C-N or N-N sequences. It seemed reasonable to assume that this could
be a critical factor affecting pyrolysis pathway and determining the kinetic selection
mechanism for azagraphene/azine based structure instead of graphene-derived structural
motifs, represented in «classicaly» pyrolytic carbons.

Likewise, we wanted the precursor to be a polymer in order to render amorphous or
semi-amorphous structure of the annealed material. In the seek for «C-C free» polymers,
we synthesized by means of classical polycondensation a linear imide of chlorotriazine
(poly(CYA-CI-NH) and two block-polymers based on triazine/tetrazole poly(CYA-CI-
AMTAZ) or carboxytriazole (poly(CYA-CI-AMCARTRIA), respectively. The latter,
although containing a C-C bond linking the carboxylic group, can be viewed a C-N
polymer due to decarboxylation, presumably taking place before main pyrolysis steps.

All these polymers exhibit excellent solubility in aprotic solvents in the form of DIPEA
salts, directly obtainable from syntheses. According to the '"H NMR spectra and titration
results, poly(CYA-CI-AMTAZ) and poly(CYA-CI-AMCARTRIA) are strongly acidic
and appear to exist in DMAc solution in the form of corresponding DIPEA salts with
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imide protons fully dissociated and showing up in the 'H spectrum as DIPEA-H" signals,
while poly(CYA-CI-NH) possesses less acidity, coexisting with free DIPEA in the
solution. The alternative explanation of free DIPEA existence in the poly(CYA-CI-NH)
case could be incomplete condensation reaction with oligomeric products, although this
point of view is not supported by SEC results and by the absence of signs of amino-signals
of the monomer or oligomers in the 'H spectrum.

From the SEC chromatography data it can be concluded that poly(CYA-CI-NH) and
poly(CYA-CI-AMTAZ) are high molecular weight polymers with two maximums in the
molecular mass distribution. The poly(CYA-CI-AMCARTRIA), according to SEC
results, should be considered as oligomer containing on average 2 triazine-NH-
carboxytriazole units. This presumption, however, goes in contradiction with the
previously mentioned (similarly to the CYA-CI-NH case) absence of any noticeable
signals in the '"H NMR spectra that could be related to the presence of amino or imino
hydrogens of free triazine monomer or oligomers.

IR spectra of all the synthesized polymers reveal their structural similarity with
“classical” carbon nitride materials as well as annealed films obtained therefrom, albeit
with several specific absorption maximums. The spectrum of poly(CYA-CI-AMTAZ)
demonstrates a noticeable adsorption at 783 cm™!, which gradually fades upon annealing
of the polymer and does not show up in the spectra of poly(CYA-CI-NH) and poly(CYA-
CI-AMCARTRIA) or annealed films obtained from these polymers. According to the IR
spectra of substituted 1,2,3,4-tetrazoles, published in the literature, this signal can be
viewed as characteristic for tetrazole systems. For instance, it appears at 790.47 cm™! for
5-phenyl-1H-tetrazole, at 791.77 cm ™! for 5-(4-hydroxyphenyl)-1H-tetrazole, at 778.32
cm ! for 1-(3-bromophenyl -1H-tetrazole [14].

Accordingly, almost complete disappearance of this peak at 550 °C for poly(CYA-CI-
AMTAZ) can be attributed to full decomposition of tetrazole precursor at this temperature
— a surprisingly high thermal stability for tetrazoles, especially in comparison with the
monomeric 5-aminoterazole [15].

The intensive asymmetric shoulder placed between 1270 and 1400 cm ™! for poly(CYA-
CI-NH) and 1200-1500 cm™' for other two polymers is essential for understanding the
spectra.

In the family of films derived from poly(CYA-CI-NH), two maximums of this peak are
originally observed at 1295 cm™! and 1320 cm™! and, upon heating, decrease and move
towards steadily to produce one bell-shaped maximum at 1330 cm™! for the film, annealed
at 550 °C. In the case of poly(CYA-CI-AMTAZ), this band shows up at 1402 cm™' for
the source polymer and, upon annealing, quickly decreases in intensity and moves to
higher wavenumbers to finally disappear at 550 °C.
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Spectra of poly(CYA-CI-AMCARTRIA) films exhibit widened peaks with few
characteristic features. Expectably, non-annealed film demonstrates C=0O vibration at
1707 cm™!, disappearing already when pyrolized at 350 °C . A small peak at 2985 cm ™!,
corresponding presumably to -OH vibrations of -COOH groups, fades at pyrolysis above
350 °C. Thus, FTIR data for poly(CYA-CI-AMCARTRIA) support the presumption that
this polymer easily decarboxylates in relatively mild heating conditions.

With the goal to assign the spectral features appearing in the spectra of carbon nitride
(CNx) films, we compared the spectra of films, measured in this work, with published
FTIR data on monomeric triamino s-triazine (melamine) and triamino tri-s-heptazine
(melem) along with spectra of other materials of carbon nitride family, believed to consist
of triazine, heptazine or mixed structural motifs.

The work on vibrational-mode assignment for IR spectra of crystalline and gas phase
melamine performed by Yuan et al. [16] reasserts the assignments reported by other
authors, for instance referring the vibrations at 1424 cm ! and 1577 cm™! with the HCN
and NH> bending coupled with ring deformation and CN stretching or CN stretching and
NH: bending, respectively.

This finding supports the hypothesis that the shoulder showing up between 1270 and
1400 cm ™! and gradually disappearing when annealing temperature increases, can be
related to free -NH> and other H-containing functionalities, depleting with heating.

Comparison of melamine spectrum with IR spectra of monomeric alkylamides of
heptazine, published by Zambon et al. [17], along with IR characterization of melem,
performed by Jiirgens et al. [ 18], allows to outline the same pattern in all studied spectra
of monomeric compounds: appearance of two intensive absorption maximums in the
proximity of 1430 cm™! and 1530-1600 cm™!, respectively, with a pronounced low
absorption region between them.

Notably, four polymeric CNx materials synthesized by means of solution-based
reactions of cyanuric chloride with nitrogen sources, reported in the literature
([5,12,19,20]), demonstrate the same tendency to possess an absorption gap between two
intensive peaks in the area. On the other hand, the spectrum of G-C3N4 presented by Li et
al. [21], along with spectra of melon [4] and other CNx polymers reported to be based at
least partially on heptazinic structural units ([19,22]), exhibit multiple peaks or
continuously filled absorption band in the range from 1430 cm ™! to 1530- 1600 cm .

It should be noted that previous studies on interpretation of IR spectra of amorphous
CNx films, performed by Ferrari et al. [23], led them to conclude that the entire region
between 1000 and 2000 cm™! should only be assigned to skeletal vibrations due to
insensitivity of local maximums in this region to deuteration of film.

However, considering intensive absorption in this range demonstrated for monomeric

triazines and heptazines, it remains contentious if these conclusions are applicable to
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azine-based polymers. Nevertheless, taking into account the fact that monomeric
heptazines do not show any characteristic absorption nearby 1430 cm ™! but all heptazine-
containing polymers exhibit characteristic absorption in this area, we suppose that this
maximum is related to vibrations of n-delocalized polymeric system based on heptazinic
framework — purely skeletal or combined with bending of substituting groups.

Another curious observation relates to the notable sharp peak always appearing in FTIR
spectra of both triazine and heptazine-based materials at around 800 cm™!, assigned by
Yuan et al. [16] to ring out-of-plane deformation (808 cm'). According to our
examination, in all spectra of triazine-based materials, hitherto reviewed as presenting an
absorption gap in between 1430 and 1530 cm™! and described in their research as triazine-
based, this sharp peak appears in the range from 808 to 820 cm™!. In the materials believed
to be based on heptzinic framework, this peak shows up in the 780-802 cm ™! region.

Hence, although the difference in the position of this vibration is small, it might be
helpful in distinguishing between triazine- and heptazine-based structures. Interestingly,
all reported amorphous carbon nitride films, obtained by means of reactive sputtering, do
not demonstrate this signal in their IR spectra. This may be an additional indication in
favor of the viewpoint that these materials do not contain imide bringing nitrogen and
rather represent graphite-like structures with partial substitution of carbon by nitrogen.

DMACc solutions of all three polymers can easily be applied on different solid supports
by most of conventional coating methods and make well-adhered films upon evaporation
of the solvent. Presumably, DIPEA plays a critical role, rendering solubility of all the
synthesized precursors by forming their salts, as it was demonstrated by NMR
spectroscopy. Simultaneously, difficulties with DIPEA removal during films drying prior
to their pyrolysis, confirmed by FTIR, results in inevitable doping of the resulting
coatings with carbon, arising greatly reduced optical bandgaps (according to Tauc plot
analysis) and relatively high conductivity.

The hypothesis of significant doping by carbon of the resulting coatings was further
supported by the elemental analysis data. Although the content of nitrogen in the annealed
films is extremely high for the scale of nitrogen-rich carbons, it is significantly lower than
the content of nitrogen in “classical” nitrides of carbon. XRD and microscopic
characterization data both allow to consider the annealed films as semi-amorphous
materials, smooth down to the level of dozens of nanometers. Although some signs of
existence of nanometer-sized structural units have been observed, the evidences collected
during the present study does not allow to characterize this structure.

Measured electrochemical characteristics of the annealed films undoubtedly make them
engaging coatings for applications, involving the requirements of low electrical
resistance, high electrochemical stability and high capacitance. Although the elucidation

of supercapacitive properties of the coated carbons was not in the focus of the current
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study, the obtained capacitance value of 236 mF cm 2 allows proposing the newly
synthesized coatings for further capacitors-related research.

The most remarkable finding, however, is the combination of outstanding long-term
electrochemical stability with high and reproducible anodic currents.

For graphitic carbon, the phenomenon of relatively high currents at positive
polarizations well below the OER onset potentials is well described in the literature. For
instance, Yi et al. [30] relates this observation to electrochemically active surface groups
assuming formation of surface oxides in the course of surface oxidation with
oxidation/reduction peak maximums at 0.6 V and 0.5 V versus RHE, respectively. This
and other previous works even describe peeling off the formed oxidized carbon layer in
the form of nanoflakes or soluble polycyclic compounds, resulting in yellow-brown color
change of electrolyte easily observable with polarization time. In contrast, no changes of
electrolyte color during long-term polarization of carbon-nitride-coated electrodes was
observed even after tens of hours of polarization at potentials exceeding 1.5 V versus
Ag/AgCl.

Our explanation of these observations includes reversible formation of carbon nitride
oxide on the surface of the electrodes. Although further research is required to elucidate
the precise surface chemistry of new electrode materials, it seems reasonable to assume
that oxidized surface layers, in contrast with surface oxides formed on glassy carbon, are
not detached from electrodes surface into electrolyte and undergo further reduction at
negative scanning potentials. Thus, the negative current appearing below -0.3 V may at
least partially correspond to surface groups reduction and not HER.

In this light, it worth mentioning that visible hydrogen evolution on coated electrodes
does not happen during the first minutes even at high negative polarizations,
corresponding to cathodic currents as large as 8 mA/cm?. This observation further
supports this hypothesis of pre-oxidized coating reduction. After some period of time at
high negative polarization, bubbles of hydrogen can be observed, supposedly signaling
the end of reduction process.

On the other hand, oxygen evolution at high anodic polarizations takes place easily,
thus showing that material oxidation probably easily kinetically competes with the O»
evolution reaction.

The observed voltamperograms shapes without any conspicuous peaks can be
explained in terms of high diversity of surface groups energy states and/or their kinetic

availability, corresponding to a continuum of apparent redox potentials.
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2.13. Conclusions

Three novel linear 1,3,5-triazineimides have been synthesized by self-condensation of
2-amino-4,6-dichloro-1,3,5-triazine and condensation of cyanuric chloride with 5-
aminoterazole or 3-amino-5-carboxytriazole, respectively.

All polymers exhibit excellent solubility in bipolar solvents in the form of the
corresponding salts with N, N-diisopropylethylamine. Polymer solutions allow formation
of well-adhered thin films on metallic, ceramic and carbonaceous surfaces by spin-coating,
dip-coating, spraying or other conventional coating techniques, followed by evaporation of
the solvent. Annealing of polymer films on different substrates at 350-550 °C leads to their
transformation to smooth partially ordered hydrophilic carbon nitride coatings with
approximately 31 to 45 at.% of nitrogen and noticeable oxygen and chlorine content.
Combined FTIR, XRD, elemental analysis and EDX data have allowed us to conclude that
annealed films represent the new member of the family of carbon nitrides, based on heptazine
structural motifs, although with noticeable carbon and oxygen doping and semi-amorphous
structure. The surface of annealed films is smooth down to the level of tens of nanometers,
as demonstrated by STM. UV-VIS diffuse reflectance spectroscopy has allowed classifying
the materials as low-bandgap semiconductors with bandgap presumably lowered due to
carbon doping and negatively correlating with carbon content. The properties of annealed
films have exhibited only tiny dependence on the type of precursor polymer used, being to a
greater extent associated with annealing conditions. Electrochemical impedance
spectroscopy of coatings reveals their effective resistivity in the range of tens kOhm cm,
although the intrinsic resistivity value can be much lower. It allows classifying coatings as
conductive rather than semiconductive and supports the hypothesis of carbon doping.

Our preliminary assessment of electrochemical stability of coatings, in strongly acidic
environment, has demonstrated outstanding endurance even at high anodic and cathodic
polarizations, combined with clear evidence of redox non-innocence of materials. We
hypothesize formation of surface carbon nitride oxides at high positive potentials and
their reversible reduction below -0.3 V Ag/AgCl.

In general, the newly synthesized coating materials exhibit the overall properties and
electrochemical behavior allowing to characterize them as heptazine-based analogues of
turbostratic carbons, although more research is required to elucidate their specific structural
patterns. In contrast with glassy carbon, its novel heptazine-based analogs can easily be
obtained as coatings and require notably modest annealing temperatures. This opens up the
opportunity to create electrochemically active composites with catalytic complexes and
nanoparticles with moderate thermal sensitivity. In addition, low contact angles of coatings
result in hydrophilic surfaces, potentially giving way for wettable coatings with properties,

attractive for fuel cell, sensors, supercapacitors, MEMS devices and membrane applications.
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Chapter 3

Fabrication of nanoporous nickel-coordinated carbon
nitride coatings from aqueous solutions of Ni complexes of
ultra-nitrogen-rich polymeric precursors and their
characterization as outstanding oxygen evolution

electrocatalytic coating on carbon felt substrate.

Nanoporous carbon nitride coatings, containing atomically dispersed N-coordinated
nickel, have been obtained on carbon felt and vitreous carbon supports by solution
deposition of aqueous Ni complex of a triazine-based ultra-nitrogen-rich polymer
precursor, followed by drying and mild pyrolysis. Coated carbon felt electrodes
demonstrate outstanding activity in oxygen evolution reaction (OER) in alkaline media,
with no noticeable decrease of activity after 1000 hours of continuous operation. Dip-
coating, spin-coating or other solution processing methods can be used for precursor layer
formation. This technique provides a general approach to fabricating carbon nitride layers
with tailored catalytic properties on different support materials, using transition metal
complexes of water-soluble triazine polymers, capable to decompose with nitrogen
elimination on moderate heating. The globular polymeric nature of the precursors
together with supposed nitrogen coordination interaction with metal promote formation

of coatings with highly variable porous structure and catalytic properties.

Research paper planned for submission to Angewandte Chemie
international edition

«Single-atom Ni catalysis on carbon nitride coatings, derived from
water-soluble polymeric precursors — towards efficient oxygen evolution
without noble metals»

Oleg Dubov, Jaume Giralt Marcé, Agusti Fortuny, Azael Fabregat, Frank
Stiiber and Josep Font Capafons
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3.1. Introduction

Oxygen evolution reaction (OER) is a limiting step for the efficiency of water splitting
and hence is a process of tremendous importance for the emerging sustainable energetics,
together with its counterpart — oxygen reduction reaction (ORR) [1, 2]. Sluggish O»
evolution kinetics typically calls for the use of expensive and scarce precious metals or
their oxides, most habitually Ru, Ir, Pt, to design efficient anodes [2, 3], with RuO» being
the most active oxide for OER due to small electronegativity difference between oxygen
and metal that results in the absence of a band gap [3].

In the search for precious-metal-free catalytic systems, nitrogen-enriched carbon
materials, especially derived from templated pyrolysis of polymers, have recently
attracted considerable research interest for OER and ORR ([4, 5]). Amorphous or semi-
amorphous structure is an important practical benefit of polymer-derived materials,
permitting easy formation of diverse coatings and composites with porosity, easily
controllable by template use. While different nitrogen functionalities have been shown
to possess catalytic activity on alkaline OER and ORR, the presence of graphitic N
atoms has been linked to most active and stable catalysts [6]. Moreover, it was
demonstrated that a significant content or pyrrolic and pyridinic nitrogen functionalities
inevitably results in reduced long-term electrochemical stability [5]. Thus, easily
fabricable nitrogen-rich materials containing nitrogen in predominantly graphitic form
are a coveted target for efficient precious-metal-free OER electrodes development.
Although various modifications of electrochemically stable pyrolytic carbons have been
developed, the content of nitrogen in all these materials is typically low in comparison

with carbon content due to massive loss of nitrogen in the carbonization process [5].

The so-called polymeric carbon nitride (PCN) possesses a molecular structure with
heptazine-based 1D chains and 2D ribbons, conjugated via hydrogen bonding and
partially stacked with interlayer van der Waals interactions between planar heptazine units
[7]. PCN with idealized formula C3N4 is the most stable and easy-to-obtain form of
graphitic nitrogen, belonging hence to appreciably promising electrocatalytic materials [6,
8, 9]. In addition to demonstrating inherent ability to catalyse OER, it also promotes
preferably 4-e way to oxygen reduction (ORR) [8]. The «classic» PCN is easily obtained
in bulk by pyrolysis of melamine, dicyandiamide or some other nitrogen-rich precursors
[10]. On the other hand, complete insolubility of PCN in all common solvents results in
the need for complicated and costly methods for fabricating porous coatings of this
material, required for catalytic electrodes preparation. Template-based methods are often
used [6, 8, 11]. On the contrary, amorphous forms of carbon nitride are also well

investigated. In the same time, known amorphous films and coatings are non-porous and
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are typically produced by even more sophisticated techniques such as sputtering and

plasma deposition [12-14].

A revolutionary approach to the synthesis of amorphous porous carbon nitride
composite with carbon nanotubes (acting as conductive and structural filler), was
demonstrated by Kim et al [15]. They obtained the material by means of pre-
condensation of melamine with cyanuric chloride in a solvent, followed by mixing the
triazine-based preliminary condensation product with carbon nanotubes and annealing
the mixture in order to achieve complete condensation. The resulting porous conductive
PCN composite demonstrated outstanding ORR performance in alkaline media. The
preliminary condensation product in their work, however, was insoluble, which would
significantly complicate the applicability of this approach to fabrication of thin active
coatings. We addressed this issue in our previous work [16], where we synthesized
novel soluble triazine-based polymers with ultra-high nitrogen content and obtained
stable polymer layers on metallic, ceramic and carbonaceous surfaces. Annealing of
these layers resulted in well-adhered flexible semi-amorphous carbon nitride coatings
on all these surfaces. For coated carbon felt electrodes, outstanding long-term

electrochemical stability in both cathodic and anodic polarizations was shown.

Semi-amorphous PCN coatings thus obtained demonstrate noticeable structural and
functional similarity to so called glassy or vitreous carbon, produced by means of
pyrolysis of polymeric precursors at temperatures well exceeding 1000 °C and finding
extensive use as electrochemically stable material for electrodes and sensors production
[17]. However, new semi-amorphous carbon nitrides require for their production much
lower pyrolysis temperatures (300 to 600 °C). This makes feasible the combination of a
polymer precursor with transition-metal-based molecular precursors and nanoparticles
with subsequent mild pyrolysis at temperatures noticeably below the threshold of
decomposition for typical catalytic species (e.g., transition metals nitrides, oxides,

phosphides) or melting degradation of nanoparticles.

The objective of the present work was to explore this opportunity and synthesize OER-
active coatings, based on the combination of triazinic precursor polymer with transition
metal salt and subsequent annealing. The choice of Ni as catalytic enhancer was based
on the previously reported activity of Ni-N active sites in nickel nitride [18], Ni-
embedded nitrogen-rich carbon [19], carbon nitride doped with nickel oxide
nanocristals [20], N-doped carbon nanofibers containing FeNi/NiFe>O4[21] and nickel
nitride grown on Ni foam [22] in various electrochemical processed, including
hydrogen and oxygen evolution reactions (HER/OER) and oxygen reduction reaction
(ORR), its low cost and low toxicity. The logics behind the selection of triazole and

tetrazole-based amines for the synthesis of efficient polymeric precursors for semi-
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amorphous carbon nitride was described in details in our previous publication [16],
where two polymers of this type and one completely triazine-based soluble imide

precursor for semi-amorphous carbon nitride were originally synthesised.

The polymer obtained by condensation of cyanuric chloride with 5-aminotetrazole was
abbreviated as poly(CYA-CI-AMTAZ) [16]. In that first publication [16], we directly
used N,N-dimethylacetamide (DMAc) solutions of polymeric precursors for elaboration
of smooth non-porous films with outstanding stability against anode oxidation. In the
current work, we discovered that evaporation of water-based alkaline solutions of
precursors results in nanoporous films with enhanced activity. Poly(CYA-CI-AMTAZ)
demonstrated the best solubility in aqueous systems, low viscosity and good stability of
aqueous solutions in pure form as well as acceptable gelation time after complexation
with Ni, for which reasons it was chosen for the present work. The original synthesis of

the polymer, however, was carried out in DMAc with subsequent solvent change.
3.2. Results and discussion

3.2.1. Materials and methods

All chemicals were purchased from Sigma Aldrich and used without any additional
purification. Anhydrous 99.8% pure N,N-dimethylacetamide (DMAc) (Sigma Aldrich),
<0.005% water, has been used as a solvent during the polymer synthesis.arbon felt (CF)
sheets (3.18 mm thick) for electrode fabrication were purchased from Alfa Aesar. Carbon
nanopowder with <100 nm particle size was used as structural filler.

5-aminotetrazole was obtained by drying the corresponding monohydrate (purchased
from Sigma Aldrich) in air at 105 °C for 24 h, followed by keeping the product two weeks
in vacuum desiccator over P20Os.

Lovibond XD 7000 spectrophotometer was used for recording optical spectra of
solutions.

NMR spectra were recorded using a VARIAN Mercury VX400 spectrometer.

Thermo Fisher SCIOS 2 with field emitter has been used for scanning electronic
microscopy and EDX mapping.

Autolab PGSTAT204 has been used for all electrochemical experiments.

JASCO 4700 spectrometer was used for FTIR spectra recording. Infrared spectra were
processed in free SpectraGryph 1.2 software.

STM scanning was performed on Pico SPM II (Pico+) system.

XPS spectra were recorded using a PHOIBOS 150 EP hemispherical energy analyzer
with MCD-9 detector and Mg anode.
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3.2.2. Precursor polymer synthesis, coordination with Ni** and characterization of

pure and complexed polymers

The precursor polymer poly [(2-chloro-1,3,5-triazine-4,6-diyl (5-iminotetrazol-2-yl)],
further abbreviated as poly(CYA-CI-AMTAZ), was synthesized by condensation of
5-aminotetrazole with cyanuric chloride in the presence of N,N-diisopropylethylamine
(DIPEA) as a non-nucleophilic base. The polymer was originally obtained in the form of
5% wt. solutions in DMAc, containing also DIPEA and DIPEA-HCL.

poly(CYA-CI-AMTAZ)

Cl Cl

DIPEA P N)\N
| + N | —»» N J\ |
_ \ DMAc \ = . =

L DIPEA*H+ n

Fig. 1. Poly(CYA-CI-AMTAZ) precursor synthesis scheme

The following synthesis protocol was used:

8 mmol (0.686 g) of 5-aminotetrazole and 24 mmol (3.102 g) of N,N-
diisopropylethylamine (DIPEA) were dissolved in 20 g of DMAc. The solution was cooled
down to -5 °C. In continuous Ar flow, a solution of 8 mmol of cyanuric chloride (1.475 g)
in 6.18 g DMAc was added to the mixture dropwise under cooling in ice + NaCl bath and
intensive stirring so that the temperature would not exceed 0 °C. After finishing the
addition, the solution was refluxed at room temperature for 20 min, then sealed, heated
to 70 °C, left under reflux at this temperature for 24 h and finally cooled to room

temperature.

The solution, obtained according to this procedure, was poured to 1000 ml of
intensively stirred 5% HCI solution. Suspension of deeply orange fine flakes was thus

obtained.

The product was filtered on 0.45um cellulose membrane filter, washed on the filter with
1000 ml 5% HCI, finally washed with water and dried in air at 80 °C for 24 h to obtain
1.34 g of fluorescent yellow powder (theoretic formula weight 196.55 g/mol, 85.2% of the
theoretic yield, 6.82 mmol). The powder was dissolved with magnetic stirring in 65.7 g of
a 3% aqueous ammonia solution to give 2% aqueous mother solution of the polymer. For
NMR characterization, the same powder dissolution step was performed in the 3%
solution of NDj3 in 99.9% D:0O (also to give 2% by weight polymer solution).
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For FTIR characterization, a drop of polymer solution was dried in air at 80 °C during
24h. Nickel complex of the polymer (complex preparation is described further in this
section) was dried in the same conditions. FTIR spectra of pure and Ni-loaded polymers

are provided in Fig. 2.

As can be seen from the spectra, the precursor polymer in pure form shows wide high-
intensity shoulder composed of two peaks centered at 1310 cm™ ' and 1485 cm™! and a
diffuse absorption region placed between 1850 and 3650 cm .

In addition, small sharp peaks at 783 cm ! and 808 cm™! can easily be noticed.

Non-appearance of two small sharp peaks at 2920 and 2960 cm™! that were assigned to
the remaining DMAc and DIPEA species, respectively, in our previous work [16],

demonstrates effective elimination of these compounds from the polymer.

The intensive shoulder with two maximums in the 1300-1600 cm ™! range is exhibited by
all solid materials, synthesized by means of solution-based reactions of cyanuric chloride
with nitrogen sources, reported in the literature [5, 26, 27) and can supposedly be viewed

as characteristic for conjugated triazine system.

The signal at 783 cm™! can be denoted as characteristic for tetrazole system according to
published IR spectra of substituted 1,2,3,4-tetrazoles. For instance, it appears at 790.47
cm ! for 5-phenyl-1H-tetrazole, at 791.77 cm ™! for 5-(4-hydroxyphenyl)-1H-tetrazole, or
at 778.32 cm! for 1-(3-bromophenyl-1H-tetrazole [24].

100 4 P SSe—

X ol -Cl- are
D\O / poly (CYA-CI-AMTAZ) b
= — poly (CYA-CI-AMTAZ) + Ni
8

90 1
c
S Vet
B
£ 85 |
w
c
@
A= 80 1

400 600 800 1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000 3200 3400 3600 3800
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Fig.2 FTIR spectra of pristine and Ni-loaded PCN

The spectrum of Ni-coordinated polymer contains multiple sharp signals (at 714, 826 and
1041 cm™), that can partially be related to absorption of Ni(NH3)e>" and NO;3~ species.
Well-noticeable shift of this peak in the Ni-coordinated polymer spectrum can thus be
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related to coordination of tetrazole system with nickel. However, the peak at 826 cm™ can
be viewed as shifted due to coordination with Ni*" signal, appearing at 783 cm™ in the
original polymer. Such shift, for instance, has been demonstrated by Frija et al. [24], for
the tetrazolo-sacharinate complex of Ni (II), for which this sharp peak appears at 799.47
cm !

3.2.3. Fabrication of electrodes and samples for SEM/EDX and XPS

1% polymer working solution was prepared by dilution of 2% solution with equal mass
of water. 1% polymer working solution with Ni was obtained by mixing 10 g of the 2%
polymer solution with the same weight of aqueous solution of 148 mg Ni(NO3),-6H>O
(29.9 mg/g Ni), followed by intensive stirring during 30 min. Typically, 2/1 atomic ratio

between polymer repeating units and Ni was maintained.

1% polymer working solution with Ni and carbon nanoparticles was obtained by
mixing 10 g of the 2% polymer solution with the same weight of aqueous solution of
148 mg Ni(NO3)2-6H>O (29.9 mg/g Ni), containing also 200 mg of 100 um carbon
nanoparticles (Sigma Aldrich, TEM 7440-44-0), followed by intensive stirring during 30

min. The suspension was then sonicated for 2 h until stable black ink was obtained.

Carbon felt (CF) strips with approximate dimensions of 3.18x3.18x40mm were immersed
into working solutions with 15 mm of the strip length being covered and sonicated for
5 min to guaranty full impregnation. Then, the strips were taken out and dried in air at
80 °C for 24 h.

In addition to electrodes, samples for XPS characterization were prepared by placing
0.3 puL drops of 1% polymer working solution and 1% polymer working solution with Ni
on the surface of preliminary polished glassy carbon plates and drying the drops in air at
80 °C for 24 h.

Finally, the electrodes as well as samples, prepared for characterization, were annealed in
air under the following regime: at 200 °C for 1 h, followed by ramping the temperature at
1 °C per minute until reaching 550 °C and kept 30 min at this temperature. Ni-loaded and
Ni + C (nano) + PCN coatings were abbreviated as Ni-PCN and Ni-C-PCN, respectively.

3.2.4. Scanning electronic microscopy (SEM)

SEM imaging was performed on individual fibers of coated carbon felt. EDX elemental
mapping for Ni and N were conducted in order to further elucidate the uniformity of
nickel and nitrogen distribution within coatings. Microscopic appearances of pristine
PCN and Ni-PCN coatings were very similar, for which reason only microphotographs
of Ni-PCN are presented.
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Fig. 3. Scanning microscopy and EDX mapping of Ni-PCN and Ni-C-PCN coatings

A, B :Ni-PCN coating on the surface of a carbon cloth fiber.
C, D :EDX density maps of N and Ni, respectively, corresponding to the top images

E, F :Porous structure of Ni-C-PCN coating containing C nanoparticles (on carbon cloth fiber)

3.2.5. XPS characterization

XPS characterization of samples was performed ex-situ in an ultra-high vacuum (10® Pa). XPS
spectra were obtained using 1253.6 eV radiation from a Mg anode x-ray source. In the survey
spectrum of virgin PCN coatings, intensive peaks of carbon, nitrogen and oxygen were
detected, as well as trace peaks of chlorine. The spectrum of Ni-loaded coatings was nearly
identical in these main constituent peaks, although also contained Ni 2p and Ni LMM (Auger)
signals. Carbon 1s, nitrogen 1s, oxygen 1s and nickel 2p XPS spectra are provided on the Fig.4.
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Fig. 4. XPS spectra of Ni-loaded PCN

Carbon is represented by two peaks with maximums at 284.8 and 287.42 eV and
0.833/0.167 relative intensity, respectively. The first intensive peak was undoubtedly
related to the absorption of vitreous carbon support plate and, possibly, adventitious
carbon (graphitic or hydrogenated carbonaceous impurities) on the surface of PCN film.
The second peak, consequently, is the only type of carbon clearly belonging to the PCN
structure itself. Interestingly, the position of this signal does not correspond with typically
observed for «classic» pyrolytic carbon nitride materials and related to sp>-bonded carbon
(N—-C=N) range of 288.2-288.4 eV [28]. On the other hand, carbon peaks with similar
energy are often found in amorphous PCN films, obtained by means of reactive sputtering

[29] and containing lowered nitrogen content.

Nitrogen signal was deconvoluted to give two peaks with binding energies of 398.35 eV
(N type 1) and 399.94 eV (N type 2) and nearly equal relative intensities (0.513/0.487,
respectively). The first signal type is usually ascribed to graphitic nitrogen [28-30], while
the second is often related to tertiary nitrogen N—(C)3, i.e., the central nitrogen of the

heptazine ring or, according to other interpretation, to NH nitrogen [28].

References with model compounds, provided by Gammon et al. [30], are of special
interest due to obvious structural non-ideality of the amorphous PCN material with
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massive substitution of nitrogen for carbon (in the assumption of C3Ns4 idealized formula),
demonstrated in our previous work [16]. According to these reference values, binding
energy of 398.4 eV is found in 2,2-biquinoline, thus permitting to refer N type 1 signal to
various types of graphitic nitrogen, including nitrogen, belonging to partially C-
substituted conjugated heptazine or triazine systems. N type 2 finds the nearest prototype
in triphenylamine, characterized by N 1s binding energy of 399.9 eV [30].

In general, positions of carbon and nitrogen peaks support the identification of the
amorphous PCN material as mainly heptazinic carbon nitride material, although with
significant number of nitrogen atoms exchanged for carbon preferentially in heptazine
core. This characterization explains the shift of sp>-bonded carbon binding in (N-C=N)
moieties to the range, characteristic for less nitrogen-rich compounds; triphenylamine-

like peaks positions of type 2 nitrogen find their explanation in the same way.

Oxygen is represented by two signal types with hugely different intensities (Ols type 1
with 531.64 eV and type 2 with 528.57 eV, having 0.950/0.050 relative area,
correspondingly). In the virgin PCN film case, the type 2 does not appear. Type 1,
according to existing literature data [31], was ascribed to surface oxide, resulting from
oxidation of vitreous carbon or, probably, partial surface oxidation of the PCN material.
Type 2 corresponds well with Ni(Il) oxide [32] and presumably comes from minor
presence of oxygen-coordinated Ni, indicating low representation of nickel surface oxides
in the surface structure of the material.

Chlorine 2p shows low intensity signal with maximum at 198.94 eV, well-corresponding
with position of organo-linked chloride (on the example of polyvinylchloride [23]).

Nickel 2p spectrum was in good agreement with previously reported spectra of nickel (II)
compounds [32, 33]. Although reported data on nickel nitride XPS spectrum [22] seem
to demonstrate no difference with O-coordinated nickel, the presence of Ni in non-oxide
form can be suggested based on almost complete absence of corresponding oxide.

Table 1 summarizes the XPS data and provides information on calculated atomic
concentrations of all measured elements in the superficial layer of Ni-PCN sample.

Adventitious carbon signal is excluded from calculations.

No difference in deconvoluted signal positions for carbon, nitrogen, oxygen or chlorine
has been registered between PCN and Ni-PCN samples with the exception of low-
intensity Ols type 2 at 528.57 eV, which was absent in the pristine PCN case.

The atomic composition of pristine PCN sample was consistent with the formula
C0.402N0.39800.198Clo.o02. In turn, for Ni-PCN, the corresponding formula is
Co0.283N0.30400.155Clo.006N10.252, demonstrating very similar basic elemental composition
regardless the presence of Ni in high concentration.
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Table 1. XPS data summary

Overall 4 r Binding Content (at.) Assumed identification in the
concentration by energy, eV b e composite structure
element 8)s y Oyp /4
284.8 Excluded Adventitious
C, 0.283
287.4 0.283 Heptazine-like
398.3 0.156 Pyridinic
N, 0.304
399.9 0.148 Tertiary
528.6 0.148 Oxidized carbon
0, 0.155
531.6 0.007 NiO
Cl, 0.006 198.9 0.006 Organic
Ni, 0.252 850-877 0.252 N-coordinated

3.2.6. Electrochemical characterization of pristine and Ni-containing electrode
coatings

Three types of electrodes have been implemented for electrochemical performance
comparison: bare carbon cloth, carbon cloth coated with pristine PCN and carbon cloth with
Ni-PCN coatings. Corresponding carbon felt electrode strips, prepared as described in 3.2.3
section, were immersed in intensively stirred 1IN KOH solution to keep approximately
8 mm of electrode length covered by liquid (corresponding to approximately 1.1 cm?
geometric surface), while 6 cm? platinum wire was used as counter-electrode. Ag/AgCl/3M
KCl double junction reference electrode was used to prevent solution contamination with
chlorides. Oxygen evolution was studied in Linear Sweep Voltammetry (LSV) mode by
increasing potential from 1.4 V to 1.75 V vs Reversible Hydrogen Electrode (RHE) at 10
mV/sec. Bare carbon felt demonstrated negligible oxygen evolution rate until 1.75 V vs
RHE. Maximum current reached at this potential did not exceed 0.2 mA/cm?, Tafel
coefficient of 129 mV/deg and starting overpotential of 0.32V vs RHE were measured.
Carbon felt with PCN coating demonstrated at 1.75V much higher performance with
current over 1.2 mA/cm?, 94.6 mv/deg Tafel coefficient and starting overpotential shifted
to 0.3 V vs RHE. Coating CF electrodes with Ni-PCN allowed to achieve 100-fold current
increase to 24 mA/cm? at the same potential and intensive visible oxygen bubbles
formation. The Tafel coefficient and overpotential achieved (61.8 mV/deg and 0.26 V vs
RHE, respectively) make this system among the most efficient electrodes for OER reaction
ever reported.



UNIVERSITAT ROVIRA I VIRGILI
SEMI-AMORPHOUS CARBON NITRIDE FILMS DERIVED FROM SOLUBLE POLYMERIC PRECURSORS:
TOWARDS MULTIFUNCTIONAL ELECTROCHEMICAL COATINGS WITH ENHANCED STABILITY

Oleg Dubov

Ni-PCN coating also demonstrated impressive stability in prolonged operation with
12% increase of maximum current within first 4 hours of operation, followed by 4%
efficiency loss within the course of 1000 hours of operation at 1.75 V vs RHE. As can be
seen en Fig. 5, it is worth mentioning that Tafel plots of both PCN-coated and NI-PCN-
coated samples exhibited almost perfectly linear behavior in the studied potential range,

indicating unvaried reaction mechanism within the whole potential range.

Implementing Ni-PCN coating with carbon nanopowder filler (Ni-C-PCN) exhibited
further increased maximum current (46 mA/cm? at 1.75 V vs RHE), although addition of
nano-carbon did not affect neither Tafel coefficient nor starting overpotential of the
reaction, indicating that the effect of carbon nanoparticles can be completely explained in

terms of geometric surface enhancement.

It is interesting to point out, however, that the PCN material served as efficient binder for
carbon nanoparticles, forming uniformly porous structure with pore size corresponding
with the dimensions of the carbon nanoparticles filler.
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Fig. 5. OER LSV curves and corresponding Tafel plots for bare CF, PCN-coated CF and
Ni-PCN coated CF electrodes

3.3. Conclusions

In this work, we demonstrate the formation of porous carbon nitride films by means of
annealing of ultra-nitrogen-rich triazine-based polymeric precursor (poly [(2-chloro-1,3,5-
triazine-4,6-diyl (5-iminotetrazol-2-yl)]) and its Ni complex. Both pristine polymer and the
Ni-coordinated compound exhibit good solubility in aqueous ammonia in the form of
corresponding ammonium salts. Solutions can efficiently be used for production of coatings

on carbon felt and vitreous carbon by liquid coating methods with subsequent drying.
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NMR spectroscopy confirms the proposed linear structure and high purity of the polymer.
FTIR spectrum of the polymer allows to distinguish vibrations of triazine moieties and

tetrazole system and confirm the presence of imide bonds.

Upon annealing, the polymer undergoes transformation to well-adhered porous polymeric
carbon nitride with C/N ratio close to 1 and high oxygen content, according to XPS
spectroscopy. Intriguingly, pristine and Ni-loaded PCN samples demonstrate nearly
identical positions and relative intensities of C, N, O and CI peaks with only Ni signals
allowing to distinguish between two types of samples. This behavior can be explained in
a most logical fashion in the assumption that Ni existence in atomically distributed state
with almost exclusive coordination to nitrogen of heptazine tectonic units (or heptazine-
like azo- polycyclic moieties with reduced nitrogen content). EDX mapping of nickel and
nitrogen support this point of view, demonstrating perfectly uniform distribution of these

elements within Ni-PCN coatings.

Electrochemical activity of Ni-PCN coatings in alkaline media (Tafel plot of 61.8 mV/deg
starting overpotential of 0.26 V vs RHE, respectively), combined with outstanding long-

term stability, makes this system among the most efficient OER electrodes ever reported.

In general, this work demonstrates exceptional importance of soluble ultra-nitrogen-rich
triazine-based polymers as precursors to carbon nitride, enabling tailored design of metal-

coordinated PCN coatings and composites with controlled catalytic activity and porosity.

Addition of carbon nanoparticles to the precursor solution has been demonstrated to result
in secondary porosity in hundred nanometers range, further increasing active surface and

performance of catalytic coatings.

Further studies are required to elucidate the mechanism of thermal decomposition of novel
polymeric precursors to carbon nitride and exact coordination surrounding of metal dopant,
as well as the full range of catalytic processes, accessible with this new class of carbon-

nitride-based composite electrode materials.
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Chapter 4

A potentiostat from scratch: building an extremely simple
yet precise Arduino-based platform for voltammetry,

chronoamperometry and capacitance measurements

This piece is a satellite development arisen from the unavailability research-class
equipment during the COVID-19 lockdown and the need for continuing the research

project under very stringent conditions.

A three-electrode potentiostat, based exclusively on non-expensive breadboard-
compatible electronic components, is reported. We have optimized the design with the
objection to make feasible the assembly of the device directly by students in a non-

specialized practicum.

In spite of its simplicity, the device allows to perform a broad array of experimental
techniques, including capacitance measurement, previously not reported for simple do-it-
yourself devices. In addition to the instrument design and the microcontroller program
required for its basic functioning, we offer an open-source Python-based PC application
including presets for Linear Sweep Voltammetry, Cyclic Voltammetry and

Chronoamperometry experiments, as well as Capacitance measurements.

We also describe a simple and convenient method for DIY preparation of reference
Ag/AgCl/KCl electrodes required for electrochemical experiments.

Research paper submitted to Journal of Chemical Education

«Building potentiostat from scratch: simple yet precise Arduino-based
platform for voltammetry, chronoamperometry and capacitance
measurementsy

Oleg Dubov, Josep Font and Alexey Shavel
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4.1. Introduction

Deep understanding of laboratory equipment operation principles is a skill of
immense importance that should unquestionably be in focus throughout the educational
process. However, modern-day experimental devices typically grant the user with a
simple-to-operate interface, often hiding behind the scene physical processes taking
place during measurements. Fortunately, the situation is well balanced with do-it-
yourself culture quickly invading educational labs and allowing students building
surprisingly sophisticated and efficient setups, not only suitable for education but also
often serving demonstrational and even some basic research needs [1,2].

Although multiple potentiostat designs, based on Arduino Atmega or other
microcontrollers, have already been proposed, none of them, to our knowledge, has
been intentionally optimized for quick assembly by students without a noticeable
background in electronics. Moreover, for most of the proposed systems, no convenient
measurement software for PC is provided. Au contraire, our goal was to present a
device that could easily be mustered in a chemical laboratory with a minimum set of
prerequisite materials and skills. The schematic being presented is possibly the simplest
three-electrode potentiostat design ever published — mainly due to limiting the
utilization of operational amplifiers to only four, the maximum number available in a
single-chip assembly, which allowed to reduce drastically the complexity of
connections and simplify markedly the design.

We also present not only an Arduino IDE program enabling the device with the
basic functionality, but furthermore a Python-based PC software designed to
communicate with the Arduino to perform automated measurement routines.

The closest antecedent for the proposed design is the device, created by G.N.
Melony [5]. We further simplified the schematic to avoid bipolar feed of the operational
amplifiers and limited their number to just four, which allowed us to implement the
single-chip 4-channel precision operational amplifier LMC6484. It is one of the very
few op-amps with femtoampere-level input current, which is available in Plastic Dual
In-Line Package (PDIP), letting on quick breadboard prototyping.

A Digital to Analog Converter (DAC), creating the offset potential, is of critical
importance for potentiostat functioning. In previously proposed designs, required
potential offsets have been generated by charging capacitors with Arduino pulse width
modulation (PWM) signal [3,5] or even by using a PWM-controlled op-amp integrator
[4]. The first approach works quite well; although lacks the precision in the potential
control even for basic experiments, since the PWM of most Arduino’s has resolution of
only 8 bit. The second method solves this problem, albeit leading to complicated

operation logics, making device design less clear from the educational viewpoint.
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We implemented a more precise and straightforward solution, using a 12-bit
MCP4725 DAC pre-assembled module, specially designed for use with Arduino by
Sparkfun Electronics. The application of the breadboard-based variant of the system for
voltammetry, chronoamperometry and capacitance measurements is demonstrated.
Measurement quality is shown to fully fit the precision requirements, typical for a
student practicum, with noise being significantly reduced by software averaging.

On the other hand, the noise level in the measured data can be noticeably reduced by
soldering all the connections. Soldering is recommended when using the proposed
schematic as stationary educational setup and is prerequisite for any research
applications. The difference in quality given by soldered and breadboard-based

versions, respectively, is demonstrated in Experimental part section.

4.2. Operation principles and design

The basic principle of potentiostat operation is appealingly simple. In a typical
three-electrode cell, a desired potential is applied between working (WE) and reference
(RE) electrodes. To drain (and measure) the current, counter electrode (CE) is used.

The potential of the working electrode is controlled by digital to analog converted
(DAC), which transforms digital commands, arriving from the microcontroller, into
analog signal. On operational amplifier (OA), this signal is summed with the reference
electrode potential and the resulting potential is applied to the working electrode.
Additionally, a reference voltage supply and some resistors and capacitors are required.

One of the key issues in design of classical potentiostats is the necessity to manage
bipolar currents. Although operational amplifiers work natively in the bipolar mode, the
Arduino is not designed for measurement of signals with alternating polarity. In
addition, the classical (bipolar) potentiostat design requires voltage regulators and often
reference sources for both polarities, which complicates drastically the schematic.

Fortunately, in most basic electrochemical experiments, especially in aqueous
media, the practically required potential window for typical measurements is quite
narrow, usually lying between -2 to +2 V versus Ag/AgCl reference electrode. This
allows simplifying the design by choosing a positive voltage, corresponding to the half
of the reference voltage potential, as a global measurement reference. In the case of
Arduino with 4.4 to 5.25 V serving as working voltage when plugging only to the USB,
4.096 V is a convenient and logical reference voltage choice. When this reference is
chosen, positive WE potentials correspond to the range from 2.048 to 4.096 V and
negative to the range from GND to 2.048 V, the latter potential thus being the “virtual
ground”. With this reference and a 12 bit DAC (4096 analog signal output levels), the
digital resolution of the device equals to 1 mV/level.
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Although Arduino bears an internal reference voltage, its use for accurate
measurements is strongly discouraged. For the sake of accuracy, the reference used by
the controller should be derived from the same source as the analog reference, thus
assuring impetuous self-elimination of measurement errors due to concordance of
fluctuations of measured potential values together with the reference point values.
Hence, it is of great importance to use all resistors of the same type to guaranty that
their thermal coefficients of resistance could be considered equal in the practical sense;
0.1% tolerance resistors are recommended and listed in the Bill of Materials
(Supporting Information, SI). In fact, less precise resistors can also be successfully
used, although in this case additional calibration values may be required in the code
sketch to provide correct absolute output results (e.g., the set WE potential may be
multiplied by an experimentally pre-determined coefficient before sending it to the
DAC in order to achieve concordance with the real output WE potential; or pre-
measured actual shunt resistor value may be used instead of its nominal resistance.

It is important to mention that breadboard assembly of the device should be realized
with shortest possible connection wires to reduce electromagnetic noise. For mass-
assembly in a student practicum, we recommend purchasing several sets of standard
breadboard connection wires (pre-terminated with pins) with different lengths and
making wire kits in accordance with a certain color code (a specific color for each
length).

As Arduino is powered from the computer USB port, plugging the PC into a
grounded plug or operating on battery is required. Fig.1 demonstrates the schematic of

the proposed device and its recommended arrangement on a breadboard.
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4.3. Hardware design considerations

In the LMC6484 chip, four operational amplifiers (OA) are conveniently assembled
into one unit. PDIP package allows direct mounting it to a breadboard. The same
applies to LM4040 voltage reference in its through-hole variant. MCP4725 does not
have a PDIP version and is complicated for soldering due to its small size, thus a
Sparkfun Electronics breakout board, adapted for breadboard implementation, is
recommended. The Arduino used in the present design is Arduino Nano 5 V version.

In order to simplify parts ordering, their reference numbers in Digi-Key supplier catalog
are provided in the Bill of Materials (Table 1).

Table 1. Bill of materials

Component Parameter Digi-Key part
number/comment

LMC6484 - LMC6484IN/NOPB-ND

LM4040 - LM4040A1Z-4.1/NOPB-
ND

MCP4725 1568-1047-ND

R From 100 Ohm to Current measurement range

10 kOhm. selection resistor.

100ADTR-ND (100 Ohm)

A105942CT-ND (1kOhm)
A105970CT-ND (10kOhm)

Rz, Rs 20 kOhm A105929CT-ND
R3 to Re, Ro, Rio 10 kOhm A105970CT-ND
R7 100 Ohm 100ADTR-ND

Ci 100 pF 490-16217-1-ND

Functions of all IC (Integrated Circuits) in the design schematic are summarized in the
Table 2.
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Table 2. Integrated circuits functions explication

IC name | IC function Comments and explanations

UlA Reference Reference electrode has very high internal resistance
electrode (hundreds of thousands kOhm to several MOhm).
potential Although, when averaged with the DAC signal on the
follower resistor divider formed by R3/R4, the RE electrode

signal does have to be low impedance, otherwise it
would not keep the currents required to flow through
the resistors. The follower produces a low-impedance
signal with the same potential as the original high-
impedance one.

U2A Summing In a typical summing amplifier schematic, the «» input
amplifier, is linked through a resistor to the ground. In the
generating on the proposed design, however, Y4 of the reference voltage
WE the sum of potential (i.e. 1024 mV) is used as a summation
RE and DAC reference. This allows outputting the sum of the signals,
potentials referred to 2 of the reference voltage as zero point.

U3A Transimpedance | A classical OA current measurement block. 2 of the
amplifier, reference voltage is used as the local reference,
realizing current allowing bidirectional current measurement. Current
measurement measurement theoretic full range is defined by R1

shunt value according to the formula
Range (mA) =2048/R1(Ohm).

U4A v, reference Ya reference voltage, used as local reference in the

voltage follower | OA2 summator, is required to be low impedance due
to the use of the R6/R2 divider. The OA4 follows this
potential.

Us Precision voltage | LM4040 provides the main reference voltage source

LM4040 | reference with 0.1% precision and 4096 mV potential versus

voltage GND, which is used as DAC feed and reference,

reference Arduino reference and, after resistor dividers, as 2048

and 1024 mV reference sources for the analog
schematic.

U6 Digital to analog Digital to analog converter is used as a source of

CP4725 converter program-controllable analog potential with 12 bit

DAC resolution.
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4.4. Important variables, startup and calibration

At the startup, initial checks and calibration of the device are required in order to get
correct readings. First of all, it is important to ensure that correct analog inputs are used.
In the presented sketch, Ao is chosen for the measurement of current, A1 for the CE
potential, Az for the RE potential, A3 for the WE potential. These analog pins can be
changed if necessary, although with corresponding correction in the sketch.

In principle, the potential of the CE is always maintained constant and should not
necessarily be measured. However, in a practical device under load, it can fluctuate and
hence it was decided to use the real measured value in the program.

All readings of current and potential are sampled several times and averaged in
order to reduce the stochastic noise. The avernum variable gives the number of
readings to be averaged for all measurement points. The values between 5 and 20 are
recommended with 10 being the optimum for most cases. As sampling and averaging
requires processor time, high avernum values result in limited scanning speed in LSV
and CV measurements. At avernum = 10, the maximum scanning speed of 150 mV/s is
achievable.

The potref variable corresponds to the expected value of the CE potential versus
GND in mV, i.e., the virtual ground potential vs ground. For a 4096 mV voltage
reference, this value should be close to 2048. We recommend measuring the actual

voltage on the CE without load and introducing it as the value of potref in the sketch.

4.5. Software uploading, operation and method parameters

Measurement software includes two interacting components — a program in the

Arduino IDE language for the microcontroller and Python frontend PC application.

4.5.1. Arduino IDE program

4.5.1.1. Uploading

The program that should be uploaded into the Arduino board (the so-called
«sketchy) is designed to perform low-level interactions with the device through a COM
port. Official Adafruit MCP4725 library should be installed with the help of the
standard Arduino IDE library installation wizard («Tools» - «Manage libraries») prior
to sketch uploading. Arduino Nano board with Atmega 328P processor should be
selected from «Tools» — «Board» and «Tools» — «Processor» menus, respectively. If an
error takes place during uploading, we recommend trying Atmega 328P old bootloader

option in the «Processor» menu, which can be adequate for some old board version.
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4.5.1.2. Operation

The Arduino sketch can be used without the PC application (for instance, for testing
purposes), by typing commands in the «Send» field in the «Serial monitor» mode of
Arduino IDE.

The sketch supports two main modes: fixed potential and potential sweep. The
commands to start operation in a certain mode, arriving from the COM port, should be
constructed in the following format: «N, Ss, Vs, Ei, Eg>», where N is the number of the
mode: 1 for voltammetry, and 2 for chronoamperometry.

For mode 1, Ss corresponds to scanning speed in mV/s, Vs to number of void
samples, discarded before the actual measurement starts, Ei to initial potential in mV, Es
to final potential in mV. Thus, scanning occurs with given speed from the given starting
potential to the given final potential. First samples can be rejected in order to let the
system stabilize at the applied potential before the data recording starts.

In mode 2, N and Vs keep their context, S stands for the time in seconds during
which the potential should be maintained, while Ei for the potential to be set. Eris not
used and can be omitted from the command string. The end of the command string,

meaning sending it to be executed, is stated by «>» symbol.

Command string examples:

«*1, 10, 5, -1000, 1000>» - rising sweep from -1000 mV to 1000 mV with 10 mV/s
speed and 5 discarded samples.

«2, 50, 20, 500>» - constant potential of +500mV during 50 s, 20 first samples
discarded.

It is worth mentioning that, although using Vs is a convenient way to discard noisy
first values at method startup in the command string mode operated directly from
Arduino IDE, we do not recommend using it when complex sequential methods are
implemented due to gaps in data flow it causes. In the commands generated by the PC
measurement application, non-zero Vs values are used exclusively in the
chronoamperometry mode; in other modes, system «conditioning» at a given potential,
initiated by a separate command, is instead applied before starting main method
execution. This consideration is of especial importance for capacitance measurements,

where omitting the first current points can drastically affect the final integral value.
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4.5.2. PC measurement application

The application is written in Python. It communicates with the Arduino sketch using
serial commands and allows programming more complex experimental presets. At the
moment, four types of experiments are supported:

e Linear sweep voltammetry (LSV)
e Cyclic voltammetry (CV)
e Chronoamperometry (CA)

e Cell capacitance measurement (CC)

LSV and CV modes allow, in addition to the Arduino sketch parameters, to set

supplementary specifications. For LSV, the following parameters can be specified:
e Start and stop potentials
e Potential stabilization time at startup

If the potential stabilization time is indicated, the start potential is applied to the WE
for the indicated time in seconds before the execution of the scan begins. It is required
in order to stabilize the measurement and avoid high capacitive currents at scanning
startup. If zero time is set, the scan starts immediately.

For the CV mode, the following parameters are given:

e Start and stop potentials

e First and second vertex potentials

e Number of vertexes

e Potential stabilization time at startup

In CV mode, each scan corresponds to combination of two (rising + falling or
falling + rising) passes, called cycles, thus the number of vertexes gives the number of
direction changes.

Chronoamperometry is conducted simply by applying the requested potential
during the requested period of time in accordance with the parameters of the mode 2 of
the Arduino sketch. Potential in mV, time in seconds and number of void samples are
given as parameters.

Capacitance measurement is accomplished by changing the WE potential from E;
to E2 and integrating the resulting current by time during the time period t. The resulting
integral value (corresponding to the charge passed through the system) is then corrected
to take into account the faradaic current Cr, measured as an average of last 100 current
readings during the integration. The correction is performed by subtracting the
corresponding faradaic charge component Cr t from the integral. The resulting corrected
integral value is divided by the potential difference (E2-E1) to get the capacitance.
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To avoid overloading the potentiostat and obtaining incorrect results, we always
recommend connecting a resistor with the resistance equal to 2x shunt resistance, in
series with the WE of the cell i.e., between the capacitive electrode of the cell and WE.

Before the measurement is started, the system is «conditionedy, i.e. ,fully charged
for a long enough time at WE potential E;. After this, the potential of the capacitive
electrode can also be considered equal to Ei, flowing capacitive current is negligible
(although a faradaic current can be present). Then the WE potential is changed to E» and
the capacitor starts to charge or discharge through the resistor Rs with momentary
potential E; following the Equation 1:

E=E+(E:E)(1—e7) Equation 1.
The R value in the Equation 1 is the total series resistance of the system, in most cases it
can be considered close to the R; resistance. However, the actual potential on the
capacitive electrode is not measured directly due to the presence of the series resistor
between the capacitive electrode and WE. Instead, momentary current is measured and
used for capacitance calculation. The momentary current I; is defined by Ohm’s law
according to the voltage drop on the resistor (E2-E;)/R and is decreasing with time

according to the same exponential law (Equation 2):
_E—Er (E2-E)(1-e7)

R R
RC is called the time constant of the RC charging circuit. It is easy to see that after a

I

Equation 2.

time period equivalent to one RC, the capacitor acquires 63% of the applied potential
difference E>-E| (and capacitive current decreases by 63% as well). After 4RC, 98%
charging is reached and thus the capacitor can be considered fully charged in the
practical sense.

Initially, the capacitance can be determined by simply measuring the time required
to reach a certain charging level, for instance 63%, or fitting the charge curve with the
corresponding equation. However, due to the fact that in some cases the overall series
resistance of the system R differs noticeably from the Rs, integration of the current
value over time provides more precise way of measurement.

In the correction method, only the faradaic current Cr, measured at the end of
integration (at potential E), is considered. The faradaic current, corresponding to the
starting potential point E1, is not taken into account. For accurate measurement,
however, it is of utmost importance to guaranty that the faradaic current value does not
change noticeably in the potential change region from E; to E». Ideally, the values of

faradaic currents should be significantly lower compared with capacitive currents.
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4.6. Experimental part

All chemicals, as well as 3 M KCl reference Ag/AgCl electrode BASMF2056, were
purchased from Sigma Aldrich. Chemicals have been used without further purification.
3.18 mm thick, carbon cloth (CC) sheets and 0.6 mm thick platinum wire were supplied
by Alfa Aesar.

4.6.1. Self-assembly reference electrodes

Although commercially available reference electrodes are recommended for use
during the initial startup of the device, the Ag/AgCl DIY electrodes can be relatively
easily prepared and used to further deepen the hands-on experience in the principles of
electrochemistry. In addition, non-standard small-size electrodes required for some
research purposes can also be successfully manufactured [7].

An Ag/AgCl reference electrode is essentially a silver wire covered by silver
chloride and immersed into a solution with a stable chlorides concentration. Several
similar procedures were proposed for the preparation of Ag/AgCl wire for electrodes
[8,9,10] and all of them include 2 steps: 1) cleaning the silver surface, often by short-
time positive polarization and ii) formation of the AgCl layer on the silver surface, so
we propose the modification of this procedure described below.

A glass Pasteur pipette was cut and a silver wire (0.25 mm in diameter) was placed
in and fixed with a small piece of silicon rubber (see Fig. 2). Afterwards the electrode
was wired to the potentiostat and polarized for 1 min at -2000 mV and 10 min at
+1000 mV. During the positive polarization stage, the current was monotonously
decreasing indicating the growth of the AgCl layer on the surface of the Ag wire.
Finally, the electrode was filled with the 3 M solution of KCI containing 2% of agar-
agar and left in the vertical position for 2 h for gelation of the liquid.

Testing of thus prepared electrodes versus a standard reference electrode typically
gives values within the range of several mV. These electrodes can be used within a
limited time (typically 2-3 weeks), after which the concentration of KCl decreases

noticeably due to the diffusion and the reference potential becomes shifted.

-(& N -
Py

Connection  Silicon Ag/AgCI
cable rubber wire

Fig. 2. The appearance of the DIY Ag /AgCl electrode
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4.6.2. Resistor polarization test, voltammetry and chronoamperometry experiments

The potentiostat was initially tested with a dummy cell — a 20k resistor (the
reference electrode short-circuited with the counter electrode, shunt resistor 10k). The
obtained polarization curve is presented on the Fig. 3. The polarization curve is linear
with the slope fairly fit with the resistor value. The reliability of the potentiostat for
measuring of a real electrochemical system was first tested by recording a CV curve of
Zobell solution: the mixture of potassium ferrocyanide (3.33 mM K4Fe(CN)s, ),
potassium ferricyanide (3.33 mM K3Fe(CN)s) and 0.1 M KCI [6]. 0.3 cm? Pt wire was
used as working electrode, 0.8 cm? Pt wire as counter electrode. The comparison of CV
curves, obtained with the proposed device and the high-end potentiostat Autolab
PGSTAT204, respectively, is shown in the Fig. 4.

0.10
Slope = 4.98 x 10°A/V
Intercept=-1.19x 10%A
Q = 20098.96 ohm

0.05

0.00

Current [mA]

-0.05

-0.10

-2000 -1000 (] 1000 2000
Potential[mV]

Fig. 3. Dummy cell test of the potentiostat

It can be easily noted that, albeit the curves obtained with the proposed potentiostat
are noticeably noisier, the shape of the curves and the absolute values are in good
correspondence.

Chronoamperomentry experiment preset was tested on the cell with 0.3 cm? Ti
cathode and 0.8 cm? Pt wire anode immersed in 0.1N H2SOu. Cell currents were
recorded at -200 mV, -300 mV and -400 mV vs Ag/AgCl for 120 s. The recorded
graphs are presented in the Fig. 5.

Electrodes made of titanium and other so-called valve metals can be recommended

for a practicum as an example of system with almost linear cathodic current versus

potential response due to presence of highly resistive titanium oxide layer on the

surface. A nearly-zero current in anodic mode on Ti can also be demonstrated to

students. By contrast, on platinum cathodes, even small change of potential towards

more negative typically result in drastic current increase and, consequently, require

selection of a different shunt resistor in our potentiostat.
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Fig. 4. CV curve in Zobell solution (black). The curve obtained with Autolab PGSTAT204
is shown for comparison (red)
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Fig.5. Chronoamperometry graph recorded with 0.1 N H>SOy solution on Ti cathode at three
different potentials versus Ag/AgCI.

4.6.3. Capacitance measurements

In the standard electrochemical practice, mF-range capacitances, typical for small
scale carbon felt electrodes, are usually determined from LSW or CV scans
accomplished at different scanning rates, galvanostatic charge-discharge method or by
means of impedance spectroscopy [11]. Nevertheless, stable potential scanning with
high capacitive loads requires the potential scanning speed to be perfectly uniform,
while galvanostatic mode is difficult to conduct with low processor speed due to
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necessity to organize the measurement of potentials and currents with extremely high
sampling rate in order to manage highly stable regulation of current based on a digital
feedback loop. Hence, both methods lay well beyond the digital capabilities of the
proposed simple potentiostat design (although the given analog schematic allows such
modification without any changes). By contrast, the impedance spectroscopy would
require serious modifications of both digital and analog parts of the schematic.

The suggested measurement approach, based on integration of charge-discharge
curves of a cell, connected in series with a current limiting resistor, is described in
details in the section 5.2. This approach allows overcoming the limitations within the
basic Arduino 8-bit controller framework and measure capacitances in the range from
hundreds pF to hundreds mF (with the appropriate selection of shunt resistor and series
resistor) with a simple low-cost device.

To examine the basic viability of the capacitance measurement technique preset, the
capacitance of a standard 940 pF aluminum electrolytic capacitor UKL0OJ102KPD was
tested. The RE was short-circuited with the CE. 10 kQ shunt resistor and 20 k< series
resistor were used. The capacitor was kept at 0 mV for 60 s, then the potential stepped
to 500 mV and the resulting current measured during 20 s. The same procedure was
repeated with the Autolab potentiostat. The resulting curves and the fitting curve
(according to Equation 2 in the SI, same coefficients for data obtained with our
potentiostat and the Autolab values) are shown in Fig. 6. The measured capacitance,
906 uF, fits well within the = 10% tolerance range of the capacitor.

° e Our potentiostat

P ® Autolab potentiostat
.

020 » — Fitting curve
L]

< 0.15 1

Current [m
(=)
[
o

0.05

0.00 1

00 25 50 7.5 10.0 125 15.0 17.5 20.0
Time [s]

Fig. 6. Charging a capacitor through a 20 kQ resistor

It is important to mention that for any standard electronic component capacitor, the
own resistance is negligibly low. Hence, the R value appearing as the RC term in the
equation for capacitor charging through a resistor, is known and is equal to 20 kQ for

the demonstrated case. Thus, the capacitance can easily be calculated without the need
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for curve integration, just by fitting the curve through the corresponding equation or
even (although with less precision) by measuring the time constant as time required for
63% current deterioration. The value calculated from the fitting curve provided oin Fig.
6 was exactly the same (906 uF) as the value obtained by the integration.

The situation, however, is complicated considerably when the capacitance of a real
electrochemical system needs to be measured. Electric double layer capacitors are
characterized by Equivalent Series Resistance (ESR) [11]. Typically, it is very low,
lying in the range of m€Q to several Q for supercapacitor electrodes. However, in some
cases, for instance for electrodes coated with semiconducting layers or exhibiting
pseudo-capacitive behavior, the ESR value can drastically alter the overall series
resistance R in the RC term. Thus, although the RC term can easily be obtained by
curve fitting, it does not allow calculating the capacitance in a general case. The
integration approach, on the contrary, gives the actual charge received or lost by the
system regardless of the speed of charge transfer and thus is not affected by the ESR
value. For this reason, it was chosen as basis for the standard capacitance calculation
method in the offered PC program.

Following the basic method validation on a standard capacitor, we successfully
implemented the simple potentiostat design for measuring the capacitance of carbon
cloth electrodes in 0.1 N NaSO4 solution. The experimental setup was assembled in a
classical way: a 50ml glass beaker equipped with stirring with immersed reference
electrode and Pt spiral-wound from wire, corresponding to a geometric surface of 6 cm?.
Electrodes (3.18x3.18x50 mm) were cut out of the felt. Finally, 10 kQ shunt resistor and
20 kQ series resistor were used.

Preliminary CV scanning at very low speed (1 mV/s) shows flat (although quite
noticeable) faradaic currents profile in the potential window from +200 mV to +700 mV
vs Ag/AgCl, which was consequently chosen for the measurements. Fig. 7 demonstrates
the charging curves and the corresponding charge integral curves after faradaic current
correction. With the intention to exhibit the applicability limitations, we have selected
for demonstration the most complicated measurement case. The initial current (33 pA)
exceeds the equilibrium faradaic current (26.7 pnA) by 24% only, for which reason the
data are quite noisy. However, even in this worst case, the capacitance value resulting
from integration of data, obtained with our potentiostat, differs from the capacitance
calculated from Autolab curve by only 4%. 134.3 puF and 139.9 pF capacitances,

respectively, were obtained.
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Fig. 7. Charging curves for a carbon felt electrode.

4.6.4. Effect of soldering on the performance of the device

Although the basic functionality of the proposed potentiostat can be built on the
breadboard, soldering of the components on a solderable prototyping board undoubtedly
increases the quality of data, drastically reducing the level of noise.

Figure Fig. 7 provides an example of a CV curve, obtained with a prototyping-
board-based device on a platinum electrode in 0.1 N H2SO4. It can be noticed that the
curve is smooth and the oxygen evolution peak is well resolved.

The Fig. 8 demonstrates a curve recorded during capacitance measurement of a
large (10 cm?) carbon felt electrode in 0.1 N Na2SOs, also using a soldered device.

Nearly ideal charging curve can be observed.
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Fig. 7. CV curve on Pt electrodes. Fig. 8. Carbon felt electrode charging

in 0.1 N H:SO.. in 0.1 N NaxSOs.
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4.7. Conclusions

A simple DIY potentiostat design has been proposed. It has been optimized for
quick assembly by students without any special expertise in electronics.

It has been demonstrated that even in the simplest possible breadboard-based
assembly, the device is capable of providing reasonable quality voltammetry and
chronoamperometry data, well corresponding with the results obtained with the research
class potentiostat used for comparison.

We also have shown that capacitance measurements, based on charging or
discharging the capacitive cell through a serially connected resistor and integration of
resulting curves, yield reliable values of capacitance. The minimum capacitance that can
be measured with our device is in the range of 100 puF.

The device together with the proposed Arduino and PC software provides a
convenient and efficient way to curry out electrochemical experiments in a student
practicum or during demonstrations.

In addition, we share a method for quick fabrication of Ag/AgCl reference
electrodes with gel KCl electrolyte that can be conveniently used with the proposed

device and provide further immersion into hands-on chemistry.

4.8. GitHub repository links to the Arduino/PC software:

GitHub link to Arduino IDE and Python-based software for Windows/Linux:
https://github.com/ashavel/potentiostat
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Chapter S

General conclusions and future work

The final chapter of this thesis presents a general overview of the main results, obtained
in the course of the work, as well as the presentation of the most relevant general

conclusions. The potential for the future research on the covered topics is also introduced.
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5.1. General conclusions

A new class of ultra-nitrogen-rich polymers —linear imides of triazine and heterocyclic
aminotriazole and aminotetrazole moieties— have been synthesized by means of
condensation of cyanuric chloride with corresponding aminoheterocyclic precursors in
the presence of DIPEA as strong non-nucleophilic base and then characterized. In
addition, synthesis of polymeric product of 2-amino-4,6-dichloro-1,3,5-triazine self-
condensation, azanediyl (2-chloro-1,3,5-triazine-4,6-diyl, has been achieved, also in the
DIPEA presence. The last polymer can be viewed as partial structural analog of the first
two products with triazinic amino-component.

All three polymers demonstrate excellent solubility in aprotic dipolar solvents in the
form of corresponding salts with DIPEA. In contrast with previously developed nitrogen-
rich polymeric precursors, new polymers exhibited decreased tendency of nitrogen loss
during thermal decomposition, thus permitting the synthesis of carbon nitride films with
nearly equal atomic content of carbon and nitrogen on various substrates by liquid coating
methods followed by solvent drying and annealing.

Coatings obtained by this approach have been extensively characterized using
elemental analysis, TGA, TEM, XRD, FTIR, STM, UV-Vis diffuse reflectance
spectroscopy, contact angles measurement and potentiometric electrochemical methods.
These analytical techniques allowed classifying the coatings as partially amorphous
heptazinic carbon nitride, enriched with carbon. Structural similarity to vitreous carbon
materials has been demonstrated.

Electrochemical characterization of the new coatings, performed by means of
voltammetry and chronoamperometry in sulphuric acid solution, demonstrated
outstanding long-term stability of materials in harsh anodic polarization conditions.

In the same time, low pyrolysis temperature, required for preparation of coatings,
permitted to expect the viability of synthesis of composite materials, containing
nanoparticles or molecular transition-metal-based precursors as structural/catalytic and
catalytic components, respectively, with carbon nitride representing the oxidatively stable
and mechanically robust coating matrix.

However, intrinsically non-porous nature of coatings obtained from organic solutions
of precursors represented a problem from the point of view of synthesis of catalytically
active materials, where developed surface is a prerequisite for efficient practical use.

To overcome this obstacle, a modified method for coating synthesis was developed. It
was noticed that two azole-based precursor polymers possess remarkable solubility in
aqueous ammonia, presumably in the form of corresponding ammonium salts. Then,
pyrolysis of polymeric films, produced from aqueous solutions, resulted in formation of

nanoporous carbon nitride coatings.
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The catalytic coating concept has been verified using carbon nanoparticles as structural
and micropore-forming component, and nickel nitrate as catalytic precursor. catalytically
active Ni-loaded coatings have been obtained on the basis of poly(CYA-CI-AMTAZ)
precursor polymer on carbon cloth as electrode support and characterized by SEM and
XPS spectroscopy.

Microscopy of the samples, although lacks resolution, allows assuming nanometer-
sized intrinsic porosity. In samples with carbon nanoparticles filler content, nanoparticles-
based secondary pores structure of the size of hundreds of nanometers has been observed.
XPS results allow to classify catalytic centers of the materials as nitrogen-coordinated Ni,
thus assuming deep interaction between the carbon nitride matrix and the metal.

Coated carbon cloth electrode exhibits outstanding catalytic activity in oxygen
evolution reaction in alkaline media with overpotentials as low as 0.26 V and Tafel slope
of 61.8 mV/dec —signaling the performance of the range, typical for catalytic efficacy of
platinum-group metals and their oxides. The stability of coated electrodes was
exceptional, with no degradation of oxygen evolution parameters after 1000 hours of
electrolysis at 100 mA/cm?.

Yet another result, obtained within the framework of the current thesis, is related to the
assembly of easy and low-cost Arduino-based potentiostat device. Although initially
proposed as a simple schematic for student practicum, the device in the soldered version
demonstrated the ability to perform precise three-electrode potentiostatic measurements
and was implemented for routine automated screening of carbon electrode properties. In
addition, a simple and reliable approach to measurement of capacitances in purely
potentiostatic mode has been demonstrated.

In electrochemical laboratory practice, the efficiency of massive screening of sample
properties is often limited by the number of available high-end measurement units. In
some applications, simple and cheap purpose-made potentiostat can serve as initial
screening means, providing the quality of results, sufficient for pre-selection of efficient
samples to be carefully studied on a research-grade potentiostat.

The precision and reproducibility, obtained with the proposed device, makes it suitable
for industrial production of low-cost electrochemical measurement units based on the

same schematic.

5.2. Future work

Previous studies have demonstrated the suppression of two-electron water oxidation
with corresponding prevention of peroxide species and hydroxyl radical formation as
intrinsic characteristic of carbon nitride matrices. Thus, the prolonged stability of the

catalyst can presumably be related with this fact, although further studies are required in
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order to elucidate the specific mechanisms governing catalytic activity and stability of
new materials.

One more important topic of future research is related to fabrication of composite
coatings comprising novel carbon nitride materials as binder for catalytic nanoparticles,
composed of precious metals as well as transition metals phosphides, nitrides, oxides and
still others. Composite coatings materials can combine the easiness of fabrication and
high stability, typical for novel carbon nitrides, with high active surface and specific
catalytic activity of nanoparticles.

Another important research field, not approached in the present thesis, is related to the
possibility to control the mechanical properties and porosity of annealed carbon nitride
films by means of alternating polymeric precursors, solvents and counter-cations in the
precursor polymer solution. The present work demonstrates the formation of smooth non-
porous flexible films when DIPEA salts of precursor polymers in DMAc are used;
nanoporous sponge-like materials are formed in case of implementing ammonium salts
of poly (CYA-CI-AMTAZ) in water solutions. It remains apparent, however, that various
other combinations of mechanical properties and porosity can be achieved. In this sense,
the implementation of poly(CYA-CI-AMCARTRIA) precursor with transition metals
salts can be expected to result in interesting effects due to possible participation of
—COOH groups in coordination interactions with MOF-like structures formation.

On the other hand, interesting results can be expected in application of new materials
to the fabrication of micromechanical devices (MEMS). At present, vitreous carbon is
extensively used to this end. Most typically, a corresponding MEMS part (e.g.,
microelectrode, mechanical actuator) is produced from a corresponding polymer resin
and carbonized in order to achieve transformation to glassy carbon. Intensive shrinking
and deformation of material in the course of carbonization represents a significant
drawback, requiring careful pre-calculation of initial polymeric component proportions
and impeding direct fabrication of mechanically precise microstructures.

Implementation of semi-amorphous carbon nitride as source material for MEMS
component can result in a drastic modification of the fabrication approach. Carbon nitride
materials are well-known to decompose when heated above 700 °C. In particular, full
decomposition below 670 °C has been demonstrated for the new carbon nitride films
obtained in this work. It is important to mention that pyrolytic decomposition does not
affect the structure or composition of the material and thus can be compared to some
extent with sublimation (although irreversible). This opens up a way to production of
micro-sized components by direct ablation of pre-pyrolysed material with a UV laser.
Widely available and cheap near-UV lasers (for instance, 405 nm laser diodes) of
relatively low power (several watts) could be used for cutting carbon nitride layers with

production of precisely shaped MEMS components.
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