
Synthesis and Formation Mechanism of Functional 
Mesocrystals 

Konstanzer Online-Publikations-System (KOPS) 
URL: http://nbn-resolving.de/urn:nbn:de:bsz:352-2-bbtaprex9veh1





Nichts bewahrt uns so griindlic11 var Illusionen wie ein Blick in den Spiegel. 

Aldous Huxley 



Danksagung 

Die Entstehung dieser Arbeit wurde durch das Zutun em1ger Personen 

maBgeblich und nachhaltig beeinflusst. Im Folgenden mochte ich diesen 

Personen for ihre stete U nterstiitzung meinen Dank aussprechen. 

An erster Stelle mochte ich mich bei Prof. Dr. Helmut Colfen bedanken. 

Danke for Deine Untersti.itzung innerhalb der letzten Jahre und das 

Vertrauen, welches Du mir entgegengebracht hast , als du mich als 

Doktorand for dieses spannende und vielseitige Thema angenommen hast. 

Die zahlreichen Gesprache und E-Mails waren richtungsweisend for die 

Anfertigung sowie die Fertigstellung dieser Arbeit. Fur jedes auftretende 

Problem, hast Du stets einen Losungsweg vorgeschlagen. Deine innere Ruhe, 

sowie Dein stoischer Optimismus kreierten eine angenehme Atmosphare, in 

welcher sich das optimale MaB an kreativer Entfaltung und rationaler 

Fokussierung einstellen konnte. Dies sind gewiss Gri.inde, die dazu fohren, 

class sich eine solch selbststandig agierende, zielstrebige und aktive 

Arbeitsgruppe bilden konnte. Vielen Dank, class ich iiber mehrere Jahre ein 

Teil davon sein durfte. 

Prof. Dr. Alexander Wittemann danke ich for die Ubernahme des 

Zweitgutachtens, sowie die hilfreichen wissenschaftlichen Diskussionen und 

Ideen. 

Prof. Dr. Andreas Marx danke ich for die Ubernahme des 

Priifungsvorsi tzes. 

Ein besonderer Dank gilt CJ , David und Julian. Es gibt im Leben nur eine 

vergleichsweise kurze Zeitspanne in der man von Unbeschwertheit befliigelt 

dem Treiben der Adoleszenz nachgehen kann. Ihr habt diese Zeitspanne 

meines Lebens begleitet und ausschlaggebend gepragt. Euer Beitrag zu 

dieser Arbeit geht zweifellos i.iber die bloBe Korrektur hinaus. In all den 

Jahren haben wir gemeinsam endlos viele Momente kreiert, an die wir uns 

unser restliches Leben mit einem glanzvollen Schmunzeln zuri.ick erinnern 

werden. 

I 



Elrikc, Dir gilt auch cm bcsondcrcr Dank, da du iibcr 2 Jahrc und 3 

I'vlonate diese Arbeit aktiv begleitet hast uncl wahrencl clieser Zeit eine Fulle 

an Daten uncl Ergebnissen procluziert hast, wovon die meisten mit in diese 

Arbeit geflossen sincl. Dies spiegelt sieh auch in unseren clrei gemeinsamen 

Veroffentlichungen ,1.,rieder. 

Ebenso rnochte ich rnich bei rneinen Praktikantlnnen bedanken, die rnich 

auf meinem \Veg begleitet haben. Dank gilt hier Franciska Gogesch, 

Heinrich Dreyer, Samuel rvionter, Paula \Vcnzcl. Frank Sailer und Simon 

Cardinal. 

Dr. Bing Ni hat auch emen erheblichen Anteil an dieser Arbeit. :'viein 

Dank gilt. der stet.en Unterstutzung bei der Ausv,rertung von XPS Daten 

woraus eine Publikation entstand. Ebenso mochte ich mich dafiir beclanken. 

class du diese Arbeit korrigiert hast. 

IVlein Dank gilt auch Dr. Guillermo Gonzalez-Rubio. Du hast mich 

rna:Bgeblich beirn Pro:;r,ess der Anfertigung rneiner erst.en Publikation 

bccinflusst. und damit. das Fundamcnt for die wcitcren Publikationcn gclcgt. 

Eine Publikation entstand auch in Zusarnmenarbeit rnit Prof. Dr. l\Jichael 

Kovcrmann. Ich mC>chtc Dir dicsbcziiglich for die viclcn inspiricrendcn 

Gesprachc und Diskussioncn :.i;ur Kcrnspinrcsonanz dankcn. Es galt einigc 

Problcmc zu l6sen und dcr LC>sungswcg war kcincs,vcgs trivial. 

Bei Anke Friemel mochte ich mich for die Durchfohrung zahlreicher 

Messungen bedanken. 

Dank gilt auch Dr. Johanne:; Schmidt for die Durchfohrung der 

R()ntgenphotoelektronenspektroskopie-Me:;sungen umi der U nterstiitzung 

bei der Evaluierung der Daten. 

Ein Dank gilt Dr. ::viichacl Laumann, Dr. l\farina Krumova sowic Dr. 

IVIatthias Hagner for die Einfohrung und U ntcrst.iitzung in dcr 

Elcktroncnmikroskopic. 

II 



\Vciterhin mochte ich I3rigit.te I3ossenecker und Elana Harhalik for die 

Rontgencliffraktometrie-:tviessungen danken. Damit mochte ich ebenfalls dem 

SFB 1214 fiir die Bereitstellung der .iviessgerate danken. 

GroBer Dank gilt auch .\Iichaela Kost uncl Dirk Ha.ffke fiir eure 

Cnternhit:;>;ung vv~ihrend meiner Zeit in der Arbeitsgruppe. Ich m6chte mich 

in diesem Zusammenhang bei der gesarnten AG C6lfen bedanken: die mich 

iiber die Jahre himveg begleitet hat und eme auf3erordentliche 

Arbcitsatmosphare geschaffon hat.. 

Auf.krhalb der Arbcit. an der Universita.t wurde ich von mcinen Freunden 

unterstiitzt. Dafiir bin ich sehr clankbar. Fiir emotionale Abgrenzung von 

der Arbeit uncl einen generellen, richtungsweisenden uncl moralischen 

Einfluss auf meine Personlichkeit sorgten unter anclerem mein Bruder 

I'vlarcel uncl Patrick vViirth. Es spielt keine Rolle, WO ihr Euch befindet.. 

Gespr~iche mit Euch erscheinen zeitlos und dies mindestens schon rnein 

halbes Leben lang. 

13ei mcinen Elt.ern m()chte ich mich besonders bedanken. Familie ist cine 

wertvolle Institution und jeder der eine besitzt ka.nn sich gliicklich schki.tzen. 

Ein garn". besonderer dank gilt rneiner familie. Vielen dank fiir den 

bedingungslosen riickhalt und cmotionlc sicherhcit. Ihr scid dafor 

verantwortlich, dass ich emotional und sozial gercift bin und heutc an diesem 

Punkt in mcincm Leben angclangt bin 

Abschlie:Bend mochte ich mieh noch bei :fathaly beclanken. Fa.st mem 

gesamtes Studium hast Du begleitet und die gesamte Zeit meiner 

Doktorar beit.. Die Facetten Deines Einflusses uncl Deiner U nterstiitzung sin cl 

marmigfaltig. Deine Zuneigung, Dein Vertra.uen und Dein Riickhalt haben 

mich zu dem gemacht, der ich bin und hat.ten da.mit einen enormen Anteil 

an memem \Verdegang. Vor Allem Deine Unterstiitzung bei der 

Fertigstcllung der Dissertation auf unscrer Reise ist. dabei hcrvonmhcben. 

Ich bin froh Dich an mciner Scitc z;u haben und danke Dir von ganz;cm 

Herzen for Alles. 

III 



Publication list 

Original documents included in section 9 

Kef3ler, S., Gonzalez-Rubio, G. , Reinalter, E. R., Kovermann, M., & 
Colfen, H. Synthesis of nickel hexacyanoferrate nanocubes with tuneable 

dimensions via temperature-controlled Ni2+-citrate complexation. Chemical 

Communications, 2020, 56(92), 14439-14442. 

DOI: 10.1039/DOCC04628K 
Reproduced from Ref. 169 with permission from the Royal Society of 

Chemistry (2021) . 

Kef3ler, S., Reinalter, E. R. , Ni, B., & Colfen, H. Rational Design of 

Environmentally Compatible Nickel Hexacyanoferrate Mesocrystals as 

Catalysts. The Journal of Physical Chemistry C, 2021, 125(48), 26503-26511 

DOI: 10.1021/acs.jpcc.lc08284 

Reproduced from Ref. 189 with permission from t he American Society of 

Chemistry. Copyright 2021. 

Kef3ler, S., Reinalter, E. R. , Schmidt, J. , & Colfen, H. Environmentally 

Benign Formation of Nickel Hexacyanoferrate-Derived Mesoframes for 

Heterogeneous Catalysis. Nanomaterials, 2021, 11 (10), 2756. 

DOI: 10.3390/nanolll02756 

Reproduced from Ref. 214 with permission from MDPI (2021). 

IV 



Contents
  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

 

 

  

  

  

  

  

 

 

  



  

  

  

  

  

 

 

  

  

  

  

  

  

  

  

  

  

  

  

  



Abbreviations 

General 

cc 
µm 

AFM 

BE 

BET 

BU 

CNT 

CPMG 

DLVO 

cm 

FFT 
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Fourier-transform infrared 

Energy-dispersive X-ray spectroscopy 
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2.1 Classically Formed Crystals 
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Figure 2.3: General representation of the free energy of a nucleus versus its radius within the 

classical nucleation theory. The surface energ,y of a nucleus (red line) scales quadratkally, where.as 

the bu1k energy of a nucleus (green line) scales with the cube. The sum of both contributions results in 

the free energy of the nuclei (blue line). Based on the free energy, it is shown that upon reaching a 

critical radius, a nucleus will grow. Nuclei whose radius fall below this critical radius will dissolve again. 

Reprinted from ref. 33 under CC BY 3.0 license.:;i 

the respective chemical potential (µl and µ~'.~.) can be used. 29' 41-42 From this, a basic 

relationship of the driving force and the supersat uration can be derived (equation 1) .15 

~µ = µ1 - µ~~~. = KTln (cc ) = KT ln s 
cq. 

(1) 

Where K is considered the Boltzmann-constant and T is the absolute temperature. As 

a practical feature, the driving force of the nucleation can be expressed by f).p/ KT. This 

means, only at a certain driving force supersaturation and thus cluster formation occurs. 15 

The cluster formation relies upon stochastic collisions between the BUs and occurs 

continuously. Only clusters that exhibit a certain critical cluster size characterized by 

the critical cluster radius (r c) are considered as thermodynamically stable. Clusters wit h 

smaller dimensions decompose due to t he lack of free energy of t he bulk phase (~Gv) 

compared to the higher absolute value of t he interfacial free energy (~G5) . Herein, ~Gv 

is responsible for the cluster formation and thus for the nucleation, as energy is released 

during the coagulation of BUs. The relationship between the free energy of the bulk 

phase and the free energy of the interface equalizes as soon as a cluster reaches the critical 

size (Figure 2.3). This results in t he following formulation (equation 2).:i:i, 43 
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2.1 Classically Formed Crystals 

Adsorbed BU 

Figure 2.4: Schematic repre>entation of the Kossel crystal. Boundary surfaces of the individual 

cube:; were represented by empty spaces for illustration purposes only. 

other BUs. In the case of the steps, the relationship is different. Here, there is only one 

connection with four out of six faces. In the case of the kinks, only a connection with 

three of the six surfaces occurs. This results in an increase of the surface energy, as fewer 

connections are established.45-47 By utilizing this model, t he different pathways of crystal 

growth can be understood. 

Similar to nucleation, crystal growth occurs in a supersaturated state. In this state, 

the evolution of an ordered solid phase occurs and can be characterized as a first-order 

phase transition.48 In thermodynamics such a process is typically illustrated by a phase 

diagram. The driving force is described as a function of supersaturation , which is relat ed 

to t he solubility of certain species and thus to t he equilibrium state. The equilibrium 

state is characterized by the equilibrium constant K 3 p and is considered to be the state 

in which the system remains unchanged over a long period of time (e.g. in geology). 

Practically, t he equilibrium state describes that the heat and mass transfer between the 

precursor phase and the finished phase is equal.43 In terms of the Kossel crystal, BUs 

separate from a solut ion and others enter t he solution again under a constant flux . During 

this state, no macroscopic crystal growth or dissolution occurs. Since supersat urat ion is 

the driving force for crystal growth, t he equilibrium state can be shifted by lowering the 

temperature or increasing the concentration. Thereby, the formation of a diffusion 

boundary layer results from mass transport of BUs from the dilute phase to the solid

liquid interface (i.e. diffusion of BUs along a concentration gradient towards the 

interface). As soon as the BU s reach the surface of the crystals , they are incorporated. 

The attachment of BUs onto the crystal surface mainly occurs at t he steps and kinks. 

Otherwise, there is a high probability t hat they return to t he liquid phase. The growth 

rate in this step is determined by the release of solvent molecules from the incorporated 
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Figure 2.5: Schematic representation of the LaMer model. The L:'1Mer cliagram shows nucle,a.tion 

and grnwth during nanopartide fo1mation in dependenc,e of the BU concentration. S repra:;ents the 

&Lturntion threshold and S: COffffifJOIKIB to the critical supersaturation. 

BUs. The release of the solvent molecules leads to a local decrease in the concentration 

of the BUs v,rithin the diffusion boundary layer, thus ma.intaining the concentration 

gradient that drives the diffusion of the I3Us towards the boundary layer.18 

Crystals commonly differ in morphology, which is why there must be different 

influences shaping their habitus. In general, the morphology of a crystal is determined 

by its crystal structure. This phenomenon is well known from ice, as mentioned earlier 

or can be found in lead(II) sulfide. Solid 'iva.ter can take up to 17 different crystalline 

forms. Lead(II) sulfide is often found with cubic-shaped and octahedral morphologies.4u 

Here, the environment has a significant influence on the formation of a particular 

morphology. As a result, different concepts for crystal gruwth and the related final crystal 

morphology 'ivcrc introduced. Rough surfaces arc formed primarily by an adhesive-type 

gnnvth mechanism, whereas smooth surfaces are formed by two-dimensional nucleation 

followed by layer- or spiral-growth. In particular, crystal growth is mostly favoured over 

nucleation due to less energy consumption. Therefore, growth is mainly dependent on 

the structuring of the surface (i.e. smooth or rough surface). A rough surface frequently 

exhibits steps or kinks, '\Vhich means that the binding energy for an incoming BU is very 

high. Rough surfaces are usually caused by the occurrence of a high driving force such 

as high supersaturation. This type of BU installation is characterized as adhesive-type 

growth. If the surface is smooth, a different growth mechanism occurs due to the lmver 

driving force. In order to further assemble BUs onto a smooth surface and thus drive 

crystal grmvth, a new step must first be formed through two-dimensional nucleation. The 
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2.1 Classically Formed Crystals 

processes such as Oshvald ripening and coalescence arc prevented, too. In contrast, a 

high dispersity of nanocrystal sizes is achieved by rapidly increasing the supersaturation. 

In this process, many nuclei can be formed, which finally results in different siL::ed 
particles. ,•,o 

The term NC, also called nanoparticles (KPs), describes particles, which exhibits a size 

between 1 and 100 nm in every dimension.20 51 The description is independent of the 

material properties, NPs can consist of crystalline materials such as calcium carbonate 

but abo polymers or proteins, and can even be amorphous materials. As soon as 

crystalline phases are involved, one can speak of nanocrystals.5~ Since some :-JCs in this 

work exceed the dimem;ionality of the NC definition, but others of the same material do 

not, all particles arc declared as NCs. Especially, with respect to mechanistic studies, 

where the continuous growth of particle si;,::cs occurs, a strict adherence to the definition 

is not reasonable. 

The analysis, formation and especially the control of :-JC formation was a breakthrough 

within the scientific world and led to the opening of a new field of studies , nanoscienceY~ 

Nanoseience is mainly concerned with the outstanding properties of KCs, which 

distinguish them from their macroscopic counterparts.>t-.)1' KCs have unique chemical and 

physical characteristics that differ from their macroscopic counterparts due to various 

reasons. On the one hand, I\Cs have a very high surface area compared to their bulk 

phases. This is best illustrated by a classic thought experiment of a cube with dimensions 

of 1 cm in all three dimensions. If you build smaller cubes from this cube, each 1vith 

dimensions of 1 nm, the surface area increases by a factor of 106. This emphasizes the 

importance of the ratio of surface area to volume in :"JCs. The enormous increase in 

surface area is particularly important for catalytic converters and can be exploited to use 

less material for catalytic reactions.rn-~o The energy-saving production of alternative 

materials to conventional noble-metal-based catalyst s can derive considerable benefit 

from this. Especially for the production of fuel cell electrodes, platinum or ruthcnium

based electrodes possibly can be replaced. In addition, there are size-dependent properties 

of materia ls the so-called quantum size effects. This effect also depends on the electronic 

structure of the NCs and their size. For example, the fabrication of semiconductor :-JCs 

often described as quantum dots is advanced.38 As the size of the quantum dots changes, 

so does their band gap. This allows for the ability to optimally tune the absorption and 

emission of these semiconductor :-JCs. In addition, very narnnv emission bands can be 

generated vvhich have a very long lifetime. This is particularly interesting for the 

production of quantum dot-based LEDS, whose properties make them a promising 

alternative to organic LEDs."CJ Furthermore, si,.-;c-depcndent properties arc observable in 

terms of the surface plasmon resonance effect. This occurs at metal :-JCs whose si,.-;e is 

smaller tha n the '~'avelength of light. The electromagnetic wave emitted by the light 

interacts with the electrons at the surface of the :-JCs, resulting in enhanced optical 

absorption a nd scattering. This effect is shape, material and size dependent and therefore 

very int eresting for sensor applications .60-G~ 
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2.1 Classically Formed Crystals 

To produce ~Cs, which can have a wide variety of properties, two opposite paths can 

he taken. On the one hand, ~Cs can be produced in a controlled manner from a small 

scale (bottom-up method) or they can he mined from larger objects (top-down method). 

In case of the top-down method, material is crushed by mechanical grinding, chemical 

etching, or lithographically and shaped into the desired form. 0:> However, this process has 

its limitations, since the production of very small objects involves the use of high energies 

to produce smaller wavelengths. In contra.st, the bot.tom-up process appears more elegant 

whereby object:; can be selectively and precisely built from BUs.G4 In this context, 

controlled formation means establishing a desired shape and size of KCs. Several methods 

have been developed for the synthesis of ~Cs from various starting materials, including 

thermal decomposition of precursors, chemical vapor deposition met.hod or wet-chemical 

approach.6·''-G7 The wet-chemical approach is particularly imposing, as it usually leads to 

very uniform products and thus to a high degree of reproducibility.G4 This involves 

chemical reactions in the solution phase using precursors. Among the various wet 

chemical synthesis routes, such a.s solvothermal synthesis or the hot-injection method, 

the precipitation method or co-precipitation method represents a. very simple process 

with high cost efficiency.61 66· 68 The use of water as a. solvent and low temperatures 

compared to the solvothermal synthesis and hot-injection method also leads to a positive 

ecological balance 'with regard to green-chemical aspects. The co-precipitation, vd1ich 

plays a key role in this work, is based on the combination of t:wo or more components 

folhwed by precipitation 1vhen they a.re present inside the same medium. The starting 

material is dissolved in a solvent and then a precipitant is added to produce a single

phase inorganic solid. Chemical co-precipitation therefore can be realized by previous 

studies of the nucleation and growth kinetics. The Understanding of factors such as the 

precursor concentration, nature of the precursor or reaction temperatures determine the 

control of crystal siL~e, shape, and crystal si:.i;e distrihution.09 Another determining factor 

represents the solubility product of the product. If the solubility product of the final 

material is very low (e.g. 6 · 10-18 for Ni(OH)2) in water, it •~'ill precipitate directly when 

the precursors a.re mixed. 70 According to the LaI'vier modeL this can result in irregular 

structures and sizes of the .\JCs. In order to obtain a uniform shape and size of the .\JCs, 

the precipitation reaction must take place in a controlled manner. Crystalli>".ation

mediating additives such as surfactants or complexing a.gents are suitable for this 

purpose.7 1 In the case of surfactants, the NCs are stabilized and, in addition, surfactants 

such as cetyltrimethyla.mmonium bromide or poly(vinyl pyrrolidone) can influence the 

shape of the KCs.11-n The surfactants bind to a specific surface and inhibit its growth, 

resulting in an anisotropic morphology of the KC. Complexing agents such as 

ethylenediaminctetraacetic acid or citrate, on the other hand, hind certain precursors due 

to a high binding a.ffinity.66
· n 7s This allows for a. controlled release of the precursors, 

which is determined by the solubility product of the final material. In this way, a. 

controlled and surfactant-free co-precipitation can be carried out which has been 

demonstrated on the example of Prussian blue analogues .6G 76 Typically, an additive-
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2.1 Classically Formed Crystals 

metal complex is formed in aqueous media. The solution containing the additive-metal 

complex is then mixed with an aqueous solution containing hcxacyanometallate ions. The 

presence of hexacyanoforrate results in the ambient withdrawal of the metal ions from 

the additive-metal complex and leads to the :-JC formation. Herc, the slow and cont.rolled 

crystallization is responsible for the formation of anisotropic objects such as nanocubesi 

since their inherent. crystalline structure dictates growth. This process is particularly 

interesting for the production of catalyst surfaces, since the avoidance of surfactants 

makes the surface more accessible for catalytic processes.77-79 
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2.2 Kon-classically Formed Crysta.ls - l\/Iesocrystals 

A rather rare mechanism is the alignment of KCs by area-selective molecules. Carefully 

selected molecules adsorb on specific surfaces of KCs, which a.re then occupied by such. 

This has been demonstrated on the example of barium carbonate na.nocrystals that 

aligned into hclices. 107 

Another mechanism leading to mesosea.le attachment of ~Cs is described by the 

concept of oriented attachment. This mechanism assumes a reduction in surface energy, 

whereby ~Cs with a common crystallographic orientation spontaneously coalesce, 

forming a planar interface. Energetically, the attachment and subsequent fusion of t1vo 

NCs eliminates the unfavorable surface energy. If organic molecules or solvents were 

previously bound to these surfaces, they are released, contributing to the gain in 
entropy.88, 108-111 

Furthermore, there is the alignment of KCs based on their geometry. This process is 

caused by spatial constrains and is valid for anisotropic KCs which a.re grown in a 

restricted reaction environment. Since a continuous process is present, a relatively loose 

and disordered structure is formed at first. \Vith increasing spatial confinement, the ~Cs 

then self-align. Practically, this effect can be observed in the Langmuir-Blodgett 

technique or in drying processes as the so-called coffee-ring effect. m-m In the scientific 

vrnrld, mesocrystals can be formed quite easily through bottom-up methods. It is shown 

to be favorable if the KCs have an anisotropic shape as this characteristic allmvs the ~Cs 

to align themselves forming the highest possible packing density. The shape of the ~Cs 

and the characteristics of their crystal faces also determine the resulting morphology of 

the mesocrystal. This can be achieved by destabili;r,ing a nanocrystal dispersion. Usually, 

this process is initiated by the addition of a salt or a so-called anti-solvent.99 Brunner et 

al. 1vere able to demonstrate this for the formation of magnetite nanocube-based 

mesocrystals. Olcic acid-stabilized truncated cubic-shaped magnetite NCs dispersed in 

an organic solvent (tctrahydrofuran, toluene, cyclohcxane and heptane) \Vere induced to 

arrange themselves in a face-centered cubic superlattice by the gas-phase diffusion of an 

anti-solvent such as ethanol. The crystallographic orientation was detected by small- and 

large-angle X-ray scattering. In addition, the influence of the different solvents on the 

morphology of the resulting mesocrystals was demonstrated. ml 

It is also possible to form mesocrystals within a guiding external physical field. This 

can be reali;r,ed by an electric or magnetic dipole or by gravitational fields as 'well as 

polarization forces. It is important that the KCs exhibit anisotropic interaction potentials 

such as a dipole moment along the nanocrystal axis or express oppositely charged counter 

surfaces. Dipoles or magnetic moments can generate local dipole or magnetic fields 

enabling mutual alignment of NCs as observed for example on magnetite KPs.11c-m 

Dipole forces and, in the case of anisotropic structures, pola.ri;.mt.ion forces arc always 

directional. The resulting spatial orientation and subsequent arrangement of ~Cs is a 

complex process 1;1,rhich can be explained by the Derjaguin-Landau-Verwey-Overbeek 

(DLVO) theory. The theory describes the physical interaction between aggregating 

colloidal particles, taking into account van der \Vaals and electrostatic interactions 

22 



2.2 Kon-classically Formed Crysta.ls - l\/Iesocrysta.ls 

within a liquid medium. The total interaction is thus the sum of the attractive and 

repulsive internet.ions. The determination of the interaction inequalities is usually done 

by the Hamaker constant, which quantitatively describes Van der \Vaals forces between 

two particles.118-119 If NCs arc aligned, the dipole interactions can compensate each other. 

In the case of the polarization interaction, a summation of the potentials appears in a 

constructive fashion when KCs are added. It is important to note that the additivity of 

the potentials is a process that neglects certain aspects such as ~C size, shape and the 

electrostatic stabili7-ation by organic molecules. 2:3 

The formation of a mesocrystal can also be achieved by the association of NCs by 

means of electrostatic destabilization. If the anisotropic NCs exhibit a certain 

electrostatic potential, the potential is anisotropic at any dist.ance.120 This results in a 

driving force for the mutual alignment of the NCs and thus directs the morphology of 

the mcsocrystal. To maintain this state, an adequate electrostatic stabili;.mt.ion of the 

NCs is necessary to ensure a controlled accumulation of the NCs. In contrast, too weak 

or too strong stabilization can lead to repulsion or uncontrolled agglomeration of the 
NCs.2:>. 11t-- 119 
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2.:3 Structure and Functionality 

reduced in the European chemical industry by 53.4% between 1990 and 2010 through 

the introduction and further development of catalytic processcs. 1'':1 

Heterogeneous catalysis describes a t_ype of catalysis in which the catalyst and the 

reacting substances arc in different physical phases. Classically, a solid is distributed 

inside a gas or liquid phase. In particular, a catalyst lowers the activation energy of a 

chemical reaction and thereby increases the reaction rate. A special feature is that the 

catalyst emerges unchanged from the reaction. It therefore participates in the reaction; 

but is not consumed itself. 154 

Heterogeneous catalysis can be divided into several steps: First; the diffusion of the 

reactants to the surface of the catalyst occurs. This is folhwed by the diffusion of the 

reactants to the catalytically active center, where they arc adsorbed. Then, the actual 

chemical reaction takes place. After a successful conversion, the product is transported 

away in the same way as the reactants reached the active site. From a kinetic point of 

view, it is important to mention that the sknvcst elementary step is rate-determining. 

Practical advantages of heterogeneous catalysis over homogeneous catalysis are the ease 

of separating the catalyst from reactants and products, and the ability to easily process 

deactivated catalysts. 15';-i:;G 

There is a vvide range of materials that are already used for heterogeneous catalysis or 

provide promising material properties for future applications. Catalysts are used in some 

large-scale production processes. But, there is an increasingly high demand for innovative 

solutions, such as in wastewater treatment. Among other things, the industrial 

production of plastic goods has led to the increased occurrence of plastici7.ers such as 

bisphenol-A in vvaste\vater and groumhvater. Likewise: many pharmaceuticals such as 

ibuprofen, salicylic acid or additives such as caffeine are detectable in wasteivater. 137
-

160 

IVIany of these substances have negative effects on humans and also nature in certain 

quantities. Therefore, various approaches were tested in which NCs arc used to 

decompose various contaminants. Often, this is achieved by the formation of free radicals 

on the surface of the catalyst materials (i.e. activation of H20 2; potassium persulfate or 

potassium peroxymonosulfate for oxidation or sodium borohydrate for reduction) .161
-
151 

To facilitate peroxymonosulfate activated degradation of caffeine, magnetic carbon

supported cobalt hybrid :-JCs show a very high activity, which resulted in the degradation 

of approximately 90 % of caffeine within 20 min. 1
G2 Another example is the use of a 

nitrogen-doped carbon sponge loaded with C0Fe204 KCs for the decomposition of salicylic 

acid. Very high activities were also registered there, as 90 % of the contaminant is 

degraded after 10 min_ rn:. In general, there is often the pro blcm of catalyst separation 

after the degradation reaction has been completed. In most cases, this is circumvented 

by applying the catalytically active material to a substrate or by utili:dng magnetic 

properties.100-rn8 If no magnetic properties are available, additional steps can be required 

during production. In view of this; functional mesocrystals appear to be predestined for 

application in heterogeneous catalysis, as they can have a very high surface area and 

thus offer a high contact surface vvith t he catalytically active :-JCs. In addition: most 
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2.:3 Structure and Functionality 

mesocrystals exhibit dimensions that make them easy accessible for separation via 

filtration. To ensure that mesocrystals arc usable for heterogeneous catalysis, an additive

free synthesis of ~Cs is required providing a freely and easily accessible surface after the 

assembly process into a mesocrystal. This step is crucial for the production of functional 

mesocrysta.ls as catalytic material for heterogeneous catalysis and should therefore be of 

central interest for science and industry. 

In a vrnrld where continuously more materials and substances such as everyday 

commmable items, medicine and additives are produced, there is no longer only a need 

to produce functional materials in a progressive and resource-saving way. It is the 

responsibility and reason of mankind to find 1vays to reduce its footprint generated by 

these items in the world. Life on earth is fragile, which is why a lot of effort must be 

made to ensure that life on our planet remains worth living. 
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3. Objectives of the Thesis 

formation. The self-assembly of these monodisperse NiHCF NCs into micron-siz;ed 

mesocrystals is based on a typical gas-phase diffusion approach. 

A catalyst should provide certain features such as an ambient and simple preparation, 

being easily accessible for a facile removal aft.er heterogeneous catalysis and the 

production process should not be sophisticated. To meet green chemistry aspects, less 

energy consumption and avoidance of organic solvents should also emerge decisively. 

Cnfortunately, systems that address the mentioned requirements in combination with 

rational mechanistic studies have rarely been reported. On this occasion, comparative 

studies of the second publication in section 4.3 further focused on a deeper understanding 

of the formation mechanism of NiHCF I\Cs. The rational investigation should result in 

the control of KC dimensions by additive and supersaturation adjustments towards the 

in-situ formation of colloidal I\iHCF mesocrystals. l\fochanistic aspects such as 

interaction potentials were investigated to establish a link between supersaturation and 

in-situ formation of mesocrystals. Owing to their high water insolubility, sustainable 

production, and appealing properties in the field of heterogeneous catalysis, NiHCF :'-JC

based colloidal mesocrystals should serve as the catalyst material for the degradation of 

the organic contaminant caffeine. 

Another elegant way to introduce functionality can be via the targeted modification of 

mesocrystals such as increasing the surface area or transformation of the initial mate-rial 

into another material with enhanced properties. Nevertheless; the enhancements of 

material properties a re often connected to environmental burdening processes as the use 

of organic solvents; surfactants, or high temperatures. For this purpose, the third 

publication in section 4.4 focuses on the benign modification of the colloidal KiHCF 

mesocrystals from section 4.:3 via controlled alkaline etching using tetramethylammoniurn 

hydroxide to form mesocrystalline hollow frameworks (mesoframes). The etching process 

enables the development of an increased surface area and the transformation of :'-JiHCF 

into a metal hydroxide-based phase \Vith enhanced catalytic activity. The correlation 

between the structural parameters, composition, and catalytic performance is examined 

by a detailed analysis of the etched structures for the degradation of the contaminants 

rhodamine-B and bisphenol-A. 
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4.2 Publication 1 

Figure 1: Effect of citrate on NiHFC by11thrnlli. (a and b) Tra11'3rrli'3Sion ckx_tron micmscopy (TK\1) 

imagES of NiHCF nanoparticlES obtained in the arnence (a) and presence (b) of citrate. &ale bars: 500 

nm, 50 nm (inset a), and 100 nm (irn;;cts b). 

depending on whether citrate was present or absent in the growth mixture, respectively 

(Fig. la and b). Both products were found to crystallize in the same cubic structure (Fig. 

Sl ESI;t i.e., F43m) with a corresponding elemental compos1t10n of 

~at1.uaNhnr,[Fe(C:'\)fih · 14.7 Hi) for the 133 nm NCs and Ko.11:'\b.sf; [Fe (C~)Gh · 23.5 ff/) 

for the sub 15 nm NCs (Fig. S2, ESit). These results indicate that citrate can significantly 

modify the dimensions and morphology of the synthesized l'\iHCF :'\Cs.179 

On the one hand, the synthesis of NC colloids often requires the use of surface ligands 

to control the growth process and to maintain their colloidal stability. l'\evertheless, in 

our case, analysis of IR spectra of NiHCF prepared in the presence of citrate did not 

reveal bands characteristic for citrate (Fig. 83, ESit), indicating that the interaction of 

citrate with NiHCF might be too -vveak to impact the formation of NiHCF NCs. The rate 

constant of NC formation (via co-precipitation) is strongly dependent on the degree of 

solution supersaturation. Due to poor solubility of NiHCF, high supersaturation levels 

can be easily reached even at low concentrations. In this context, citrate can form 

coordination complexes \\rith different transition meta.ls including Ni. This phenomenon 

could decrease the concentration of free metal ions in solution (i.e.~ lmvering; the 

supersaturation), eventually leading to fewer nuclei forming and the grmvth of larger 

~Cs. To validate this hypothesis, vv·e investigated the formation of ~F -citrate (NiCit) 

complex in the presence of HCF. In this regard, one-dimensional 1H-N::v'IR experiments 

were conducted to unveil the dynamics of NiCit interact ion during the ~iHCF NCs 

synthesis (Fig. s:~ , ESit). ·when citrate is not coordinated to metals at a pH value ranging 

between 6.5 and 7 (i.e., it decreases from 6.8 to 6.5 during the synthesis, Fig. S4, ESit), 

it exhibits two characteristic doublets in the 2.8-2.5 ppm range corresponding to the 

citrate monoprotonated species (HCit.2-) Y 1 After the addition of ~i2+,a decreased 

broadening of the citrate signal intensity vvas observed, pointing out the format ion of a 

~iCit complex.182 Indeed: complete complexation of citrate should lead to the total 

disappearance of this signal. However, as a 50 % excess of citrate was present in the 
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Figure 2: Grovvth kinetics and tuneability of >IiHCF KC dimensions. (a) Time course of the turbidity 

during the synthrni<> of NiHCF performed at different temperatures. (b ~ TEYI rnicrogmphs of >IiHCF 

\vith ctistinct dimensions: 96 ± 8.3 nm at 10 °C, 133 ± 8.0 nm at 25 °C, 147 ± 8.0 nm at 35 °C, 223 ± 

26 nm at 50 °C and 231±44 nm at 70 °C. Scale l:ars: 1 mm and 100 nm (insets). 

mixture, only a fraction of citrate molecules \i\ras coordinated ·with metal ions (i.e. , Fig. 

S5 and S6 ESI;t NiCit stoichiometry determined via. conductivity measurements and 

>IMR spectroscopy was 1 : 1.06 while a [citrate] : [KF 1
] = LS was used during the 

synthesis). Subsequently, HCF solution was injected and the 1H-NIVIR resonance signals 

of citrate \;\,'ere monitored. A significant recovery of the intensity of resonance signals 

comprising citrate \Vas noticed after 24 h , which \V<1.S probably caused by the 

disappearance of the Ni.2+ complex due to precipitation of the metal ions from solution. 

Overall, these results strongly indicate that the Ni.Cit complex is stable for several hours 

in the presence of HCF. As a consequence, the effective concentration of Ni2
- is likely 

much lower than in the absence of citrate molecules, thereby lowering the 

supersaturation. It is important to underline that a decrease in the concentration of free 

>IF- may also affect the growth kinetics. 

Besides tuning of the particle si.1-;e via the citrate concentration, a precise kinetic cont rol 

of the nucleation and growth process is a principle further possibility . To investigate this 

hypothesis, "\v·e monitored the changes in the turbidity of the growth mixture during the 

nanoparticle synthesis (i.e., turbidity rises once nucleation begins). Thus, in the absence 
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Fi!,,>Urc 3: Temperature depemlcnce of the association proccs.s lxtween >l'i2+ and citrate. (a) 1H-NlVIR 

spa:tm of citrate in the presence of NF- ra:orclecl at different temperatures ranging from 10 °C (blue) to 

46 °C (green). Chemical shift. of the citrate rc."-Onance signal occurs from tcmpernturo-dependent shift of 

the water reference sig1IB.l. (b) Dependence of signal intensity in NMR spectra on the relaxation delay 

applied in Carr-Purcell- :tvleil:xx.>m--Gill (CPMG}-€xpe1irnents to obtain the transverse relaxation time 

(T2). (c) Dependence of T1 of citrate (blue triangle) and >Ii.Cit complex (green triangle) on the 

temperature;;. (d) Dependence of Gibbs' free energy on temperature derived from i'30thermal titration 

c,alorimetry (ITC) measurements. 

of citrate, the nucleation and subsequent growth were found to occur in a few minutes; 

as indicated by the fast increment of the solution turbidity that saturates the instrument. 

On the contrary, the onset of nucleation was significantly delayed in the presence of 

citrate (Fig. 87) ESit), pointing out a substantial modification of the speed of growth. 

Com.;idering the strong dependence of grmvth kinetics on the size of the NiHCF >l'Cs (Fig. 

la and b), obtaining full control of this process should provide access to >IC with tuneable 

dimensions. It is important to underline that the speed of NC growth depends on the 

>Ii Cit complexation, which is an endothermic process.183 As such, the tuning of the growth 

temperature may emerge as a simple strategy to modify the growth kinetics and, 

consequently, the >IiHCF dimensions. The synthesis of :\"iHCF was performed at different 

temperatures to explore this idea. \Ve found that t he gr<l\\rth time was significantly 
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delayed at temperatures below 25 °C and increased at temperatures above 25 °C (Fig. 

2a). Analysis of TETvI micrographs taken from products revealed that the smallest NCs 

were formed at temperatures below 25 °C, whereas an increase of the siz;e was identified 

for those NiHCF I\Cs prepared at higher temperatures. Therefore, I\iHCF I\Cs of 78 nm 

were grown at 0 °C, while sizes of 96, 133, 147, 223, 231 and 538 nm were reached at 10, 

25, 35, .JO, 70 and 90 °C, respectively (Fig. 2b-f and Fig. 88, ESit). Overall, these results 

successfully reveal the critical role of the co-precipitation kinetics in the formation of 

NiHCF I\Cs. l\Ioreover, in the presence of citrate, the synthesis can be controlled via the 

grovvth temperature, enabling the formation of NiHCF NCs vvith tuneable dimensions 

and size dispersity below 8 % (behveen 10 and ;35 °C, Fig. 88, ESit). I\ote, when the 

temperature was not cont.rolled, the oscillation of the room temperature gave rise to a 

decrease of the I\iHCF ~C quality (Fig. S9, ESit). 

To gain insights into the role of citrate and the nature of the I\iCit association at 

different temperatures, at a molecular lcveL the thermodynamic stability of the complex 

was investigated by applying one-dimensional 1H-N.\IR spectroscopy (note that the 

proton resonance signals compromising citrate are sensitive to the binding strength). 

Thereby, a substantial decrease in signal intensity in resonance belonging to citrate was 

noted, suggesting that a stronger interaction of citrate 1vith ~i2+ occurs at elevated 

temperatures (Fig. 3a). These results indicated that the chemical equilibrium was shifted 

tmvards the ~iCit complex formation. Further investigation of this phenomenon was 

accomplished using the Carr-Purcell-Meiboom-Gill (CPl\IG) experiment to determine 

the T2 of the I\i2+-citrate-complex at different temperatures. 184 In a typical CPMG-based 

N_\IR experiment, the decay of a signal intensity is monitored by applying an increasing 

relaxation delay in order to obtain T2 (Fig. 3b). In the case of the Ni2+-citrate-complex, 

we observed a substantial decrease in TJ of the resonance signal at 2.38 ppm as the 

temperature ·was increa..<;ed from 10 °C to 46 °C (Fig. 3c and Fig. SlO, ESit). Although 

Ti may rise due to an increase in molecular dynamics induced by elevated temperatures 

(as observed for free citrate), a stronger interaction 1;1,rith paramagnetic I\ i2 1 can reverse 

this effect. significantly.18" Thus, the observed dependence of T2 on increasing temperature 

revealed that I\iCit interactions become more pronounced, qualitatively supporting that 

the chemical equilibrium shifted tmvards the complex formation (Fig. 811 and 812, ESit). 

Finall.r: ITC was employed to quantitatively determine the thermodynamics variables of 

the ~iCit complexation process (Fig. :3d and Fig. SB, ESit ). \Ve observed a noticeable 

decrease in the Gibbs ' free energy of complex formation vvhen the temperature 1vas raised 

(from 32.3 kJ moi-1 at 15 °C to 35.5 k.J mo1-1 at 28 °C), thereby providing additional 

evidence of the enhanced stability of the NiCit complex at high temperatures (Fig. 3d). 

Finally, the self-assembly of I\iHCF NCs into highly ordered superstructures 

(mesocrystal) was investigated. The use of high quality I\Cs is an essential prerequisite 

in the construction of hierarchical structures with tailored physical-chemical properties, 

as they can be more structured into ordered arrangements. Owing to the low size and 

shape dispersity of t he obtained ~iHCF KCs, they vvere found to easily self-assemble into 
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Figure 4: Self-assembly of NiHCF ~Cs intomesocrystals. (a) Low magnilication and (b) high 

magnification scanning electron rnicrcs::opy (SEM) irnagrn of ~iHCF rnc::-><XI)'Stal mrn1xNxl with 176 

mn ~Cs, and their com'Bponding FFT (inset top right). (c) \Vide-angle X-ray scattering (\VAXS) 

pattern \vi th sharp Bragg p:Bks of the [622], [311] and [200] lattice planes. (Scale bar: 5.0 mm (top left) 

and 2.0 mm, inset 500 nm (top right)). 

micron-sized mesocrystals via gas diffusion of an antisolvent into a water-based dispersion 

of the NC:s.186 In a typical setup, a double-polished Si-wafer was placed inside a small 

glass tube filled with the NC dispersion. This glass tube vva.s situated inside a glass vial 

containing the antisolvcnt (ethanol). The mcsocrystals arc formed by a. continuous 

decrease of the dispersion's colloidal stability '~'ithin 14 days. The morphology of the 

precipitated microstructures grown on the Si-wafer was characterized via SEM, which 

revealed the formation of mesocrystalline structures (Fig. 4a and b). In addition, \V AXS 

confirmed the formation of a mesocrystalline structure due to the existence of sharp 

Bragg pea.ks. These arc characteristic for type I rncsocrystals with a longe-range order 

on the atomic scale.83 
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A relaxation delay of 1.0 s and an acquisition time of 2. 7 s were typically employed. 

However, for in-situ monitoring of the :'-JiHFC growth, a relaxation delay of 20.0 s and 

an acquisition time of 2. 7 s \Vere used. A relaxation delay of 5.0 s, a pi-pulse of 

approximately 20 ps (varied hehveen 17.5 ps and 22.7 ps) and an acquisition time of 0.26 

s were employed during the Carr-Purcell-1foiboom-Gill (CPMG) experiments. In terms 

of citrate, approximately 20 sets of loops beb;i;.reen 4 and 1100 repetitions were used. For 

the complex, a set of 12 different loops between 4 and 1100 repetitions were used. All 

data \Vere proces:;ed and analyzed 1vith .VIestReK ova and Topspin sofhvare. 

• :'-JiHFC growth. 0.3 mL of an aqueous (D20) potassium hexacyanoferrate(III) 

:;olution (0.020 l\I) was rapidly added to 0.3 mL of an aqueous (D20) :;olution of nickel(II) 

acetate tetra.hydrate (0.030 :\I) and trisodium citrate dihydrate (0.045 :'vI). 

• Determination of :'-Ji2--Citrate Stoichiometry. Trisodium citrate \Vas dissolved in 

0.4 mL of deuterium oxide to obtain a concentration of 0.05 TvI, and a certain volume of 

a 0.1 TvI nickel acetate solution in deuterium oxide \Vas added. After each addition, the 
1H-Kl\/IR. of the mixture was immediately recorded. 

Isothermal Titration Calorimetry: All experiments were performed with a :tviicorcal 

ITC200 system from :'vialvern. The data were analyzed using NITPIC (The University of 

Texas Southwe:;tern l\Iedical Centre) and ITCsy (:;edphat) software. The plots were 

processed \Vith GUSSI (The Cniver:;ity of Texas Soutlnvestern l\Iedical Centre) and 

Origin 2017. The experiment was performed for each titration in triplicate:; unless 

explicitly stated othenvise. 

Electron Microscopy: Trnnsmi:;sion electron microscopy images 1vere obtained in a 

Zeiss Libra 120 EF-TErvI operating at an acceleration voltage of 120 kV. Nanoparticle:; 

were drop casted on carbon-coated 400 square mesh copper grid. Scanning electron 

microscopy images were recorded with an Auriga 40 by Zeiss operating at 5 kV. Energy

dispersive X-ray spectroscopy (EDS) was applied by a Gemini 500 by Zeiss operating at 

10 kV. For EDS measurement, the nanoparticle dispersion was drop casted on a double

polished Si-wafer. Afterwards , the dried sample was coated by a gold film (thickness of 

approximately 4.0 nm) . 

Powder X-ray diffraction: All samples were characterized using a Bruker D8 Advance 

equipped with a scintillation counter, and a Bruker DS Discovery with a. Lynxeye XE 

detector. For the \VAXS measurement a Vantec detector was used. 

Thermogravimetric analysis: The sample was analyzed u:;ing a :'-JETZSCH ST A449 

F3 Jupiter. All measurements were performed u:;ing a gas flow of air (254 mL min- 1
) and 

nitrogen (250 mL mirr1). Heating rates of 5 K miir1 in the range bet.ween 30 °C and 

300 °C and 10 K mirr1 in the range bet.ween 300 °C and 1000 °C were applied. 
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1 Nickel hexacyanoferrate crystal structure and composition 

a b c 
- With trisodium citrate 
- Without trisodium citrate 

:J 

0 
0 
N 

~ .......... ~~~~~~~~~ 
0 
N 
N 

0 
0 
"<!" i?:' ·c;; 

c: 
$ 
c: 

10 20 30 40 50 60 70 10 20 30 40 50 60 70 

2 Theta [0 J 2 Theta [0 J 

4.2 Publication 1 

e Fe 

Ni 

N 

o c 

Figure Sl: (a) Normalized PXRD patterns of NiHCF nanoparticles prepared in the absence (green 

curve) and presence (blue curve) of trisodirnn citrate. (b) Assigned PXRD pattern of NiHCF NCs 

prepared in the presenc,e of trisodium citrate (reference: file JCP2.2CA: 01-082-2283). (c) Unit cell of 

nickel hexacyanoferrate. Color code: blue, iron(IlI); green, nickel(II); yellow, nitrogen; grey, c,arbon. 
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Figure S2: (a) EDS spcx.'.trum of KiHCF NCs synthrnizcd in the presence of citrate. The [Na]:[Ni]:[Fe] 

ratio was determined to be 0.125:2.875:2.000. The signals for silicon and gold can be assigned to used Si

wafer and the gold coating. (b) Thennogra:vimetric analysis (TGA) curve of the c.omsponding NiHCF 

.>JCs in air. The first two procESSeS shmv a weight lass due to evaporation of v,rater molecules attached to 

the nancx:ul:>ffi. Thereby, an amount of 14. 7 mol per 1.0 mol of KiH CF was determined. The third pnx:ffis 

appe..ared due to the demmpc:6ition of the cyano-h1igtled framework.187 The fomth procf'SS can he a.s.<>igned 

to fonnation of metal oxidffi. (c:) EDS spec:tnnn of .>JiHCF NC'3 synthe;;i:r.ed in the atrence of citrate. 

The [K]:[Ki]:[Fe] ratio \Va.<> determined to he 0.14:2.86:2.00. The signal for silicon can be a.<;.,<;igned t.o the 

used Si-wafer. ( d) Corrrnponding therrnogravimetric analysis (TGA) curve of NiHCF KCs in air. The 

first two prcx:esses show a ·weight lm..:; clue to evaporation of ·water molecules attached to the KCs. 

Thereby, an arnmmt of 23.5 rnol per 1.0 mol of NiHCF \Vas obta.irnx.l. The third process cxx:urcd due to 

the decomposition framework. 187 The foUith process can be assigned to formation of metal oxides. 
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2 pH of the Growth Solution 
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Figure 84: (a) Trisodium citrate solution (0.01 M) pH evolution as a function of the concentration of 

nickel acetate (0.1 M) at 25 °C. (b) pH variation during the synthesis of NiHFC NCs in the presence of 

citrate at 25 °C. 

3 Determination of Ni2+-Citrate Stochiometry 
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Figure S5: Conductometric titration curves: The addition of an aqueous nickel acetate solution (0.1 M) 

into aqueous trisodium citrate solutions ((a) 0.01 M, (b) 0.025 M, (c) 0.05 M) at different temperatures 

(Addition rate: 0.05 mL min-1). During the addition of nickel acetate, the mnductivity of the trisodium 

citrate solution decre,ased due to the formation of a Ni2+ -citrate complex. Once all citrate molecules are 

chelating NF+ (equivalence point), further addition of nickel(JI) acetate lead to a rise of the mnductivity. 

The binding ratios were derived from the equivalence point (Table 82). 

46 



4.2 Publication 1 

Table 82: Binding ratirn of :.Ji2+ ·with citrate obtained from the condutomctric titration curve."'> at different 

temperatures (23 °C, 25 °C and 28 °C) and citrate concentrations. 

Temperature l0 CJ 
(J.()l Iv! Lrisodimn 0.025 }1 trisodium (l. OS lVI !.risodi urn 

citrate solution citrate solution 

23 

25 

28 
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1.05 
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Nickekitrate oomplex L 
Trisodium citrate 

3.0 2.8 2.6 2.4 2.2 2.0 1.8 1.6 1.4 

Chemical shift [ppm] 

b 

1.o:3 

O.!Hl 

1.0:3 

1---·-••---·1----0.000 M 
1---·-••---·•----0.006 M 
'---------''-' ----'-J'----0.011 M 
1---·---~----0.01 6 M 
1-----------0.020 M 
1-----------0.024 M 
1-----------0.027 M 
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1-----------0.033 M 
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1-----------0039 M 

2 .7 2.6 2.5 2.4 
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<ti 
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·u; 
~ 4 Ox106 

.E 2 .ox106 

0.0 

citrate solution 
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[mol L'1) 

Figure S6: (a)1H-I\""11R spectra of tri'3C:xlium citrate in the absence (green) and pre:;ence (blue) 

tri.;;odium of :.Ji2+ ([cit1ate]:[.\'"i2+]= 1.5 ). (b) Evolution of citrat.e 1H-NMR spectra during the addition of 

:.Ji2 1
• (c) Evolution of the citrate 1H-Nl\1R sig1lal at 2.61 ppm during the adclition of )Ji2 1 
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4 Growth kinetics in the absence and presence of citrate at 25 °C 
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Figure S7: Time course of the turbidity during the synthesis of NiHCF in the absence (green color) 

and preo;ence (blue color) of citrate at 25 °C. 

5 Size dispersity of NiHFC NCs obtained at different temperatures 
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Figure S8: TEM micrographs of NiHCF with distinct dimensions: (a) 78 ± 4.9 nm at 0 °C and (b) 538 

± 320 nm at 90 °C. Scale bars: 1 pm and 100 nm (Insets). (c) Temperature-dependent mean edge length 

evolution of NiHCF NCs. Data derived from TEM micrographs of NiHCF NCs obtained with distinct 

dimensions: 78 ± 4.9 nm at 0 °C, 96 ± 8.3nmat10 °C, 133 ± 8.0 nm at 25 °C, 147 ± 8.0 nm at 35 °C, 

223 ± 26 nm at 50 °C, 231 ± 44 nm at 70 °C (200 NCs counted) and 538 ± 320 nm at 90 °C (20 NCs 

counted). Size dispersity below 8 3 between 10 °C and 35 °C, 12 3 at 50 °C, 20 3 at 70 °C and 59 3 
at 90 °C. 
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Figure 89: NiHFC nanocrystal growth in the absence of temperature control. (a) Conductivity 

measurement during the synthesis of NiHCF NCs in the absence (green curve) of temperature control. 

Temperature oscillations during the synthesis me.asured by the conductivity elEX::trode (blue curve) (b) 

TEM and (c) SEM images of the obtained NiHCF NCs (inset b: NiHCF NC edge length distribution; 

200 NCs counted). Scale bars: 1.0 pm. 

6 Investigation of the temperature-dependent Ni2+-citrate complexation 
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Figure 810: Typical CPMG experiment with the dEX::re.ase of the 2.38 ppm signal intensity of trisodium 

citrate tracked by the relaxation delay at 22 °C. 
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~ Intensities of 2.38 ppm signal at 14 ' C 
- Exponential decay (T2 = 40.7 ms) 
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50 

Fig1rrc Sll: Intcn."lity of the ~i2+-<:itrntc 'H-NtvIR signal as a function of the rcla,'ffi,tion delay during 

CPMG experiments conducted at 10 °C, 14 °C, 22 °C, 32 °C, 40°C and 46 °C. Data is fitted ·with a 
st11J1dard eJqxmential dC\ay function to obtain T z (blue line). 
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~ Intensities of 2.38 ppm signal at 14 •c 
- Exponential decay (T2 = 624.7 ms) 
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Fig1rrc 812: Intcn.'iity of the citrate 1H-NMR sig1ial HS a function of the relaxation delay during CPI'v1G 

eArperiments conducted at 10 °C, 14 °C, 22 °C, 32 °C, 40°C and 46 °C. Data is fitted \vith a standard 

C'xponcntial ckx~y function to obtain T.i (blue line). 
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The obtained data is fitted by standard exponential decay: 

y =A· e-;~ (1) 
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Figure 813: Thermogrnms of the Ni2+-citrate comple.xation at different temperatures (15 °C, 23 °C, 25 

°C and 28 °C) obtained rn ITC. 
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bridged by cyano-ligands (CN·) in order to create rigid frameworks containing pores with 

tailored dimensions and high internal surface area.c.;. These features enable the high 

functionality of the PI3A material in terms of applications such as energy storage, water 

splitting, or wastewater treat.mcnt. 174, rno-rni 

In this context, nanostructured materials have been studied extensively, as these 

exhibit superior properties distinct to their bulk phase, due to the appearance of surface 

effects. For example, nanosized PBA-based materials exhibit an enhanced capacity for 

metal-ion batteries or an increased catalytic activity. 174
' 

194
-
195 Certainly, size and shape 

play a decisive role to enhance their performance. 196 Typically, the production of PBA 

bulk material is realized by direct mixing of the metal ion .\f \Vith the Ax[l\f ( C.>J)r.] 

moiety in aqueous solution (coprccipit.at.ion approach). The immediate precipitation 

results in a lack of NC growth control. For precise control of NC formation, it is crucial 

to separate nucleation and growth (La.Mer). :.o Recent studies demonstrated an elegant 

strategy to form high quality PI3A NCs ·with distinct. dimensions and morphology.60
· rn9 

Therefore, the introduction of chelating a.gents such as trisodium citrate favor the 

formation of a stable precursor metal-citrate complex. This complex maintains a 

continuous release of the metal ion M' for a controlled crystalliza.tion.1w 

K evertheless, considering nano material implementation in technology: hierarchical 

superstructures emerge decisive as these endmv nanomaterials vvith novel functions. 

Hierarchical structures expose various types of structural properties and constructions 

such as metal organic frame\vorks (.\IOFs), zeolites, colloidal crystals, or mesocrystals.2:i. 
197

-
199 MOFs and zeolites exhibit a porous netvwrk formed by a chemical connection 

between molecular precursors. On the other hand, colloidal and mesocrystals are 

constructed by the mutual alignment of .>JCs. Especially, mesocrystals represent a special 

case of the colloidal crystal, as they arc composed of anisotropic crystalline subunits. 

Since PI3As arc :'vIOFs, mcsocrystals composed of :'vIOF particles can be considered as 

hierarchical porous structures that arc unique among hierarchical superstructures. The 

dose-pa.eked connection between the building units enables a high mass transfer during 

catalytic reactionsY0 Even more, these structures are proving to be versatile and 

advantageous for the development of novel, easily accessible, electrical, and optical 

applications.186, Hn 200- 202 Additionally, mesocrystals are typically microparticles, which can 

be easily removed from a reaction mixture by simple filtration or decanting in contrast 

to nanoparticles, which are notoriously difficult to remove if aggregation needs to be 

omitted to maintain further use. 

In general, hierarchical superstructures arc fabricated by a bottom-up approach via 

the self-assembly of prcsynthcsiL;cd KCs. In most. cases, KC self-assembly is maintained 

by solvent. evaporation or additive-mediated KC deposit.ion (i.e. , addition of an 

antisolvent or sa.lt.)_'.n ~8 , zmzoi Colloidal superstructures represent a resourceful 

subcategory of these materials to facilitate the accessibility for applications such as 

heterogeneous catalysis of organic pollutants (i.e., homogeneous distribution of the 

catalyst and catalyst removal via filtration) . For example, caffeine is considered as one 
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and larger NCs are formed. Thus, higher concentrations of citrate result in a lower 

concentration of Ni2+ ions, according to the chemical equilibrium of the complex and a 

reduction of the nickel ion release. To investigate this idea, the synthesis of NiHCF NCs 

was performed with different concentrations of citrate (citrate to Ni2+ ratios between 1.05 

and 2.0; low supersaturation of 0.21 mol L-1) while the turbidity of the reaction mixture 

was monitored (i.e., increase of turbidity during the crystallization). We found that the 

onset of nucleation was continuously delayed by using higher concentrations of citrate 

without affecting their crystalline habit (Figure 83 and Figure 85a). Moreover , the 

semiempirical observations were supported by optical spectroscopy of the reaction 

mixture which revealed a high citrate to Ni2+ ratio results in a higher concentration of 

Ni2+ after 24 h (Figure 83). TEM analysis revealed that the smallest NCs of 50 nm were 

formed at a NF+ to citrate ratio of 1.05:1.0 whereas larger dimensions of 101 , 137, and 

151 nm were obtained at ratios of 1.3, 1.6, and 1.8, respectively (Figure 2 first row and 

Figure 84). 

B 
J0 = Ae -J;;S2 (3) 

Besides tailoring the crystal dimensions by using different citrate concentrations, the 

crystallization can be controlled via the supersaturation itself (i.e., increase of 

supersaturation by using higher concentrations of all reactants). A higher supersaturation 

(S) induces a faster nucleation rate Jo due to a higher availability of reactants for the 

formation of NCs as reported in literature (eq 3) .207 Certainly, this semiempirical 

approach indicates the formation of even smaller crystal sizes. Considering this 

assumption, the full control of the crystallization kinetics by supersaturation may emerge 

as a facile strategy to synthesize NiHCF NCs with a greater range of t unable dimensions. 

To investigate this hypothesis, we performed the synthesis of NiHCF NCs at different 

concentrations of the reactants. The ratios between Ni2+ and citrate were kept at 1.05, 

1.3, 1.6, and 1.8. The ionic strengths of the Ni2+-citrate complex solutions were adjusted 

to 0.28 mol L-1 and 0.70 mol L-1 (labeled as medium and high supersaturation, 

respectively). The concentration of potassium hexacyanoferrate(III) (KHCF) was also 

multiplied by a factor of 1.33 and 3.33, respectively. TEM analysis revealed a significant 

decrease in crystal size by increasing the supersaturation (Figure 2 and Figure 86). At 

medium supersaturation, NC dimensions of 31, 85, 105, and 117 nm were obtained at 

ratios of 1.05, 1.3, 1.6, and 1.8, respectively (Figure 2; middle row). Even smaller NCs 

with dimensions of 18, 24, 79, and 109 nm were obtained at high supersaturation (Figure 

2; bottom row). The crystal habit of the NCs remains unaffected by the changes (Figure 

85). The increase of the nucleation rate was explored by measuring the turbidity during 

the crystallization at the three different supersaturations and at two different citrate to 

Ni2+ ratios (1.3 and 1.8). The results clearly displayed that the onset of nucleation was 

accelerated by increasing the supersaturation (Figure 87). Overall, these results 
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Figure 4. Se1fos.sembly of NiHCF nanocube;; into nricron~sit.ed cnlloidal mEsocrybi:ab. (a) L )w 

rnagnffication and (b) high rnagnffication TEM nricrographs of colloidal NiHCF mesocrystals 

synthrnizcd at a high supersaturation and citrate to .>Ji2+ mtio of 1.8 ( Orang;e circle indicates the 

selected are.a for electron diffraction). (c) SAED pattern obtained from an isok'ltecl mesocrystal (view 

from [20J] zone axis). (d) SEM image of colloidal NiHCF mcs<x:ry-stab morphology. 

4 b). Atomic force microscopy determined the mesocrystal dimensions between 1 and 2 

11m (Figure 814). To investigate the periodicity of the superstructures, we conducted 

selected area electron diffraction (SAED) on an isolated superstructure (Figure 4c:; from 

the [200] zone axis). The occurrence of relatively sharp reflexes confirmed that a ll NCs 

have the 

same overall orientation and therefore the formation of a type I mesocrystal.:>ii However, 

the arcs observed also indicate a slight degree of rnisorientation, which could be 

determined vvith an angle of 32.15° ± 1.84° (Figure S15a). In addition, physisorption 

measurement confirmed the periodicity of the structure due to the occurrence of a narrow 

pore width distribution caused by the interparticle space (Figure Slob; distance: 3.8 nm). 

Analysis of the morphology via SEIVI revealed a texture-like pattern wit h some vacancies 

in the mesocrystals (Figure 4d). Owing to their cubic shape, the .>JCs tend to assemble 

into a cubic plane group symmetry. SEtvl analysis at high magnification showed areas 

with a preferred arrangement of the NCs in a p4mm plane group symmetry on the surface 

(Figure S16a,b; orange squares). This means the NCs' shape determines the overall 
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Figure 5. NiHCF-suppotted degradation of caffeine. (a) CV-vis arnorption spectra of caffeine 

removal. (b) Degradation efficiency of caffeine in the presence and absence of NiHCF NCs v.ithin 250 

min. (c) Rate corntanfa of the com!>Jxmding caffeine degradations. Reaction conditiorn: [Caffeine] = 

50.0 mg L-1
, V = 100 mL, T = 70 °C, pH= 7, [~iHCF-NCs] = 0.05 g L-1

, [PMS]= 0.75 g L-1
• (cl) 

C-0mparison of the combined conditions favoring the rnaximal degradation of caffeine by applying 

colloidal NiHCF me:;cx:rystals vvith the degrndation at &tandard conditiorn.:;. &,action conditions for 

the combined degradation: [Caffeine] = 50.0 mg L-1
, V = 100 mL, T = 70 °C, pH = 5, [~iHCF

rncgx~r_y"t>taJs] = 0.10 g L-1, [PivIS] = 1.50 g L-1. 

orientation of the superstructure as it is known for mcsocrystals.23 The appearnnce of 

only cube-like f:ltructures and the previous proposed mechanism supportf:l this idea .. 

Since the controlled sil-:e tunea.bility of :>JiHCF l\Cs enables the formation of ultrasmall 

:>J'Cs or colloidal rnesocrystals composed of small NCs, their catalytic activit y can be 

enhanced. l\iloreover, the utilization of colloidal mesocrysta.ls might facilitate the 

degradation of organic pollutants, due to the combination of a NC composition, 

homogeneous 

distribution of the catalyst, and a facile and easy removal by filtration. To validat e these 

assumptions, we explored the pcroxornonosulfate (PMS)-activated caffeine degradation 

using ~iHCF :>J'Cs and colloida.l mesocrystals as cata.lyst material (Figure 5a and Figure 

Sl 7). UV vis spectroscopy was applied to monitor the degrndation of caffeine in the 

absence and presence of NiHCF NCs and colloidal rncsocrystals. The degradation of 

64 



4.3 Publication 2 

caffeine using only P:~vIS is delayed compared to degradation in the presence of NiHCF 

(Figure 5b). In general, NF+ and Fd1- arc able to form hydroxy and sulfate radicals by 

interacting with P:'vIS. P:\IS itself is hardly capable of producing radicals. :'vfochanistic 

investigations revealed the reaction is mainly driven by the formation of hydroxy radicals 

( 77%). By using suitable scavenger molecules ( tert-butanol for hydroxy radicals and 

methanol for hydroxy and sulfate radicals), the contributions of the respective radical 

species were obtained from corresponding rate constants (Figures S18 and S19). 

By introducing NiHCF NCs as catalyst, approximately 90% of caffeine 1vas removed 

after 210 min, vvhereas for the catalysis in the absence of KCs only 54% was decomposed 

after 210 min (i.e., superior catalytic activity of in the presence of KiHCF ~Cs). The 

individual catalytic performance is displayed by the react.ion rate constant. The kinetic 

data were obtained by applying pseudo-first-order kinetics (i.e., first order rate equation). 

The rate constants of PIVIS, 150 nm KiHCF NC, 23 nm KiHCF NC, and colloidal NiHCF 

mcsocrystals were calculated as O.OOG, 0.015, 0.016, and 0.011 milr1, respectively (Figure 

5c and Table S6). These results present KiHCF KCs and colloidal mesocrystals as 

possible candidates for the removal of the contaminant caffeine. The enhancement of the 

P:.\IS-activation may be derived from the synergistic interaction bet1;i;.'een KiHCF and 

P:\.IS as \Vell as the availability of a higher surface and active sites. In addition, the 

colloidal mesocrystals combine the advantages of a high inner surface area and easily 

accessible dimensions. This opens up excellent features for the implementation of colloidal 

NiHCF mesocrystals in heterogeneous catalysis due their easy removal by filtration. 

As the removal of the pollutant was successful, the process parameters favoring 

maximum degradation such as temperature, pH-value, catalyst , and P:\/IS dosage were 

explored (Figures Sl7, S20- S26, Table S6). All these measurements demonstrated specific 

influence on the degradation efficiency. A degradation temperature of 70 °C and pH value 

of 5 maximized the degradation efficiency the most (Table SG). \Vhen the respective 

process parameters 1vcrc combined sensibly, the degradation efficiency of caffeine 

increased by a factor of 8. 7 (i.e., value of the rate constant was increased by a factor of 

8. 7). In this case, a doubled catalyst and P:\IS dosage was applied at a pH value of 5 and 

70 °C . UV-vis analysis of the combined approach showed a caffeine removal of 969(.' after 

30 min, while only 5% of caffeine could be removed after :30 min under standard 

conditions (Figure 826). The rate constant increased significantly from 0.011 miff1 for 

the standard conditions to 0.096 miff1 for the combined conditions. 

Overall, these results clearly demonstrate the high activity of ~iHCF mesocrystals for 

the successful degradation of caffeine. In particular, the nanoparticulatc behavior in 

combination with the micron-sized dimensions make them appear to be a reasonable 

alternative for conventional systems, taking into account the case of separability and 

processability. 

In order to produce materials for practical use , appropriate stability and durability of 

the catalyst materia l are desirable. To investigate the ma terials durability, the NiHCF 

NCs and colloidal mesocrystals \Vere recovered, washed, a nd dried after the catalysis 1vas 
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Figure 6. Dmability analysis of the ::-.JiHCF NCs and mlloid::.-U mesocrystals. (a) Degradation of caffeine 

in con'SeCutive nms "'ith the different n£yded NiHCF :\Cs. &>,action conditiorn: [CB.ffeine] = 50.0 mg 

L 1
, V = 100 niL, T = 70 °C, pH = 7, [NiHCF-NO;] = 0.05 g L 1, [PIVIS] = 0.75 g L 1

. TEIVl 

micrograph<; of (b) the 150 run :\iHCF NCs, ( c) the 23 run :\iHCF NCs, and (cl) the :\iHCF 

IIllIDCI}'Stal':l after 6 cycles of catalysi':l. 

finished. The recovered NCs and mesocrystals 'vere then applied in multiple cycles of the 

PlVIS-activated caffeine removal. \Ve found the reusa.bility for the 150 nm NiHCF ~Cs 

to be up to six consecutive times vvith an almost constant degradation efficiency. The 23 

nm l\iHCF l\Cs show a gradual decrease of the degradation efficiency after three 

consecutive cycles (from 963 to 5:3%). In the case of the colloidal mesocrystals, five 

consecutive cycles with an almost constant degrndat.ion efficiency was obtained. For the 

sixth cycle, only a degradation efficiency of 653 \Vas reached (Figure 6a and Figure 827). 

The 

decrease of the efficiency might occur due to leaching of iorrn and changes of the 

morphology. TEl\I analysis showed that the 150 nm l\iHCF NCs and 2;3 nm NiHCF NCs 

kept their initial morphology and crystallinity (Figure 6b,c). TE!Vl analysis of the 

colloidal mesocrystals showed a change in morphology (Figure 6d). The crystals appear 

to be fused, as the crystals still exhibit a single crystalline SAED pattern (Inset Figure 

6d). EDS analysis of the :\Cs and mesocrystals Lefore the catalysis and after six cycles 

revealed that the ratio between :\i2 1 and Fe::i i slightly changed from 1.35 to 1.42, 1.40 to 
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Bnmauer-Ernrnett-Teller surface area measurements: For the BET surface area 

measurements; the NiHCF NCs vvere dried at 60 °C under vacuum over night. T hen, the 

~Cs were transferred into the measurement cell. 

DLVO-simufations: Hamaker 2.1 toolkit.210 

Powder X-rny diffrn.ctio11: The respective powder is the same that \Vas used for 

microscopic measurements. Herein) microdeformation can also contribute to the change 

in intensities. In principle, greater microdeformation leads to lcn;i.rer and wider reflexes. 

Another effect can be preferential orientation that cause the reflexes of some planes to 

become unusually strong. vVe have observed in our studies and also in previous work 

that NCs can arrange themselves into domains a.lrea.dy during drying at a certain 

quality. 169 This can certainly have a significant contribution to the different intensities. 

Nickel hcxacyanofcrratc nanocrystal structure and composition 

a b 
0 0 Fe 0 0 ,........, 
N 

""" :::::l Ni 
~ 0 

>- 0 N e N 
N <D :=:: 
""" en 0 o c c N 

Q) N ....... 
c N 

N 

""" 

10 20 30 40 50 60 70 80 

2 Theta [0
] 

Figure Sl. (a) Ac,."iigned and nommfural PXRD pattern of ~iHCF l'\Cs prepare::l in the presence of 

trisodium citmtc (Citrate to ~i2+ ratio 1.5) (reference: file JCP2.2CA: 01-082-2283). (b) Schematic view 

of a nickel hexacyanoferrate mrit cell. Color code: blue; iron(III); green; rrickel(II); reel, rritrogen; gTey; 

carbon. 
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Figure S3. (a) Time course of the turbidity during the synthe:;es of NiHCF ::\Cs performed ·with different 

citrate t.o :.\Ti2+ ratios (From 1.2 to 2.0; color-a::ided from blue t.o green). (b) UV-Vi"> spEdm of the 

supernatant from NiHCF NCs synthc."")(}-) at different citrate to Ni2+ ratios after 24 h (From 1.2 to 2.0; 

coloH:cxled from blue to grnen). (c) Detennination of the e.A.i.i.nction coefficient for the KF+-citrate complex 

solution. ( d) Concentration evolution of the Ni2--citratc complex by rncmIB of an incrwse in the ratio of 

citrate to Ni.2+ after 24 h. 

Citrate concentration ------·· 
&!!X 

Figure S4_ (a) Citrnte concentration-dependent tune.ability of I\iHCF :.\TCs dimen'iiorm. TEJVI 

micrographs of NiHCF vvith distinct dimensions at citrate to ::\i2 1 ratios of 1.05, 1.3, 1.6 and 1.8 ( c.olor 

coded; left to right): 50 ± 6.4 nm, 101 ± 6.9 nm, 137 ± 11.3 nm and 151±9.9 nm (ionic strength of the 

:.\Ti2 1-citrate c.omplex solution: 0.21 mol L-1). Scale bc1IS: 1 pm and 100 nm (Insets). 
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Figure 85. PXRD analysi5 of :.'\iHCF :.'\G5 prepared at three diffeTent supersatur-atiom;. (a) Normalized 

PXRD patterns of :.'\iHCF NCs synthesiz,ed in the presence of different citrate to .>Ji2 1 ratios (From 1.05 

to 2.0; color-coded from blue tD green; lmv supersaturation ·with an ionic strength of the Ni2+-citrate 

complex solution: 0.21 rnol U). (b) .>Jormalizcd PXRD patterns of l\iHCF NCs synthrnizcd in the 

presence of three citr;:iJe to NF- ratia; (From 1.3 to 1.8; medium supersaturation \V:ith an ionic strength 

of the Ni2+-citrate complex solution: 0.28 mol L-1). (c) :.'\orrnalizcd PXRD pattern<; of NiHCF NCs 

sy11thesitecl in the presence of three citrate to .>JP- ratios (From 1.3 to 1.8; high supersatmation 'i'Vith an 

ionic strength of the :.'\i2+-citrate complex solution: 0.70 mol L-1). 

Figure 86. Citrate- and supcrsaturntion-<.rnitrollcd mean edge length evolution of NiHCF l\Cs. Data 

derived from TEM rnicrographs of NiHCF NCs. Dimensions: 50 ± 6.4 nm, 101 ± 6.9 nm, 137 ± 11.3 

nm and 151 ± 9.9 run (blue row; ionic strength of the Ni2+-citr-ate complex solution: 0.21 mol L-1). 31 ± 
5.8 nm, 85 ± 5.6 nm, 105 ± 6.6 nm and 117 ± 6. 7 nm (bright blue rmv; ionic strength of the Ni2+-citratc 

complex solution: 0.28 mol L-1
). 18 ± 2.7 run, 24 ± :3.7 nm, 79 ± 6.9 nm and 109 ± 12.8 nm (gTeen row; 

ionic strength of the Ni2+-citrate complex solution: 0.70 rnol L-1). 
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hexacyanoferrate by a factor of 1.5. The concentrations of >ra+, K-, citrate and Cl· remain 

constant. (Table S4 and S5). 

13asecl on these calculations and measurements, the DL VO interaction energy 

predictions can be conducted successfully using the Hamaker 2.1 toolkit. 

Table 84. Concentrations of all renctants during the early stages of the 23 nm :>IiHCF NC crystallization. 

N1::e Citrate :>Ii2+ Cl- K- Hexacyanofer-
Ion 

[mol L-1] [rnol L-1] [mol L-1
] [rnol L-1] [rnol L·1

] rate [rnol L-1] 
Time 

Oh 0.195 0.065 ().050 0.100 0.099 0.033 

1 h 0.195 0.065 0.020 0.100 0.099 0.013 

2 h 0.195 0.065 0.017 0.100 0.099 0.011 

3h 0.195 0.065 0.015 0.100 0.099 0.010 

4h 0.195 0.065 0.013 0.100 0.099 0.010 

Table 85. Concentratiorn of all reactants during the early stage=; of the >riHCF InffiOCI}'Stal 

crystallization. 

Na-
Ion 

[mol L-1] 
Time 

Oh 0.270 

1 h 0.270 

2 h 0.270 

3h 0.270 

4h 0.270 

Citrate NF- Cl- K+ Hexacyanoferrate 

[mol L·1] [rnol L·1] [rnol L- 1] [rnol L·1] [mol L·1] 
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Figure 88. Timo-dependent ionic strength evolution during the c.arly stages of the 23 nm Nil-ICF KC 

and mffiOCrystal fonnation at high supersaturation. Ionic strength was calculated on the basi5 of 

p::>tassiwn hexacyanofo1rnte concentration detennination via UV-Vis spectroscopy and the values 

illustrated in table S4 and 85. 
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Figure S9. TEM micrograph'> of the 23 nm NiHCF NC formation at (b) 1 h, (c) 2 h, (d) 3 h and (c) 4 
h (at high supersaturation) for detennination of the NC din1ensions at different time. So~"Lle he'll·: 5CXJ run. 

I I I I I 

F4,rurc SlO. TElVI nlicrograph'> of the NiHCF Hl('!)()(Tystal formation at (b) 1 h, ( c) 2 h, ( d) 3 h and ( c) 

4 h (at high supersaturation) for detennination of the NC diinernsiorns at different time. Scale bar: 1.0 

pm. 
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Figure Sll. Detennination of concentrations c.md NC dlinernion.q (a) l,\1-Vi"> absorption spectra of 

potill>":>ium hexacyanofctTatc in the supernatant during the 23 nm NiHCF ~C formation at different 

times (color-coded from blue to green). (b) Concentration evolution of pota..<Jsium hexacyanofem1.te in the 

supernatant dming the early stag;cs of cr:ystallization. (c) Evolution of the >JC dimensions within time 

(data obtainal from Figure 89; co1mted ~Cs up t l) 200, re:;pectively). (d) UV-Vi.;; alrorvtion spa:tra. of 

potru,.":>ium hc..TucyanofctTate in the supernatant during the rncsocrystal formation at different tirnrn 

(color-coclal from blue to green). (e) Omcentration evolution of potas..;;ium hexacyanoferrnte in the 

re:;:pErlive supernatant during the early stag€S of mesCJCJ.·ystal formation. (f) Evolution of the >IC 

dimerniorn with time (data obtained from Figure 810; counted NCs up to 200: respectively). 
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Figure 812. DL VO interaction energy curve sirnulatcd at the initial stagt."3 of the 23 nm >JiHCF NC 

formation (prirnruy DLVO minirmun exdudal). 
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Nickel hexacyanoferrate mesocrystal analysis 

a 

Figure 813. Single nanocrystal Fl.ll~)''Ris. (a) TEM inicrograph of an isolated l'\iHCF NC building bkx:k 

from a me:3ocr)rstal. (b) Corres1xmding SAED pattern of the i•;;olated NC from the [200] l'Dne rods. Scale 

bars: 100 nm (right) and 5.0 mu-1 (left). 
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Figure 814. Atomic force measmement of NiHCF mesocrystals obtained from the citrate-mediated co

prccipitation synthesis. (a) AF:.J micrograph of two ma:iOCl)'RtaJs and their corresponding lino-sc.an 

directions (white lines). (b) Line-scan profile::; of the mesocrystal in the top are.a of the micrograph. ( c) 

Line-scan profiles of the mesocrystal in the bottom area of the micrograph. Scalebar: 1.0 pm. 
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Figure 815. SAED pattern of an individual l\iHCF mesocrystal and the corresponding measurement of 

the anguL:-'lf spre.ad due to the pre::;ent rnisorientation -vvithin the superstrcutre. (b) Pore-si.7.e distribution 

of NiHCF individual -:\Cs and mffi()(T.ysta.Ls obtained from nitrogen isothe1m measurements. 
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Figure 816. Analysis of group symmetry. High magnification SEM micrographs of different mesocrystal 

surfaces implying a p4mm plane group symmetry (indicated by the yellow square). Scale bars: 500 run. 

Investigation of the PMS-activated caffeine degradation 

Rate constants are obtained via the pseudo-first-order kinetic model using the first 

order reaction equation: 

(7) 

Where k is the first-order reaction rate and t represents the degradation time. Co is 

the initial and Ct the time-dependent caffeine concentration. 

In t he case of the catalyst dosage, the concentration of colloidal NiHCF mesocrystals 

was varied between 0.05 g L 1 and 0.50 g L 1. At a concentration of 0.05 g L 1, only 40 3 
of caffeine was removed after 120 min. By increasing the concentration to 0.30 g L-1, 87 

3 was removed after 120 min. Once the concentration of the catalyst was increased to 

0.50 g L-1, 94 3 of the pollutant was successfully removed after 120 min (Figure S20a). 

Certainly, the catalyst dosage affected the degradation kinetics. At a concentration of 

0.05 g L-1, a rate constant of 0.011 min-1 was obtained, while at 0.50 g L-1 a value of 

0.022 min-1 was calculated (Figure S21, Table S7). These results demonstrate the 

importance of the catalyst participation during the degradation process. 

The increase of the PMS concentration from 0.35 g L-1 to 3.00 g L-1 resulted in a gradual 

enhancement of the caffeine removal. At a concentration of 0.35 g L-1 only 30 3 of 

caffeine was removed, whereas at 0.75 g 1 1 41 %, at 1.50 g 1 1 74 3 and at 3.00 g 1 1 95 

3 of the pollutant was removed after 120 min (Figure S20b). The rate constant 

significantly increased from 0.004 min-1 for a dosage of 0.35 g L-1 to 0.022 min-1 at a 

dosage of 3.00 g L-1 (Figure S18, Table S7). These results show t hat PMS dosage clearly 

improves degradation of the pollutant. 

Temperature appears to be a crucial factor that affects the PMS activation. In our 

case, the degradation at three different temperatures was investigated. Even though the 

temperature was varied between 25 °C and 70 °C, the degradation was merely affected 
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at 25 °C and 45 °C (Figure S20cl). Only 11 % of caffeine was removed at 23 °C and 15 

% at 45 °C after 210 min, while 80 % was removed at 70 °C. 

As the pH level of vvastc\vater can vary, it is important to study the degradation 

efficiency at different pH values. Therefore, the removal of caffeine was monitored at pH 

values of 3, 5, 7, 9 and 11 (Figure S20c). Under acidic conditions, 55 % of caffeine at a 

pH of 3 and 97 % of caffeine at pH of 5 was removed after 90 minutes. For the neutral 

regime at a pH of 7, 26 % of caffeine was removed after 90 min. In the case of alkaline 

conditions, 75 % of the caffeine \Vas removed at a pH value of 9 after 90 min. For the 

degradation at a pH of 11, the colloidal ~iHCF mesocrystals decomposed after short time 

indicated by a color change from orange to black. Certainly, the decomposition occurred 

within the first 30 min, when 28 % of the caffeine v.ras removed. After decomposit ion, no 

further removal of the pollutant was measured (i.e. degradation was almost at the same 

level after 240 min). These results demonstrate, that low and high pH values do not 

affect the degradation efficiency as strong as more ambient pH values such as pH values 

at 5 or 9. Especially, for the degradation at a pH value of 5, a high rate constant of 0.033 

miu-1 was obtained (i.e. superior degradation efficiency compared to all the previous 

investigations; Figure 824 and S25). The low P JVIS activation at a pH of 3 can be derived 

from the higher stability of PNIS at low pH values. Nevertheless, caffeine degradation at 

neutral conditions showed a noticeably reduced degradation efficiency compared to the 

degradations under acidic or alkaline conditions 

a b 
a.3 - 50.0mgL·1 a.3 - Omin 

.....,. - 33.3mgL"1 .....,. - 70 min 
::::J - 28.6rngL"1 ::::J 

~ a.2 - 25.0mgL"1 ~ a.2 
~ "V ~ ~ R'<l.S9914 

"' ~(12 "' c ~ c 
2 a.1 i O.I 2 a.1 
c 

- 0·0o ·0 ' 20 30 40'00 so 
c 

- 130 min 
- 180 min 
- 240min 
- 360 min 
- 450 min 

Coni;:entr11tion {mg l ·11 

25a 3aa 35a 4aa a.a 25a 3aa 3i;a , 40a 

Wavelength [nm] Wavelength [nm] 

c d 
a.3 - Omin a.3 - Omin 

.....,. - 30min .....,. - 20min 
::::J - SS min ::::J - SO min 

~ a.2 - 90min ~ a.2 - SO min 
- 120min - 110min 

z. - 150min z. - 135min ·u; - 180min ·u; - 160min 
c - 210min c - 200min 
Q) a.1 - 250 min Q) a.1 - 220min 

~ ~ 

25a 3aa 35a 4aO 25a 3aa 35a 4aa 

Wavelength [nm] Wavelength [nm] 

Figure Sl 7. PivlS-activatecl degradation of caffeine m1der standard conclition'3. (a) Detennination of the 

caffeine extinction coefficient by UV-Vis spectrrncopy. UV-Vi"l absorption spectra of c.affeine removal in 

the absence (b) and prct:>ence (c, d) of large ~iHCF ~Cs (150 nm; 130 nm NiHCF NO:;) and small 

~iHCF l'\Cs (23 mn, 23 nm l'\iHCF NCs). Renction mmlitiorn: [Caffeine]= 50.0 mg L-1, V = 100 mL, 

T = 70 °C, pH = 7, [~iHCF-NCs] = 0.05 g L-1, [PMS] = 0.75 g L-1. 
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Figure S18. Ana~y'Ri"> of the degradation efficiency by nsing IvicOH and t-I3uOH as scavenger molecules 

(1.0 mol L1
). &Bction conditions: [Caffeine] = 50.0 mg L\ V = HX) mL, T = 70 °C, pH = 7, [~iHCF

mmx;ry'Stctls] = 0.05 g L-1, [P1IS] = 0.75 g L1. 
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Figure S19. Identification of the degradation me::.'.hax.Usrn by using l\/IeOH and t-BuOH as scavenger 

molecules. UV-Vi"> absorption s1xxtm of caffo:ine removctl rn:ing (a) t-I3u0H (1.0 mol L-1) RS scavcng·cr 

for hydroxy radicals and (b) MeOH (1.0 mol L1) for hydroxy and sulfate radicals. (c) Rate corntants of 

the corresponding degradation r<".detiorn:; (O.CX)296 nllir1 for t-I3u0H and 0.00149 nllir1 fi:x :\IcOH). (d) 

Proportions of the radical species derived from rate corntants. Hydroxy radicals exhibit a major 

contribution of 77 %. For the sulfate radicals, a contribution of 11 o/c.' Vla'3 derived. The remaining 12 % 
can be attributed to other radical species. 
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Figure S20. Analysis of the catalyst, PJ\IS, pH and temperature influenc.e on the degradation efficiency 

of caffeine by applying colloidal KiH CF mffiocrystal"i. (a) Impact of cataJyst concentration on degradation 

efficiency. Reaction conditions: [Caffeine] = 50.0 mg U, V = 100 mL, T = 70 °C, pH = 7, [NiHCF

mes<x:rystal.;;] =varied, [P::VIS] = 0.75 g L-1. (b) Impact of PMS concentration on degmdation efficiency. 

Reaction conditions: [Caffeine] = 50.0 mg L·1, V = 100 rnL, T = 70 °C, [KiHCF-rn<..'':locrystaJs] = 0.05 g 

L-1, [PivIS] = varied. ( c) hnpact of pH value on degradation efficiency. Re.action conditions: [Caffeine] = 
50.0 mg L-\ V = 100 mL, T = 70 °C, pH = varied, [NiHCF~mffiX:rystal"i] = 0.05 g L-1, [P:VIS] = 0.75 g 

L-1
• (cl) hnpact of temperature on degradation efficiency. Reaction conclitiorn: [Caffeine] = 50.0 mg L-1, 

V = 100 mL, T =varied, pH = 7 [NiHCF-mesocrystals] = 0.05 g L-1, [PMS] = 0.75 g L-1. 
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Figure 821. Catalyst concentration influence on the caffeine removal usmg colloidal ~iHCF 

rncsocrystals. UV-Vis absorption spcdra of caffeine removal u':lirJ.g (a) 0.10 g L-1, (b) 0.30 g L-1 and (c) 

0.50 g L-1
• ( d) Rate cxm<;tants of the COlTesponding degradation re.actions. Re.action conditions: [Caffeine] 

= 50.0 mg L-1, V = 100 mL, T = 70 °C, pH = 7, [NiHCF-rrKsocrystals] = varied, [PIVIS] = 0.75 g L-1. 
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Figure 822. PlVIS concentration influence on the c.affeine removal using colloidal NiHCF 111ESOCI}'Stal"l. 

W-Vi-; absorption spectra of caffeine removal u-;ing (a) 0.:35 g L\ (b) 1.50 g L-1 and (c) 3.00 g L-1. (d) 

Rate corntants of the com~ponding degradation reactiorn. Re-a.ction conditions: [Caffeine] = 50.0 mg L-

1, V = 100 rnL, T = 70 °C, pH = 7, [KiHCF-rnc~3cx.T}'8tals] = 0.05 g L-1, [PMS] = varied. 
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Figure 823. Tcrn1x~rnturc influence on the dcgrndation efficiency of caffeine applying colloidal .\JiHCF 

mesocrystals as catalyst. UV-Vis absorption spectra of caffeine removal using (a) 25 °C and (b) 45 °C. 

(c) Rate cornstm1ts of the corre:;ponding degradation reactions. Reaction condition-;: [Caffeine] = 50.0 mg 

L-1, V = HXl mL, T =varied, pH= 7, [NiHCF:-rnc'SOCl}"8tab] = 0.05 g L-1, [PMS]= 0.75 g L-1. 
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Figure 824. h11pact of pH value on the degradation efficiency of caffeine by using colloidal l'\iHCF 

mes<x:ry-stab as catalyst. ·cV-Vis abso11)tion s1~t.ra of caffeine removal using a pH value of (a) 3, (b) f); 

(c) 9 and (d) 11. Reaction condition<>: [Caffeine]= 50.0 mg L-\ V = 100 mL; T = 70 °C, pH= varied, 

[NiHCF-rncsocrystals] = 0.05 g L-1, [Pl\/IS] = 0.75 g L-1. 
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Figure 825. Rate conc;tants of the C:OITffiJ.Xmding degradation re.actior1c; at vmiorn pH values. fuv.action 

conditions: [Caffeine] = 50.0 mg L-1, V = 100 mL, T = 70 °C, pH = varied, [NiHCF-mesoc:ry'Stals] = 

0.05 g L-1
, [Pl'dS] = 0.75 g L-1• 
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Combined Standard 

Figure S26. Pl\1S-activated degradation of caffeine under standard and combined conditions favoring 

the maxim.al degrndation of caffeine by using colloidal l\iHCF mesocrystaJs. (a) UV-Vis aIBoIJ)tion 

s1:x:x:1rn of caffeine removal in the prffience colloidal :>JiHCF me:;ocrystals. (b) Coffffilxmding rate 

constants. Reaction condition."> for the combined degradation: [Caffeine]= 50.0 mg L-1, V = 100 mL, T 

= 70 °C, pH= 3, [:'\iHCF-me:;ocrystal'3] = 0.10 g L\ [Ftv1S] = 1.50 g L1
• 

Table S6. Comparison of the caffeine degradation condition'3 and the com'Sponding rate constants. 

Conditions Data. 
NiHCF 

Catalyst C~cuffoirn.' C~cvi:Dly~r Cl'llS pH T Time Removal Rate constant k 

[mg L·1j [g t·lj [g L·lj ["CJ [minj l%J [min·1j 

None 50 0.00 0.75 7 70 210 .')4 0.006 

Large NCs 50 0.05 0.75 7 70 210 90 0.015 

Small NCs 50 0.05 0.75 7 70 210 89 0.016 

Mcsocrystals 50 0.0.'i 0.75 7 70 210 81 O.Oll 

Mesocrystals 50 0.05 0.75 7 70 120 111 0.011 

Mesocrystals 50 0.10 0.75 7 70 120 10 0.012 

Mesocrystals 50 0.30 0.75 7 70 120 87 0.016 

Mesocrystals 50 0.50 0.75 7 70 120 94 0.022 

Mcsocrystals 50 0.0;) 0.35 7 70 120 ;30 0.004 

Mesocrystals 50 0.05 0.75 7 70 120 11 O.Oll 

Mcsocrystals 50 0.0.) 1 .. so 7 70 120 71 O.OH 

Mesocrystals 50 0.0.) :3.00 7 70 120 9.) 0.022 

Mcsocrystals 50 0.0.) 0.7.S ;3 70 90 .).) 0.01;3 

Mcsocrystals 50 0.05 0.75 5 70 90 97 O.o:3:3 

Mesocrystals 50 0.05 0.75 7 70 90 26 O.Oll 

Mesocrystals 50 0.0;) 0.75 9 70 DO 7;) 0.016 

Mesocrystals 50 0.0.) 0.75 11 70 90 28 0.021 

Mesocrystals 50 0.05 0.75 7 2ri 210 11 0.001 

Mesocrystals 50 0.05 0.75 7 4.S 210 l.J 0.001 

Mcsocrystals 50 0.0;) 0.75 7 70 210 81 O.Oll 

Mesocrystals 50 0.05 0.75 7 70 30 ;) 0.011 

Mesocrystals 50 0.10 1.50 5 70 30 96 0.096 
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-

2 3 4 5 6 

Cycle Cycle Cycle 

Figure 827. Durability analysis of the NiHCF l\Cs and Ill(~'.l'}"Stals. Degradation of caffeine in 

cor1'3ff:utive nm-; vvith the recovexecl (a) 150 nm NiHCF :\"Cs, (b) 23 nm NiHCF ~Cs and (c) the colloidal 

~iHCF mesocrystals. Reaction mnditions: [Caffeine] = 50.0 mg L-1, V = 100 mL, T = 70 °C, pH = 7, 

[NiHCF-1\Cs] = 0.05 g L-', [PIVIS] = 0.75 g L-1. 
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Figure 828. (a) EDS spectrnrn of 150 nm :\"iHCF ~Cs before the catalytic rcactiorn. The [Ni] :[Fc] ratio 

was determined to be 1.35:1.00. (b) SEM micrograph of the 150 nm NiHCF NCs before catalysis 

exhibiting a periodical arrangement (previous studie;; explained thi'3 phenomenon). (c) EDS spectrum of 

the 150 nm NiHCF NCs after 6 cycla=; of caffeine degradation. The [Ni]:[Fe] ratio wa.;; deternlliled to be 

1.42:1.00. The sig11als for silicon and gold in both spectra can be assigned to m;ed Si-1i\rafer and the gold 

coating. (d) SErvI micrograph of the 150 nm NiHCF NCs rEXDvered after 6 cycla=; of c.affeine degradation. 

&ale bars: 2.0 µrn. 
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4.4.3.4.Rlwdaminc-B Dcgrndation 

10.0 mg of the respective catalyst (i.e., mesocrystals, CoJ01 or :'vicsoframes) \Vas 

dispersed in 100 mL of an aqueous rhodamine-I3 solution (10 mg L-1). To control the 

temperature (25 °C or 40 °C) of the degradation react.ion, the as-prepared dispersion was 

transferred into a double-walled reaction vessel equipped V>"ith a cryostat. The 

dispersionwa.s stirred for 30 min to maintain a certain reaction temperature. To initiate 

the degradation, 30.0 mg of P.VIS was added. To monitor the degradation progress: 

several aliquots vvere withdrawn at specific reaction times. After the catalyst was 

removed by applying a syringe filter (pore size: 0.25 pm): the supernatant vvas separated 

and transferred into a quart,,; cuvctte (thickness: 1.0 mm) for UV-Vis analysis. 

Catalyst and PIVIS impact on the degradation were examined by the variation of the 

respective concentrations. For the catalyst loading experiment, concentrations of 0.1. 0.2, 

O.G and 1.0 g L-1 were used. For exploring the P:'vIS dosage, 0.1. 0.3, 0.7 and 1.5 g L-1 

were used. The pH influence on the degradation reaction was studied by adjusting the 

pH to 3, 5: 7, 9 and 11. Therefore: hydrochloric acid or potassium hydroxide were used. 

Mechanistic investigations were conducted by using scavenger molecules. Here, aqueous 

rhodarnine-B solutions contained 0.01 rnol L-1
: ascorbic acid (AAl 1.0 mol L-1 tert

butanol ( t-BuOH) or 1.0 rnol L- 1 methanol (rvieOH) during the respective degradation 

reaction. 

4.4.3.5. Bispiwnol-A Degradation 

20.0 mg of respective particulate system (i.e., rnesocrystals, Co:104 or Tviesoframes) were 

dispersed in 100 mL of an aqueous bisphenol-A solution (40 mg L- 1
). This dispersion was 

stirred in a double-walled reaction vessel equipped with a cryostat to maintain a certain 

starting temperature for the degradation (25 °C or 40 °C) for 30 min. \:Vhen a constant 

temperature was reached, 20.0 mg of PTvIS was added to initiate the degradation reaction. 

Analysis of the concentration change of bisphenol-A during the degradation \;l.ras 

maintained by taking aliquots at specific reaction times. For analysis of the sample, the 

catalyst had to be removed by applying a syringe filter (pore size: 0.25 i1m). The filtered 

solution was transferred into a quart!'. cuvette (thickness: 1.0 mm) for UV-Vis analysis. 

For the impact of catalyst and P.VIS dosage on the bisphenol-A degradation, the 

respective concentrations \Vere varied. For the catalvst loading experiment, 

concentrations of 0.2, 0.4: 1.2 and 2.0 g L- 1 vvere used. In the case of P.VIS, 0.2, 0.4, 1.0 

and 2.0 g L-1 were used. Regarding the pH influence on the degradation performance, the 

pH was adjusted to 3, 5, 7, 9 and 11 by using hydrochloric acid or potassium hydroxide. 

In order to investigate the mechanism, scavenger experiments were conducted by using 

aqueous bisphenol-A solutions containing 1.0 mol L-1 t-BuOH or 1.0 mol L-1 ethanol 

(EtOH) during the degradation reaction. 

4.4.3.6. Analytics 
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activation occurred and catalysis was thus initiated (Figure 5b,c and Figure 818 and 

Table S4). The improvement of the catalytic activity compared to the NiHCF 

mesocrystals may also correspond to the availability of a higher surface area and the 

increased occurrence of small cavities and the associated exposure of active Fern and Kill 

ions, as described in the analysis of the composition. To create a link to the mechanistic 

details , scavenger molecules were also used to examine the impact of certain radical 

species. In this case, ethanol (Et.OH) was used as suitable degraded when t-BuOH '~'as 

used. Based on these data, the degradation seems to be caused preferentially by hydroxyl 

radicals, but sulfate radicals also have a significant share in it. For a practically relevant 

system such as that of bisphenol-A, it is also necessary to investigate the kinetic 

parameter-determining fact.ors in order to gain a better understanding of the catalytic 

processes. To verify the data obtained from the rhodaminc-13 removal, as well as the 

impact of catalyst-loading, PIVIS dosage, pH and temperature on the degradation react.ion 

was investigated (Figures S20 825). 13y raising the catalyst and P:\IS dosage, the reaction 

rate drastically increased (Figures S21 and S22). As for the influence of pH, higher pH 

values favored the degradation react.ion, while lower pH values decreased the reaction 

rate similar to rhoclamine-B degradation (Figures S23 and S24). The activation energy 

EA \Vas also calculated via the Arrhenius equation (Equation (:3)) to a value of 44.1 kJ 

mol-1 (Figures S20d and 825). For this, the rate constants obtained by means of 

degradation reactions at 25 °C and 40 °C were used (Table S4). 

These results indicate that the catalytic activity of the mesofrarnes is comparable or 

even higher than that of the most recently published catalysts or the commercial Co:104 

catalyst (Table S5). 168· 2 18• ~23 · ni. 240-247 A major advantage over all these catalysts is that 

the mesofrarnes are produced at only 25 °C, whereas the other catalysts usually require 

high temperatures for production (i.e., temperatures bet\vcen 80 °C and 650 °C were 

applied). 

In generaL a catalyst should emerge unchanged after use. To validate whether this 

applies to the mesoframes , their morphology and composition were examined for changes 

after the respective decomposition reactions of rhoclamine-B and bisphenol-A. TENI 

analysis of the catalysts after the heterogeneous catalysis showed, especially for 

rhodamine-B, that the mesoframes are damaged in places and surrounded by fragments 

(Figure 6a). In the case of bisphenol-A, this is not observed with such intensity (Figure 

6c). Kevertheless, in both cases, the framework structure is still intact , which shows that 

the catalysis process had only a minor impact on the morphology. For the influence of 

catalysis on the composition and especially the associated ratio of :-Jill to Fern ions, only 

a minor influence was detected by EDS analysis of the catalysts after catalysis. After the 

catalysis of rhodamine-13, the ratio between Kill to Fern changed from 4.06 to 4.41 (Figure 

6b, Table S6) . For the catalysis of bisphenol-A, a change from 4.06 to 3.98 was detected 

(Figure Gel, Table 87). It can be seen that for both samples a. certain decrease or increase 

in :-Jin to Fem can be observed, which is within the range of measurement accuracy. The 

differences in t he ratios can occur due to leaching or due to different etching progress 
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Figure S2. The surface area analysis of the NiHCF mesocrystaJs by nitrogen isotherm measurements. 

The data were processed by means of the BET theory. The surface area was calculated to be 35 m2 g1. 

Mesoframe characterization 
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Figure S3. Surface area analysis of mesoframes obtained after alkaline etching. Characterization was 

conducted by using nitrogen isotherm measurements. The data were processed by means of the BET 

theory. The surface area was c.alculated to be 96 m2 g 1. 
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Figure 86. EDS mapping of one ~iHCF mesocrystal showing the elements ("\\ Fe, N, C, 

and 0) within the superstructure. 
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Figure 87. FrIR-spectra of hollow mesoframre and NiHCF mesocrystals (measured in transmission 

mode). 
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Figure 88. XPS analysis of NiHCF mesocrystaJs. (a) XPS t:otal survey of the mesocrystaJs. (b) Fe 2p 

and ( c) Ni 2p spectra of the NiHCF mesocrystaJs. 

Investigation of the PMS-activated rhodamine-B degradation 

In the case of catalyst-loading, the increase from 0.1 g L-1 to 1.0 g L-1 led to a gradual 

increase of the degradation efficiency (Figure Sl2a). The rate constant was also increased 

from 0.41 miu-1 to 0.58 min-1 (Figure S13, table S3). For the PMS dosage, the use of only 

0.1 g L-1 led to a reduced efficiency while an increased PMS of 0.7 g L-1 and 1.5 g L-1 

initiated the decomposition of the mesoframes and thus an even lower degradation 

reaction occurred (Figure S12b, figure S14 and table S3). The decomposition of the 

catalyst was indicated by a rapid color change in the beginning of the reaction from green 

to black. These results show that the selected amount of PMS is already in t he optimal 

range. 

In terms of the pH impact on the degradation efficiency, higher pH values seem to be 

more beneficial for the efficient removal of rhodamine-B. At a pH of 3, only reduced 

catalytic activity was observed. This reduced activation of PMS under acidic conditions 

is characteristic due to the higher stability of the PMS at low pH values. By adjusting 

the pH from 5, 7, 9 to 11 , the rate constant could be increased up to a value of 0.73 min-

1 (Figure S12c, figure S15 and S16, table S3). For practical use, the application of such 

a high pH value makes less sense. Wastewater usually has a pH value in the range 

between 5 and 9. Nevertheless , an increased efficiency for the removal of rhodamine-B 

was also obtained in this range, which makes an application for wastewater treatment 

attractive. 

110 



a 

>-
~ 0.1 0 
c 
Q) 

~ 0.05 

c 
0.20 

~ 0 15 

>-'iii 0.1 0 
c 

~ 0.05 

500 550 600 650 

Wavelength (nm] 

500 550 600 650 

Wavelength [nm] 

b 
0.20 

~ 0.1 5 

>-
~ 0.10 
c 
Q) 

~ 0.05 

d 
0.20 

~ 015 

>-'iii 0.10 
c 

~ 0.05 

4.4 Publication 3 

500 550 600 650 

Wavelength (nm] 

500 550 600 650 

Wavelength [nm] 

Figure S9. P!vIS-activated degradation of the contan1inant rhodamine-Il under standard conditiorn. (a) 

Calibration of the UV-Vis spectra and determination of the eJ1..iinction coefficient. UV-Vis abso111tion 

SJ)(:X,tm of rhodarnine-B at different concentrations. LV'-Vi':> spectra of rhodamine-B degnldation in the 

presence of (b) Co.i04, (c) of NiHCF mffiCx::rystal-; and (d) only P:VIS. Reaction conditiorn: [Tihcx:lamine

b] = 10.0 mg L-1, V = 100 rnL, T = 25 °C, pH= 5, [:vksofrarnc] = 0.10 g L-1, [PYIS] = 0.30 g L·1• 

0 

u -u 

1.2 

1.0 

0.8 

0.6 

0.4 

~ 

~·-----~~~: 
-~-No scavenger~~ ~ 

0.2 
-~-MeOH (1.0 M) 
-~- t-BuOH (1 .0 M) ~~~ 

~-Ascorbic acid 0.01 M 0.0 +--~~-~-->r----+-~~~-'Q 

0 2 4 6 8 

Time [min] 
10 12 

Figure SlO. Analysi-; of the degra.dation mecharrism by using scavenger molecule:; such as t-IluOH, 

:VIeOH and AA. Reaction condmons: Reaction conditions: [Rhodamine-b] = 10.0 mg V , V = 100 mL, 

T = 25 °C, pH = 5, [Mesofraxne] = 0.10 g L-1, [Prv1S] = 0.30 g L-1
. 

111 



4.4 Publication 3 

a b 
0.25 - Omin 0.20 

- 3min ....,. 
:;j 0.20 - 6min :::J 0.15 cci - 9min ~ 
~ 0.15 

- 12min 
:;:;. 

0.10 "iii "iii 
c: 0.10 c: 
2 2 

0.05 E 0.05 E 

0.00 
450 500 5i;o 600 650 500 550 600 650 

Wavelength [nm] Wavelength [nm] 

c d 
0.20 - Omin 

;:-0.6 
- 2 min .'~ 0.5 :;j 

0.15 
- 6min 

~ ~04 
:;:;. 

0.10 ~ 0.3 "iii 
c: c: 
2 0 0.2 
E 0.05 u 

2 0.1 

0.00 
ro 

5i;o a: 0.0 450 500 600 650 No 1-BuOH Me OH AA 
Wavelength [nm] Scavenger 

Figure Sll. Ex-ploration of radiml species that affect the degradation reaction of rho:iamine-I3. t-I3uOH, 

:VIeOH and AA \Vere used 11s scavenger molecule:;. l.JV-Vi<i alH">rption sr~dra of rhodamine-B removal 

U'>ing (a) t-BuOH (1.00 rnol L-1) as scavenger for hydroxy rndicals, (b) IVIeOH (1.00 mol L-1) for sulfate 

radical-; and (c) AA (0.01 mol L-1) for hydroxy and sulfute radicals. (cl) Rate cor1-,i:ants of the 

corrrnponding removal rcactiorn. Reaction conditiorn: [Rhoc.larnine-b] = 10.0 mg L~1, V = 100 rnL, T = 
23 °C, pH = 5, [Me:J(iframe] = 0.10 g L-1

, [PivIS] = 0.30 g L-1
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on the degradation efficiency of rhoclamine-B by using mffiOfrarnes as catalyst. (a) hnpact of cata~yst 

h'l.ding on the degradation. Reaction conditions: [Rho:iamine-b] = 10.0 mg L-i, V = 100 mL, T = 25 

°C, pH = 5, [).1Iffi0frame] = vruied, [PlVIS] = 0.3 g L-1. (b) PIVIS da;age affed:.ing the degradation efficiency. 

lk<:tetion conditions: [Rhodamine-b] = 10.0 mg L-1, V = 100 mL, T = 25 °C, pH = 5, [I'v1esoframe] = 

0.10 g L-1, [Pl\tIS] = varied. (c) Effect of pH value on degradation reaction. Reaction conditions: 

[Rhodamine-B] = 10.0 mg L-1, V = 100 mL, T = 25 °C, pH= varied, [:VIesoframe] = 0.10 g L-\ [PlVIS] 

= 0.30 g L-1 ( d) Temperature influence on deg,radation efficiency. Re,adion r..onditiorn: [Rhodamine-B] = 
10.0 mg L-1, V = 100 rnL, T = 25 °C or 40 °C, pH = 5, [tvk.""JOframc] = 0.10 g L-1, [PMS] = 0.30 g L-1. 
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Figure 813. Influence of mesoframe catalyst loading on the degradation of rhoclamine-I3. UV-Vis 

alH:>rption spectra of the rhodamine-B degradation in the presence of (a) 0.20 g L-1, (b) 0.60 g L-1 and ( c) 

1.00 g L-1 rne30frarne:>. ( d) Rate constants of the com~ponding degn1dation. Reaction conditions: 

[Rhodarnine-b] = 10.0 mg L-1, V = 100 mL, T = 25 °C, pH= 5, [1Iesofrarne] = vmied, [PJ\IS] = 0.3 g 

U. 
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Figure Sl 4. &'Cploration of the PMS dosage influence on the degradation. UV-Vi'l absorption spectra of 

rhodarnino-B degradation in the p1T~cnce of (a) 0.10 g L-1· (b) 0.70 g L-1 arid (c) 1.50 g L-1. (d) Rate 

constants ohtained from the lJV-Vi'l spectra. Reaction conditions: [Rhodarnine-h] = 10.0 mg L\ V = 
100 rnL, T = 25 °C, pH = 5, [~ifrwfrarne] = 0.10 g L·1, [P~·1S] = varied. 
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Figure Sl5. Effect of pH value on the degradation of rhodarnine-13. UV-Vi.;; absorption spectra of the 

rhodarnine-B degradation in the prffience of a pH value of (a) 3: (b) 7: (c) 9 and (d) 11. fu>-nction 

conditiorn: [Rhodarrrine-B] = 10.0 mg L~\ V = 100 rnL, T = 23 °C, pH= varied; [Me30frarne] = 0.10 g 

L-1, [P:VIS] = 0.:30 g L-1. 
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Figure 816. Rate constants obtained from the pH variation experiments. Reaction condition.;;: 

[Rhodamine-B] = 10.0 mg L-1, V = 100 nlL: T = 25 °C, pH= varied, [:VIffiOfmme] = 0.10 g L-1 [P\IS] 

=0.30gU. 
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40 25 
Temperature [0 C] 

Figure S17. Temperature influence on the rhodarnine-B clegmdation. CV-Vi-; absorption spectnun of 

the rhodamme-D removal at 40 °C. (b) Comf>ponding rate constants of the temperature-dependent 

degradation. Reaction conditiom;: [Rhoclan::rine-B] = 10.0 mg L·1, V = 100 mL, T = 25 °C or 40 °C: pH 

= 5, [:VIcsofrnmc] = 0.10 g U, [PMS] = 0.30 g U. 
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Table 83. Comparison of the rhodarnino-I3 degradation conditimm and the coffcsrxmding rate constants. 

Conditions Data. 

Catalyst 
(;rhod 1~ minc- I~ C c oi.11.H. Cf'M:' pH T Time Removal Rate constant k 
[mg L-1[ [g L-11 [g L-11 IOC[ [min[ [%[ [min-1[ 

None 10 0.00 0.:30 5 25 12 11 0.01 

Co30~ 10 0.10 o.:3o 5 2.S 12 100 0.61 

Mesocrysta.ls 10 0.10 0.:30 5 25 12 4 0.01 

Mesoframcs 10 0.10 o.:3o 5 2.S 12 100 0.41 

Me:mframes 10 0.10 o.:3o 5 2.S 6 59 0.41 

Mesofra.mes 10 0.20 o.:3o 5 25 6 74 0.40 

Mesoframes 10 0.60 o.:3o 5 2.S 6 98 0.50 

Me~mframes 10 1.00 (J.:)0 5 2Z':i 6 98 0.58 

Mesofra.mes 10 (J.10 0.10 5 2Z':i 12 91 0.20 

Mcsoframcs 10 0.10 0.:30 5 25 12 100 0.41 

Mesoframes 10 0.10 0.70 5 2i) 12 :-l8 0.01 

Mesoframes 10 (J.10 L':iO 5 2Z':i 12 28 O.CH 

Mesoframes 10 0.10 o.:3o 3 2.S 12 5.) 0 .06 

Mesofra.mes 10 0.10 (J.:)0 5 2Z':i 12 100 (J.!11 

Mcsoframcs 10 0.10 o.:3o 7 25 12 9;3 0.21 

Mesofra.mes 10 0.10 0.30 9 2i) 12 100 (J.!17 

Mcsoframcs 10 0.10 o.:3o 11 25 12 88 0.73 

Mesoframes 10 0.10 o.:3o 5 2.S ;3 L5 0.41 

Mesoframes 10 (J.10 (J.:)0 5 10 2 100 uri 

Mcsoframes 1 10 0.10 o.:3o 5 25 12 ...,-
/·) 0.09 

Mesoframes2 10 0.10 0 .30 5 r ,) 12 :n O.fn 

Mesoframes:i 10 0.10 o.:3o 5 25 12 11 0.01 
1 Degradation in the presence of t-BuOH ( 1.00 mol L-1) 
~ Degradation in the presence of .\leOH (1.00 mol L-1

) 

'" Degradation in the presence of ,\1\ (CUll mol T: 1
) 
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Investigation of the PMS-activated bisphenol-A degradation 

The variation of the catalyst concentration between 0.2 g L-1 and 2.0 g L-1 revealed a 

similar gradual increase in efficiency as for the rhodamine-B removal (Figure S20a) . The 

efficiency was clearly affected, as rate constants up to 2.25 miff1 could be derived (Figure 

S21, table S4). Certainly, the presence of an increased amount of catalytically active 

material and the associated exposure of active sites led to the enhancement of the 

degradation efficiency. 

The investigation of the PMS dosage showed similar results to the degradation of 

rhodamine-B, leading to the conclusion that an excess of PMS leads to the decomposition 

of the catalyst. The results clearly show that the amount of PMS must be chosen 

sensitively. In the interval from 0.2 g L-1 and 0.4 g L-1, the degradation efficiency increased 

somewhat, but between 1.0 g L-1 and 2.0 g L-1 it decreased drastically (Figure S20b, figure 

S22 and table S4). 

The impact of the pH value on the degradation reaction appears to be one of the key 

features for the practical application, as it relies upon t he varying pH value of wastewater. 

The degradation of bisphenol-A follows the same pattern as for rhodamine-B. The 

efficiency increases significantly with increasing pH value. The rate constants increase 

from 0.24 min1 at a pH of 3 to a 4.4 times higher rate constant of 1.06 miff1 at a pH of 

11 (Figure S20c, S23 and S24; table S4). Although the highest efficiency is achieved at a 

pH of 11, the efficiency in the moderate pH range between 5 and 9 is also relatively high, 

which accommodates the pH fluctuations of wastewater. 
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Figure 818. PMS-activated degradation of bisphenol-A performed under standard conditions. (a) 

Determination of the extinction coefficient of bisphenol-A. UV-Vis absorption spectra of bisphenol-A at 

different calibration conc,entrations. UV-Vis spectra of the bisphenol-A degradation in the pre:;ence of (b) 

CoJ04, (c) of NiHCF me30erystals and (d) only PMS. Re.action conditions: [Bisphenol-A] = 40.0 mg L-1, 

V = 100 mL, T = 25 °C, pH = 7, [Mesoframe] = 0.20 g L-1, [PMS] = 0.20 g L-1. 
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Figure 819. Investigation of degradation mechanism by monitoring the radical species affecting the 

degradation. trBuOH and EtOH "\Vere n"rrl as scavengers. UV-Vi"l alR">1ption spcctrnm of the hi<>phenol

A degradation in the presence of (a) t~BuOH (1.00 mol L-1) as scavenger for hydrm. .. y radicals. (b) UV

Vis absorption spectrnm of the bisphenol-A degmdation using Et.OH (1.00 mol L-1) for sulfate and 

l~ydroxy radicalli. (c) Degradation profiles obtained from the lN-Vi':> sptd.ra. (d) Re:>pective rate 

comfants. Rem:tion conditions: [Bi-;phenol-A] = 40.0 mg L-1, V = 100 mL, T = 25 °C, pH = 7, 

[!vlesofrmne] = 0.20 g L-1, [P!'vlS] = 0.20 g L-1• 
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Figure 820. htvc.x,tigation of the catalyst-loading, PMS dosage, pH acljrntrnent and temperature 

influence on the degradation efficiency of bi"lphenol-A applying me:;oframes as cataJyst. (a) Effect of 

catalyst loading on the degradation re.action. Rai.ction conditions: [I3isphenol-A] = 40.0 mg L-\ V = 100 

rnL, T = 25 °C, pH = 7, [Yiesoframe] = varied, [Pl\tIS] = 0.20 g L-1 (b) hnpact of t he PMS da,;agc on 

the degradation efficiency. Reaction mnditions: [I3isphenol-A] = 40.0 mg L-1, V = 100 mL, T = 25 °C, 

pH = 7, [Ivlcsofrm:nc] = 0.20 g L-\ [P::VlS] = vari<xl (c) Influence of pH value on degradation :reaction. 
Reaction conditions: [Bisphenol-A] = 40.0 mg L-1

, V = 100 mL, T = 25 °C, pH= varied, [Ivle30frame] 

= 0.20 g L-1, [PJ\IS] = 0.20 g Lc1 (d) Temperature impact. on the degradation efficiency. Re-.a.ction 

conditiorn: [B~phcnol-A] = 40.0 mg L-1, V = 100 rnL, T = 25 °C or 40 °C, pH= 7, [Ivkoofrarne] = 0.20 

g L-1, [PYIS] = 0.20 g L-1. 
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F4,>urc 821. Efkct of catal:y~1Aoading on the dcgrndation of bi.,phcnol-A. W -Vis arno:rption spectra of 

the bisphenol-A removal in the presence of (a) 0.40 g L-1
, (b) 1.20 g L-1 and (c) 2.00 g L-1 l\!Ie30fran1es. (d) 

Rate constants obtained from the corres:p:mding UV-Vis spectra. Re.action conditions: [I3isphenol-A] = 

40.0 mg L-1 , V = 100 mL, T = 25 °C, pH = 7, [:.Vle:;ofrarne] = varied, [PMS] = 0.20 g L-1. 
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Figure 822. Influence of the P:'v1S dosage on the removal efficiency using MffiOframes as c.ata1yst. CV

Vi<> absorption spectra of bisphenol-A degradation reaction in the presence of (a) 0.40 g L-1
, (b) 1. 00 g L-

1 and (c) 2.00 g L-1. (d) Com>.Sponding rate constants. Reaction conditions: [Bisphenol-A] = 40.0 mg L-1, 
V = 100 mL, T = 2fi °C, pH= 7, [Ivlesoframe] = 0.20 g L-1, [P:VIS] =varied. 
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Figure S23. Influence of pH value on the degradation of bisphenol-A. UV-Vi<> ab::-OI])tion spectra of the 

bisphenol-A degradation in the presence of a pH value of (a) :~, (b) fi, (c) 9 and (d) 11. Re.action conclition;;;: 

[Bi<>phenol-A] = 40.0 mg L-1, V = 100 mL, T = 25 °C, pH = varied, [:VIesoframe] = 0.20 g L-1, [Pl.VIS] = 

0.20 g L-1. 
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11 

Figure S24. Rate corL.stants of the bisphenol-A degradatiorn at different pH valurn. Re.action conditiom;: 

[Bi5phenol-A] = 40.0 mg L\ V = 100 rnL, T = 25 °C) pH= vaiied) [1-'lesoframe] = 0.20 g L-1, [P}IS] = 

0.20gL-1. 
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Figure S25. Temperature influence on the .iviesoframe-<:'.atalyzed bi5hphenol-A degradation. CV-Vis 

absorption spectrum of the bi5phenol-A degradation at. 40 °C. (b) Respective rate constants of the 

temperature-dependent degradation. Re.action comlit.iorn:;: [Bi<>phenol-A] = 40.0 mg L-1
, V = 100 rnL, T 

= 25 °C or 40 °C, pH= 7, [Mesofrarne] = 0.20 g L1 , [PMS]= 0.20 g L-1
• 
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Table 84. Compari"°n of the hi.;;phenol-A degradation conditiorn and the corTcsponding rate constants. 

Conditions Data 

Catalyst 
C1~isphf;1l(l1- .-\ Cc:.11alv>I CP~JS pH T Time Removal Rate consl.anl k 
lmg L-11 lg VI lg L-11 1oq I mini 1%1 lmin-11 

None 40 0.00 0.20 
.., 
I 25 8 0 0.00 

Co30~ 40 0.20 0.20 7 25 8 14 0.02 

Mesocrysta.ls 40 0.20 0.20 7 25 8 0 0.00 

Mcsoframcs 40 0.20 0.20 7 25 8 80 0.26 

Me:mframes 40 0.20 0.20 7 25 2 3.S 0.26 

Mesofra.mes 40 0.40 0.20 7 25 2 70 1.13 

Mesoframes 40 1.20 0.20 7 25 2 99 2.25 

Me~mframes !l() 2.00 0.20 7 25 2 91 l.:H 

Mesofra.mes !l() 0.20 0.20 7 25 8 81 0.26 

Mcsoframcs 40 0.20 0.40 
.., 
I 25 8 98 0.33 

Mesoframes !l() 0.20 1.00 7 25 8 91 0.2:i 

Me~mframes !l() 0.20 2.00 7 25 8 27 0.01 

Mesoframes 40 0.20 0.20 ;3 25 3 50 0.24 

Mesofra.mes !l() 0.20 0.20 i) 25 •j 

" :n 0.25 

Mcsoframcs 40 0.20 0.20 7 25 4 5;3 0.26 

Mesofra.mes !l() 0.20 0.20 g 25 •j 

" 100 0.76 

Mcsoframcs 40 0.20 0.20 11 25 3 97 1.06 

Mesoframes 40 0.20 0.20 7 25 6 80 0.41 

Me~mframes !l() 0.20 0.20 7 !l() 5 96 0.61 

Mcsoframcs 1 40 0.20 0.20 7 25 6 78 0.22 

Mesoframes2 /10 0.20 0.20 7 2.5 (i 70 lUS 
I Degradation in t.hc prcRcncc of l.-l3110H (1.00molL 1

) 

~ Degradation in the presence of EtOH ( 1.00 mol V ) 
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5. General Summary, Remarks and Outlook 

Various systems have been developed that show a high degree of functionality and 

activity. In connect.ion with this, important insights for further developments in the field 

of mesocrystals were found. 

\\lith the consecutive study of the formation mechanism of :'-JiHCF I\Cs and the 

associated targeted control of the crystallization towards preservation by the in-situ 

assembly and subsequent modification to functional mesocrystals, materials were 

obtained that showed very high activities in the application as catalysts. Particularly 

outstanding >vere the stability and reproducibility of the production under 

environmentally friendly conditions. These aspects may prove to be particularly 

promising for the large-scale production of NiHCF mesocrystals or KiHCF mesocrystal

hased mcsofrnmcs. Simple and energy-efficient large-scale production may represent the 

first step towards large-scale utili:.mtion of such materials. In addition, the exposure of 

Fe11 and Fern sites in combination with :'-Ji(OH)2 and a high surface area can also be 

interesting for use as a catalyst material for water splitting.2482
.''
0 Especially the 

combination with carbon-based materials like graphene or multi-walled carbon nanotubes 

(JvivVCNTs) can lead to the establishment of functional composites with promising 

propertiesYJO '.!fl. r;i-252 In this context, a further publication of NiHCF mesocrystal-based 

mesoframes is in prospect, ·which >vill systematically address the combination between 

mesoframes and l\IvVC:'-JTs as catalyst materials for the oxygen evolution reaction 

( OER). In subsequent research, more attention 1vill be pa.id to the format.ion of the hollow 

structures in order to gain a better understanding of their formation. These further 

investigations can potentially contribute to a. general understanding of the targeted 

development of functional materials from the PBA family . In particular , cobalt 

hexacyanoferrnte (CoHCF) represents another promising material from the PBA family 

that follows the facile methodology of the citrate-mediated co-precipitation process .cc. 76 

CoHCF NCs show enhanced properties for catalytic applications such as the degradation 

of contaminants or water splitting. tw. 170· 191. Hi:i. 2:,:i Recently , the systematic formation of 

binary mesocrystals demonstrates another upcoming technique to combine different 

properties.'.!A In terms of the combination between :'-JiHCF and CoHCF I\Cs as BUs for 

the formation of binary mesocrystals, this might result in achieving a synergistic effect 

and therefore a further enhancement of the properties of the material Binary could be 

achieved in two ways : By purely mixing t>vo different particle systems or by introducing 

NCs that already contain a mixture of nickel and cobalt (bimetallic system) , for 

exarnple.200
-
20

G In addition to existing studies, further investigation on :'-JiCoHCF would 

he necessary in order to ensure reliable and uniform crystalliLmtion, so that the respective 

NCs have a quality high enough for the formation of mesocrystals. 

CoHCF is not the only system in the PI3A family with promising properties. The main 

advantage of PBA compounds is the broad combinability of different metal ions.66 

Depending on the choice of a particular metal, very specific applications can be addressed. 

In this '~'ay , materials can be tailored to a specific application under specific conditions 

according t o the modular principle. This can be seen on t he example of manganese as a 
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5. General Summary, Remarks and Outlook 

metal for use as an electrode material in battcrics. 174 In this work. in addition to the 

general findings on reaction control, self-assembly and the formation of ordered 

structures, other important. aspects such as etching or, much more importantly, the 

modification of existing systems were examined. Since the etching process is similar to 

an ion exchange, the intrinsic combination capability of the PBA family can be expanded 

many times over , if one considers that there is not only the possibility of introducing 

hydroxide ions into the respective system, but also other foreign ions such as Sn(}/-, 

\\!Ol- or Ge02
2-. 257-258 Overall, another rung on the ladder of structure-property 

relationships ·was introduced within the scope of this work. 
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6. Allgerneine ZusamrnenfassunK Bemerkungen urnl Ausblick 

PI3A-Familie da.r, das mit der cinfa.chcn 1fothode dcr Citrat-vcrmittclten Co-Fallung 

hcrgcstdlt 'vcrdcn kann. cc., 7" CoH CF-N Cs :.i;cigcn vcr bcsscrtc Eigenscha.ftcn for 

ka.ta.lytische Anwendungen wic den Abbau von Schadstoffon oder die \Vasscrspa.ltung.1:m. 
170· 19L l%, 2:.:; Die systcmatischc I3iklung von biniircn Mcsokristallcn stdlt cine wcitcrc ncuc 

Technik zur Kombination verschieclener Eigenschaften dar.:fri Die Kombination von 

NiHCF- und CoHCF-NCs als Bl:s zur Bilclung binarer Mesokristalle konnte zu einem 

Synergieeffekt uncl clamit zu einer v,reiteren Verbesserung cler Eigenschaften des :Materials 

fiihren. Binkir kann a.uf 7->vei Arten erreicht werden: Durch reines rviischen ,,;weier 

unterschiedlicher Partikelsysterne oder durch Einbringen von :-JCs, die bereits eine 

l\Iischung aus ,,;.B. :-Jickel und Kobalt entha.lten (bi-metallisches Systern).2·>0
-
256 Zuskitzlich 

:.i;u den bcstchendcn Studicn warcn wcitcre Untcrsuchungcn zu NiCoHCF notwendig, um 

cine zuverlassigc und glcichmaHigc Kristallisa.tion zu gcwahrlcistcn, so dass die jc,vciligcn 

NCs cine ausrcichcnd hohc Qualitiit for die I3ildung von :'vfosokristallen aufwcisen. 

CoHCF ist nicht da.s cin:.i;igc System aus der PI3A-Familic mit viclversprechcnden 

Eigenschaften. Der Hauptvorteil von PBA-Verbinclungen ist die breite Kombinierbarkeit 

verschiedener Metallionen. 66 Je nach \iVahl eines bestimmten :'vleta.lls konnen sehr 

spezifische Anwendungen aclressiert werclen. Auf diese \ iVeise konnen die Materialien nach 

dem Baukastenprinzip auf eine bestirnmte Arrwendung unter bestimmten Bedingungen 

,,;ugeschnitten werden. Dies lkisst sich am Beispiel von .VIangan als _\Ietall fiir den Einsat,,; 

als Elektrodenmaterial in Batterien 7.eigen. 174 In dieser Arbeit 1vurden neben den 

allgemeinen Erkenntnissen ,,;ur Ilea.ktionskontrolle, zur Selbstorganisa.tion und 7.ur 

Bildung von geordneten Strukturen weitere wichtige Aspekte wie das At7.en oder, viel 

wichtiger, die .\fodifikation bestehender Systerne untersucht. Da der At7.prozess einern 

lonenaustausch ki.lmelt, kann die intrinsische Kombinationsfahigkeit der PBA-Farnilie urn 

cin Viclfachcs crwcitcrt werdcn, wcnn man hcdenkt, dass nicht nur die Moglichkcit 

hcstcht, Hydroxidioncn in das jcwciligc System einzuhringcn, sondcrn auch andcrc 

Frcmdionen wic SnCh'-, \VOt oder Gc0/-.2'>7-2··.x Insgesamt wurdc im Rahmcn dicser 

Arbeit eine '~'eitere Sprosse auf der Leiter cler Struktur-Eigenschafts-Beziehungen 

eingefohrt. 
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Synthesis of nickel hexacyanoferrate nanocubes
with tuneable dimensions via temperature-
controlled Ni2+-citrate complexation†

Sascha Keßler, Guillermo González-Rubio, Elrike Rea Reinalter, Michael Kovermann
and Helmut Cölfen *

The citrate-assisted growth of nickel hexacyanoferrate (NiHCF)

nanocubes was investigated. Control over the complexation of

Ni2+ ions with citrate at different temperatures enabled fine tuning

of the nanocrystal (NC) dimensions and their self-assembly into

mesocrystals. Our results introduce new concepts towards the

synthesis of NiHCF NCs, potentially applicable to other members

of the Prussian blue analogues family.

In recent decades, the interest in Prussian blue analogues (PBAs)
has steadily increased due to their potential as cost-effective
alternative and environmentally friendly materials for catalysis,
metal-ion batteries, supercapacitors, or CO2 adsorption.1–5 PBAs
belong to an appealing class of low-density compounds with a
generic formula of AxM[M0(CN)6]y�nH2O (0 r x r 2; 0 o y r 1),
where M and M0 are both high spin and low spin transition
metals (i.e., typically Mn, Fe Co, Ni, Cu, or Zn), and A is an alkali
metal (e.g., Li, Na, or K) that ensures neutrality.6 Both transition
metals are then connected by CRN� ligands, giving rise to
highly stable open structures with tuneable size pores and vast
internal surface areas. As a result, they can intercalate metal ions
while preserving their crystalline structure. Depending on the
nature of the transition metal and its oxidation state, an array of
PBAs with distinct magnetic, optical and electrical behaviour can
be obtained.7

Besides the chemical composition, the dimensions of PBA
crystals also play a critical role in determining their behavior,
being typically superior when their size is reduced to the
nanoscale due to the appearance of surface effects. For instance,
it is possible to improve their catalytic activity and molecular
adsorption kinetics when using nanosized PBAs.8 Moreover, they
can be exploited as building blocks for the formation of

hierarchical structures with unique properties, distinct to that
of the constituents or the bulk. In this case, the shape of the NCs
determines the nature of the assembled structure. Hence, the
development of optimized methods for their synthesis with
desired chemical composition, shape and size emerges pivotal
for the implementation of PBAs in technology.

The synthesis of bulk PBAs is typically performed via a
co-precipitation method, which relies on the direct reaction of
M0 metal precursor with Ax[M0(CN)6] in an aqueous solution.9

Nevertheless, the insolubility of PBAs naturally renders low control
over their NC growth. Among different approaches explored to
govern the co-precipitation process (e.g., crystallization inside
porous scaffolds or soft templates such as nanodroplets), the
addition of organic additives such as citrate has emerged as one
of the most elegant synthetic pathways, enabling the homogeneous
growth of PBA nanoparticles with tuneable dimensions.10–12

Although, it is known that the improved PBAs synthesis in the
presence of citrate is probably related to the formation of M-citrate
coordination complexes, a complete understanding of the growth
mechanism remains elusive. As a direct consequence, the potential
of citrate for the synthesis of PBAs remains unexploited. For
instance, the strength of the metal ion-citrate association varies
as a function of temperature according to the Van’t Hoff equation,
implying that it may be used to tailor the PBAs growth.13 Indeed, It
has been shown, that the presence of citrate can influence the
particle size of PBA NCs.14

In this work, we aimed at investigating the interplay between
citrate and temperature in the growth of cubic PBA NCs with
distinct dimensions. Among the variety of PBAs, we focused on
NiHCF, an appealing material that holds great prospects for
earth-abundant metal-ion batteries or heterogeneous catalyst.4,15

Moreover, it may serve as a model system to investigate the
synthesis of more complex PBAs. Thus, we first investigated the
co-precipitation of NiHCF nanoparticles in the absence and
presence of citrate. The synthesis was performed by direct
mixing of two aqueous solutions (40 mL) containing potassium
hexacyanoferrate(III) (0.02 M) and nickel(II) acetate (0.03 M),
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Universitätsstrasse 10, D-78457 Konstanz, Germany.

E-mail: Helmut.Cölfen@Uni-Konstanz.de

† Electronic supplementary information (ESI) available. See DOI: 10.1039/
d0cc04628k

Received 6th July 2020,
Accepted 24th October 2020

DOI: 10.1039/d0cc04628k

rsc.li/chemcomm

ChemComm

COMMUNICATION

Pu
bl

is
he

d 
on

 2
6 

O
ct

ob
er

 2
02

0.
 D

ow
nl

oa
de

d 
by

 U
N

IV
E

R
SI

T
A

T
 K

O
N

ST
A

N
Z

 o
n 

1/
18

/2
02

2 
4:

33
:2

4 
PM

. 

View Article Online
View Journal  | View Issue

http://orcid.org/0000-0002-1148-0308
http://rsc.li/chemcomm
https://doi.org/10.1039/d0cc04628k
https://pubs.rsc.org/en/journals/journal/CC
https://pubs.rsc.org/en/journals/journal/CC?issueid=CC056092


14440 | Chem. Commun., 2020, 56, 14439--14442 This journal is©The Royal Society of Chemistry 2020

respectively. When the reaction was completed in the presence
of citrate ions, its trisodium salt was introduced in the Ni2+

solution prior to mixing with hexacyanoferrate (HCF) solution.
Analysis of the products via TEM revealed the occurrence of
single-crystal 133 nm cubic and sub 15 nm NCs with undefined
shape depending on whether citrate was present or absent in the
growth mixture, respectively (Fig. 1a and b). Both products
were found to crystallize in the same cubic structure (Fig. S1
ESI;† i.e., F%43m) with a corresponding elemental composition of
Na0.125Ni2.875[Fe(CN)6]2�14.7H2O for the 133 nm NCs and
K0.14Ni2.86[Fe(CN)6]2�23.5H2O for the sub 15 nm NCs (Fig. S2, ESI†).
These results indicate that citrate can significantly modify the
dimensions and morphology of the synthesized NiHCF NCs.14

On the one hand, the synthesis of NC colloids often requires
the use of surface ligands to control the growth process and to
maintain their colloidal stability. Nevertheless, in our case,
analysis of IR spectra of NiHCF prepared in the presence of
citrate did not reveal bands characteristic for citrate (Fig. S3,
ESI†), indicating that the interaction of citrate with NiHCF
might be too weak to impact the formation of NiHCF NCs. The
rate constant of NC formation (via co-precipitation) is strongly
dependent on the degree of solution supersaturation. Due to
poor solubility of NiHCF, high supersaturation levels can be
easily reached even at low concentrations. In this context,
citrate can form coordination complexes with different transi-
tion metals including Ni. This phenomenon could decrease the
concentration of free metal ions in solution (i.e., lowering the
supersaturation), eventually leading to fewer nuclei forming
and the growth of larger NCs. To validate this hypothesis, we
investigated the formation of Ni2+-citrate (NiCit) complex in the
presence of HCF. In this regard, one-dimensional 1H-NMR
experiments were conducted to unveil the dynamics of NiCit
interaction during the NiHCF NCs synthesis (Fig. S3, ESI†).
When citrate is not coordinated to metals at a pH value ranging
between 6.5 and 7 (i.e., it decreases from 6.8 to 6.5 during the
synthesis, Fig. S4, ESI†), it exhibits two characteristic doublets
in the 2.8–2.5 ppm range corresponding to the citrate mono-
protonated species (HCit2�).16 After the addition of Ni2+, a
decreased broadening of the citrate signal intensity was
observed, pointing out the formation of a NiCit complex.17

Indeed, complete complexation of citrate should lead to the

total disappearance of this signal. However, as a 50% excess of
citrate was present in the mixture, only a fraction of citrate
molecules was coordinated with metal ions (i.e., Fig. S5 and S6
ESI;† NiCit stoichiometry determined via conductivity measure-
ments and NMR spectroscopy was 1 : 1.06 while a [citrate] :
[Ni2+] = 1.5 was used during the synthesis). Subsequently,
HCF solution was injected and the 1H-NMR resonance signals
of citrate were monitored. A significant recovery of the intensity
of resonance signals comprising citrate was noticed after 24 h,
which was probably caused by the disappearance of the Ni2+

complex due to precipitation of the metal ions from solution.
Overall, these results strongly indicate that the NiCit complex is
stable for several hours in the presence of HCF. As a conse-
quence, the effective concentration of Ni2+ is likely much lower
than in the absence of citrate molecules, thereby lowering
the supersaturation. It is important to underline that a decrease
in the concentration of free Ni2+ may also affect the growth
kinetics.

Besides tuning of the particle size via the citrate concen-
tration, a precise kinetic control of the nucleation and growth
process is a principle further possibility. To investigate this
hypothesis, we monitored the changes in the turbidity of the
growth mixture during the nanoparticle synthesis (i.e., turbidity
rises once nucleation begins). Thus, in the absence of citrate,
the nucleation and subsequent growth were found to occur in a
few minutes, as indicated by the fast increment of the solution
turbidity that saturates the instrument. On the contrary, the
onset of nucleation was significantly delayed in the presence of
citrate (Fig. S7, ESI†), pointing out a substantial modification of
the speed of growth. Considering the strong dependence of
growth kinetics on the size of the NiHCF NCs (Fig. 1a and b),
obtaining full control of this process should provide access to
NC with tuneable dimensions. It is important to underline that
the speed of NC growth depends on the NiCit complexation,
which is an endothermic process.18 As such, the tuning of the
growth temperature may emerge as a simple strategy to modify
the growth kinetics and, consequently, the NiHCF dimensions.

The synthesis of NiHCF was performed at different tempera-
tures to explore this idea. We found that the growth time was
significantly delayed at temperatures below 25 1C and increased
at temperatures above 25 1C (Fig. 2a). Analysis of TEM micro-
graphs taken from products revealed that the smallest NCs
were formed at temperatures below 25 1C, whereas an increase
of the size was identified for those NiHCF NCs prepared at
higher temperatures. Therefore, NiHCF NCs of 78 nm were
grown at 0 1C, while sizes of 96, 133, 147, 223, 231 and 538 nm
were reached at 10, 25, 35, 50, 70 and 90 1C, respectively
(Fig. 2b–f and Fig. S8, ESI†). Overall, these results successfully
reveal the critical role of the co-precipitation kinetics in the
formation of NiHCF NCs. Moreover, in the presence of citrate,
the synthesis can be controlled via the growth temperature,
enabling the formation of NiHCF NCs with tuneable dimen-
sions and size dispersity below 8% (between 10 and 35 1C,
Fig. S8, ESI†). Note, when the temperature was not controlled,
the oscillation of the room temperature gave rise to a decrease
of the NiHCF NC quality (Fig. S9, ESI†).

Fig. 1 Effect of citrate on NiHFC synthesis. (a and b) Transmission
electron microscopy (TEM) images of NiHCF nanoparticles obtained in
the absence (a) and presence (b) of citrate. Scale bars: 500 nm, 50 nm
(inset a), and 100 nm (insets b).
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To gain insights into the role of citrate and the nature of the
NiCit association at different temperatures, at a molecular level,
the thermodynamic stability of the complex was investigated by
applying one-dimensional 1H-NMR spectroscopy (note that the
proton resonance signals compromising citrate are sensitive to
the binding strength). Thereby, a substantial decrease in signal
intensity in resonance belonging to citrate was noted, suggesting
that a stronger interaction of citrate with Ni2+ occurs at elevated
temperatures (Fig. 3a). These results indicated that the chemical
equilibrium was shifted towards the NiCit complex formation.
Further investigation of this phenomenon was accomplished
using the Carr–Purcell–Meiboom–Gill (CPMG) experiment to
determine the T2 of the Ni2+-citrate-complex at different
temperatures.19 In a typical CPMG-based NMR experiment, the
decay of a signal intensity is monitored by applying an increas-
ing relaxation delay in order to obtain T2 (Fig. 3b). In the case of
the Ni2+-citrate-complex, we observed a substantial decrease in
T2 of the resonance signal at 2.38 ppm as the temperature was
increased from 10 1C to 46 1C (Fig. 3c and Fig. S10, ESI†).
Although T2 may rise due to an increase in molecular dynamics

induced by elevated temperatures (as observed for free citrate), a
stronger interaction with paramagnetic Ni2+ can reverse this
effect significantly.20 Thus, the observed dependence of T2 on
increasing temperature revealed that NiCit interactions become
more pronounced, qualitatively supporting that the chemical
equilibrium shifted towards the complex formation (Fig. S11 and
S12, ESI†). Finally, ITC was employed to quantitatively determine
the thermodynamics variables of the NiCit complexation process
(Fig. 3d and Fig. S13, ESI†). We observed a noticeable decrease in
the Gibbs’ free energy of complex formation when the tempera-
ture was raised (from 32.3 kJ mol�1 at 15 1C to 35.5 kJ mol�1 at
28 1C), thereby providing additional evidence of the enhanced
stability of the NiCit complex at high temperatures (Fig. 3d).

Finally, the self-assembly of NiHCF NCs into highly ordered
superstructures (mesocrystal) was investigated. The use of high
quality NCs is an essential prerequisite in the construction of
hierarchical structures with tailored physical–chemical proper-
ties, as they can be more structured into ordered arrangements.
Owing to the low size and shape dispersity of the obtained
NiHCF NCs, they were found to easily self-assemble into
micron-sized mesocrystals via gas diffusion of an antisolvent
into a water-based dispersion of the NCs.21 In a typical setup, a
double-polished Si-wafer was placed inside a small glass tube
filled with the NC dispersion. This glass tube was situated inside
a glass vial containing the antisolvent (ethanol). The mesocrys-
tals are formed by a continuous decrease of the dispersion’s
colloidal stability within 14 days. The morphology of the pre-
cipitated microstructures grown on the Si-wafer was character-
ized via SEM, which revealed the formation of mesocrystalline

Fig. 2 Growth kinetics and tuneability of NiHCF NC dimensions. (a) Time
course of the turbidity during the synthesis of NiHCF performed at
different temperatures. (b–f) TEM micrographs of NiHCF with distinct
dimensions: 96 � 8.3 nm at 10 1C, 133 � 8.0 nm at 25 1C, 147 � 8.0 nm
at 35 1C, 223 � 26 nm at 50 1C and 231 � 44 nm at 70 1C. Scale bars: 1 mm
and 100 nm (insets).

Fig. 3 Temperature dependence of the association process between Ni2+

and citrate. (a) 1H-NMR spectra of citrate in the presence of Ni2+ recorded at
different temperatures ranging from 10 1C (blue) to 46 1C (green). Chemical
shift of the citrate resonance signal occurs from temperature-dependent shift
of the water reference signal. (b) Dependence of signal intensity in NMR
spectra on the relaxation delay applied in Carr–Purcell–Meiboom–Gill
(CPMG)-experiments to obtain the transverse relaxation time (T2). (c) Depen-
dence of T2 of citrate (blue triangle) and NiCit complex (green triangle) on the
temperatures. (d) Dependence of Gibbs’ free energy on temperature derived
from isothermal titration calorimetry (ITC) measurements.
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structures (Fig. 4a and b). In addition, WAXS confirmed the
formation of a mesocrystalline structure due to the existence of
sharp Bragg peaks. These are characteristic for type I mesocrys-
tals with a longe-range order on the atomic scale.22

In summary, we have investigated the role of citrate in the
co-precipitation of NiHCF NCs with narrow size and shape
distributions. In the presence of citrate, Ni2+ is chelated by
citrate, a process that was found to occur also in the presence of
the precursor KHCF. A decrease of free Ni2+ available for the
formation of NiHCF is thus produced, which lowers both the
supersaturation and the growth kinetics. Moreover, the extent
of the NiCit complexation process is greatly improved at high
temperature, as revealed by 1H-NMR and ITC experiments. As a
result, the interplay between the presence of citrate and the
growth temperature enables extended control over the growth
kinetics, leading to NiHCF NCs with tailored dimensions.
Owing to the high quality of the obtained NiHCF NCs, their
self-assembly into hierarchically ordered mesocrystalline struc-
tures was easily achieved. These results represent an appealing
example regarding the understanding of the role of citrate in
the synthesis of PBAs and can therefore lead to the develop-
ment of reliable and reproducible synthetic protocols. More-
over, due to the ability of citrate to chelate an array of transition
metals, the reported strategy could be potentially expanded to

the synthesis of other nanoparticles of the PBAs family where
the co-precipitation method is typically employed.
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Fig. 4 Self-assembly of NiHCF NCs into mesocrystals. (a) Low magnification
and (b) high magnification scanning electron microscopy (SEM) images of
NiHCF mesocrystal composed with 176 nm NCs, and their corresponding FFT
(inset top right). (c) Wide angle X-ray scattering (WAXS) pattern with sharp
Bragg peaks of the [622], [311] and [200] lattice planes. (Scale bar: 5.0 mm (top
left) and 2.0 mm, inset 500 nm (top right)).
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1. Materials and Methods

Materials: Potassium hexacyanoferrate(III) (98.0 %) was purchased from Alfa Aesar. Nickel(II) acetate 

tetrahydrate (99.0 %), trisodium citrate (≥99.0 %) and deuterium oxide (99.9 %) were purchased from 

Sigma Aldrich. Chloroform (Stabilized with 0.6 % ethanol) was purchased from VWR Chemicals. All 

aqueous solutions were prepared by using deionized Milli Q water (18.2 mΩ cm-1) obtained from a Milli 

Q Direct-8 system.

NiHCF NC synthesis. Potassium hexacyanoferrate(III) (0.262 g, 0.794 mmol) was dissolved in 40 

mL of water and injected (20.0 mL min-1) into 40 mL of nickel(II) acetate tetrahydrate (0.298 g, 

1.198 mmol) and trisodium citrate dihydrate (0.528 g, 1.796 mmol) aqueous solution. The 

reaction was carried out in a double-walled reaction vessel equipped with a cryostat to enable 

temperature control (0 °C, 10 °C, 25 °C, 35 °C, 50 °C, 70 °C or 90 °C). The mixture was left under 

stirring for 24 and then centrifuged at 7000 rpm for 10 minutes. The supernatant was 

discarded, and the precipitated nanoparticles were rinsed with water (4 x 30 mL). 

Subsequently, they were redispersed in water (Vortex mixer) and the centrifugation step was 

repeated at least three times. The resulting orange solid was dried in a vacuum oven at 40 °C 

for a day. 

Mesocrystal Formation:  A double-polished silicon wafer was placed inside a small glass tube (1.0 mL, 

3.5 mm x 8.0 mm). The NiHCF NCs were dispersed in water to form a dispersion (5.0 mg mL-1). 0.6 mL 

of the NiHCF dispersion was added to the glass tube. This glass tube was placed in a small glass vial. 

0.8 mL of ethanol was added to the glass vial to induce the gas-phase diffusion experiment. The 

crystallization process took 14 days. The mesocrystals were harvested by removing the supernatant 

with a syringe followed by transferring the silicon wafer onto a filter paper for drying.  
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Titration experiments: An automated commercially available titration setup (a 905 Titrando 

and two 800 Dosino dosing units) provided by Metrohm and operated with the custom-made 

software Tiamo 2.3 was used. Conductivity was recorded using a cell Metrohm (6.0910.120) 

equipped with a conductivity module 856 Metrohm (2.856.0010). For pH measurements, a flat 

membrane pH electrode provided by Metrohm (6.0269.100) was used. In a typical titration 

experiment, 42 mL of an aqueous solution of 0.1 M nickel(II) acetate tetrahydrate was added 

(0.05 mL min-1) into 40 mL of an aqueous trisodium citrate solution: 0.01 M, 0.025 M or 0.05 

M.

Turbidity measurements: An optrode sensor (6.1115.000) equipped with a 660 nm laser was 

used (Metrohm).

NMR spectra: All experiments were carried out using a Bruker Avance III 600 spectrometer. 1H 

chemical shifts are given in ppm and referenced to the solvent signals. A relaxation delay of 1.0 

s and an acquisition time of 2.7 s were typically employed. However, for in-situ monitoring of 

the NiHFC growth, a relaxation delay of 20.0 s and an acquisition time of 2.7 s were used. A 

relaxation delay of 5.0 s, a pi-pulse of approximately 20 µs (varied between 17.5 µs and 22.7 

µs) and an acquisition time of 0.26 s were employed during the Carr-Purcell-Meiboom-Gill 

(CPMG) experiments. In terms of citrate, approximately 20 sets of loops between 4 and 1100 

repetitions were used. For the complex, a set of 12 different loops between 4 and 1100 

repetitions were used.  All data were processed and analyzed with MestReNova and Topspin 

software.

 NiHFC growth. 0.3 mL of an aqueous (D2O) potassium hexacyanoferrate(III) solution 

(0.020 M) was rapidly added to 0.3 mL of an aqueous (D2O) solution of nickel(II) acetate 

tetrahydrate (0.030 M) and trisodium citrate dihydrate (0.045 M).

 Determination of Ni2+-Citrate Stoichiometry. Trisodium citrate was dissolved in 0.4 mL of 

deuterium oxide to obtain a concentration of 0.05 M, and a certain volume of a 0.1 M nickel 

acetate solution in deuterium oxide was added. After each addition, the 1H-NMR of the 

mixture was immediately recorded.

Isothermal Titration Calorimetry: All experiments were performed with a Micorcal ITC200 

system from Malvern. The data were analyzed using NITPIC (The University of Texas 

Southwestern Medical Centre) and ITCsy (sedphat) software. The plots were processed with 

GUSSI (The University of Texas Southwestern Medical Centre) and Origin 2017. The experiment 

was performed for each titration in triplicates unless explicitly stated otherwise.

Electron Microscopy: Transmission electron microscopy images were obtained in a Zeiss Libra 120 

EF-TEM operating at an acceleration voltage of 120 kV. Nanoparticles were drop casted on carbon-



coated 400 square mesh copper grid. Scanning electron microscopy images were recorded with an 

Auriga 40 by Zeiss operating at 5 kV. Energy-dispersive X-ray spectroscopy (EDS) was applied by a 

Gemini 500 by Zeiss operating at 10 kV. For EDS measurement, the nanoparticle dispersion was drop 

casted on a double-polished Si-wafer. Afterwards, the dried sample was coated by a gold film 

(thickness of approximately 4.0 nm). 

Powder X-ray diffraction: All samples were characterized using a Bruker D8 Advance equipped 

with a scintillation counter, and a Bruker D8 Discovery with a Lynxeye XE detector. For the 

WAXS measurement a Vantec detector was used.

Thermogravimetric analysis: The sample was analyzed using a NETZSCH STA449 F3 Jupiter. All 

measurements were performed using a gas flow of air (254 mL min-1) and nitrogen (250 mL 

min-1). Heating  rates  of  5  K min-1 in the range between 30 °C and 300 °C and 10 K min-1 in the 

range between 300 °C and 1000 °C were applied.



2. Nickel hexacyanoferrate crystal structure and composition

Figure S1. (a) Normalized PXRD patterns of NiHCF nanoparticles prepared in the absence (green curve) 
and presence (blue curve) of trisodium citrate. (b) Assigned PXRD pattern of NiHCF NCs prepared in 
the presence of trisodium citrate (reference: file JCP2.2CA: 01-082-2283). (c) Unit cell of nickel 
hexacyanoferrate. Color code: blue, iron(III); green, nickel(II); yellow, nitrogen; grey, carbon.



Figure S2. (a) EDS spectrum of NiHCF NCs synthesized in the presence of citrate. The [Na]:[Ni]:[Fe] ratio 
was determined to be 0.125:2.875:2.000. The signals for silicon and gold can be assigned to used Si-
wafer and the gold coating. (b) Thermogravimetric analysis (TGA) curve of the corresponding NiHCF 
NCs in air. The first two processes show a weight loss due to evaporation of water molecules attached 
to the nanocubes. Thereby, an amount of 14.7 mol per 1.0 mol of NiHCF was determined. The third 
process appeared due to the decomposition of the cyano-brigded framework.1 The fourth process can 
be assigned to formation of metal oxides. (c) EDS spectrum of NiHCF NCs synthesized in the absence 
of citrate. The [K]:[Ni]:[Fe] ratio was determined to be 0.14:2.86:2.00. The signal for silicon can be 
assigned to the used Si-wafer. (d) Corresponding thermogravimetric analysis (TGA) curve of NiHCF NCs 
in air. The first two processes show a weight loss due to evaporation of water molecules attached to 
the NCs. Thereby, an amount of 23.5 mol per 1.0 mol of NiHCF was obtained. The third process occured 
due to the decomposition framework.1 The fourth process can be assigned to formation of metal 
oxides.



Table S1. EDS data of the NiHCF NCs synthesized in presence and absence of citrate. Note that carbon 
and nitrogen were not included in the composition calculation, as the data of light elements are not 
representative for a quantitative calculation. The oxygen content can be attributed to the presence of 
water molecules attached to the NCs.    

Synthesized in presence of citrate Synthesized in absence of citrate

Element

Wt% Wt%𝜎 Wt% Wt%𝜎

C 22.09 0.34 25.50 0.37
N 21.37 0.30 18.62 0.23
Na 2.66 0.08 0.00 0.00
K 0.00 0.00 2.27 0.18
Fe 21.25 0.44 20.58 0.09
Ni 30.55 0.33 30.90 0.36
O 2.08 0.09 2.14 0.08

Figure S3. (a) IR-spectrum of NiHCF NCs (transmission mode). The signals at 1612 and 3405 cm-1 are 
assigned to interstitial water, while that one at 3648 cm-1 is attributed to the hydroxyl groups on the 
surface. The intense signals at 2167 cm-1 and 2101 cm-1 correspond, respectively, to the stretching 
vibration band and bridging isomer of the cyano-groups (C≡N) coordinated to both, Ni2+ and Fe2+.2

(b) 1H-NMR spectra of trisodium citrate proton signals during the standard NiHCF NCs synthesis in D2O 
(time scale: 24 h, color-coded from blue to green).



3. pH of the Growth Solution 

Figure S4. (a) Trisodium citrate solution (0.01 M) pH evolution as a function of the concentration of 
nickel acetate (0.1 M) at 25 °C. (b) pH variation during the synthesis of NiHFC NCs in the presence of 
citrate at 25 °C.

4. Determination of Ni2+-Citrate Stoichiometry

Figure S5. Conductometric titration curves: The addition of an aqueous nickel acetate solution (0.1 M) 
into aqueous trisodium citrate solutions ((a) 0.01 M, (b) 0.025 M, (c) 0.05 M) at different temperatures 
(Addition rate: 0.05 mL min-1). During the addition of nickel acetate, the conductivity of the trisodium 
citrate solution decreased due to the formation of a Ni2+-citrate complex. Once all citrate molecules 
are chelating Ni2+ (equivalence point), further addition of nickel(II) acetate lead to a rise of the 
conductivity. The binding ratios were derived from the equivalence point (Table S2).



Table S2. Binding ratios of Ni2+ with citrate obtained from the condutometric titration curves at 
different temperatures (23 °C, 25 °C and 28 °C) and citrate concentrations. 

Temperature [°C]
0.01 M trisodium citrate 
solution

0.025 M trisodium 
citrate solution

0.05 M trisodium citrate 
solution

23 1.05 1.03 0.99
25 1.06 0.99 0.99
28 1.08 1.03 0.99

Figure S6. (a)1H-NMR spectra of trisodium citrate in the absence (green) and presence (blue) trisodium 
of Ni2+  ([citrate]:[Ni2+]= 1.5 ). (b) Evolution of citrate 1H-NMR spectra during the addition of Ni2+. (c) 
Evolution of the citrate 1H-NMR signal at 2.61 ppm during the addition of Ni2+ 



5. Growth kinetics in the absence and presence of citrate at 25 °C

Figure S7. Time course of the turbidity during the synthesis of NiHCF in the absence (green color) 
and presence (blue color) of citrate at 25 °C.



6. Size dispersity of NiHFC NCs obtained at different temperatures 

Figure S8. TEM micrographs of NiHCF with distinct dimensions: (a) 78 ± 4.9 nm at 0 °C and (b) 538 ± 
320 nm at 90 °C. Scale bars: 1 µm and 100 nm (Insets). (c) Temperature-dependent mean edge length 
evolution of NiHCF NCs. Data derived from TEM micrographs of NiHCF NCs obtained with distinct 
dimensions: 78 ± 4.9 nm at 0 °C, 96 ± 8.3 nm at 10 °C, 133 ± 8.0 nm at 25 °C, 147 ± 8.0 nm at 35 
°C, 223 ± 26 nm at 50 °C, 231 ± 44 nm at 70 °C (200 NCs counted) and 538 ± 320 nm at 90 °C (20 
NCs counted). Size dispersity below 8 % between 10 °C and 35 °C, 12 % at 50 °C, 20 % at 70 °C 
and 59 % at 90 °C.

Figure S9. NiHFC nanocrystal growth in the absence of temperature control. (a) Conductivity 
measurement during the synthesis of NiHCF NCs in the absence (green curve) of temperature control. 
Temperature oscillations during the synthesis measured by the conductivity electrode (blue curve) (b) 
TEM and (c) SEM images of the obtained NiHCF NCs (inset b: NiHCF NC edge length distribution; 200 
NCs counted). Scale bars: 1.0 µm



7. Investigation of the temperature-dependent Ni2+-citrate complexation

Figure S10. Typical CPMG experiment with the decrease of the 2.38 ppm signal intensity of trisodium 
citrate tracked by the relaxation delay at 22 °C.



Figure S11. Intensity of the Ni2+-citrate 1H-NMR signal as a function of the relaxation delay during CPMG 
experiments conducted at 10 °C, 14 °C, 22 °C, 32 °C, 40°C and 46 °C. Data is fitted with a standard 
exponential decay function to obtain T2 (blue line).



Figure S12. Intensity of the citrate 1H-NMR signal as a function of the relaxation delay during CPMG 
experiments conducted at 10 °C, 14 °C, 22 °C, 32 °C, 40°C and 46 °C. Data is fitted with a standard 
exponential decay function to obtain T2 (blue line).

The obtained data is fitted by standard exponential decay:  

  (1)𝑦 = 𝐴 ∙  𝑒
‒

𝑥
𝑇2



Figure S13. Thermograms of the Ni2+-citrate complexation at different temperatures (15 °C, 23 °C, 25 
°C and 28 °C) obtained via ITC.
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ABSTRACT: The interplay between citrate concentration and total supersaturation on the
growth of nickel hexacyanoferrate (NiHCF) nanocrystals is investigated. Herein, control
over the crystallization conditions enables the precise tuning of the nanocrystal (NC)
dimensions toward their self-assembly into colloidal mesocrystals with unique features. The
exploration of the early stages of crystallization reveals insights into the controlled in situ
assembly of preformed NCs. Our work introduces new concepts related to the synthesis of
NiHCF NCs and colloidal mesocrystals as efficient and applicable catalysts. This is
successfully demonstrated for the degradation of the organic contaminant caffeine.

■ INTRODUCTION

Currently technology aims to design environmentally compat-
ible, sustainable, and low energy consuming materials. In
recent years, the interest in green chemistry-based functional
materials tremendously increased. Herein, Prussian blue
analogue (PBA) systems represent an appealing class of
materials due to the huge variety of structural possibilities and
eco-friendly production. In general, PBAs follow a generic
description of AxM[M′(CN)6]y·nH2O (0 ≤ x ≤ 2; 0 < y ≤ 1),
where M and M′ both are high spin and low spin transition
metals (typically Mn, Fe, Co, Ni, Cu, or Zn), and A as an alkali
metal (e.g., Li, Na, or K) to ensure the compositions neutrality.
The transition metals are bridged by cyano-ligands (CN−) in
order to create rigid frameworks containing pores with tailored
dimensions and high internal surface areas. These features
enable the high functionality of the PBA material in terms of
applications such as energy storage, water splitting, or
wastewater treatment.1−5

In this context, nanostructured materials have been studied
extensively, as these exhibit superior properties distinct to their
bulk phase, due to the appearance of surface effects. For
example, nanosized PBA-based materials exhibit an enhanced
capacity for metal-ion batteries or an increased catalytic
activity.1,6,7 Certainly, size and shape play a decisive role to
enhance their performance.8 Typically, the production of PBA
bulk material is realized by direct mixing of the metal ion M′
with the Ax[M′(CN)6] moiety in aqueous solution (copreci-
pitation approach). The immediate precipitation results in a
lack of NC growth control. For precise control of NC
formation, it is crucial to separate nucleation and growth

(LaMer).9 Recent studies demonstrated an elegant strategy to
form high quality PBA NCs with distinct dimensions and
morphology.10,11 Therefore, the introduction of chelating
agents such as trisodium citrate favor the formation of a stable
precursor metal-citrate complex. This complex maintains a
continuous release of the metal ion M′ for a controlled
crystallization.11

Nevertheless, considering nanomaterial implementation in
technology, hierarchical superstructures emerge decisive as
these endow nanomaterials with novel functions. Hierarchical
structures expose various types of structural properties and
constructions such as metal organic frameworks (MOFs),
zeolites, colloidal crystals, or mesocrystals.12−15 MOFs and
zeolites exhibit a porous network formed by a chemical
connection between molecular precursors. On the other hand,
colloidal and mesocrystals are constructed by the mutual
alignment of NCs. Especially, mesocrystals represent a special
case of the colloidal crystal, as they are composed of
anisotropic crystalline subunits. Since PBAs are MOFs,
mesocrystals composed of MOF particles can be considered
as hierarchical porous structures that are unique among
hierarchical superstructures. The close-packed connection
between the building units enables a high mass transfer during
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catalytic reactions.16 Even more, these structures are proving to
be versatile and advantageous for the development of novel,
easily accessible, electrical, and optical applications.5,17−20

Additionally, mesocrystals are typically microparticles, which
can be easily removed from a reaction mixture by simple
filtration or decanting in contrast to nanoparticles, which are
notoriously difficult to remove if aggregation needs to be
omitted to maintain further use.
In general, hierarchical superstructures are fabricated by a

bottom-up approach via the self-assembly of presynthesized
NCs. In most cases, NC self-assembly is maintained by solvent
evaporation or additive-mediated NC deposition (i.e., addition
of an antisolvent or salt).21−24 Colloidal superstructures
represent a resourceful subcategory of these materials to
facilitate the accessibility for applications such as heteroge-
neous catalysis of organic pollutants (i.e., homogeneous
distribution of the catalyst and catalyst removal via filtration).
For example, caffeine is considered as one of the most
frequently detected pollutants in European waters.25 The
spread of nonmetabolized caffeine is a major problem.
Unfortunately, only a few caffeine-removal routes are reported
yet. These routes rely on the fabrication of energy consuming
materials (i.e., high temperatures are required).26,27 Therefore,
using colloidal superstructures combines the main advantages
of avoiding complex multistep approaches and an eco-friendly
removal of the catalyst. In the literature, the direct synthesis of
colloidal superstructures has mostly been maintained via
micelle-mediated approaches.28,29 With regard to sustainable
and environmental aspects, the fabrication of highly ordered
structures under ambient conditions without micellar additives
is desirable. Unfortunately, systems that meet these require-
ments and investigations of the corresponding formation
mechanism have rarely been reported yet.
In this work, we aimed at describing the interplay between

additive concentration and total supersaturation in controlling
NiHCF NC dimensions. This enabled a novel in situ formation
of high quality NiHCF colloidal mesocrystals. By studying the
mechanistic conditions, we were able to describe the NCs
interaction potential as the driving force for their mutual
alignment. Owing to their advantageous structure, the
mesocrystals were explored as a heterogeneous catalyst for
the PMS-activated degradation of caffeine. We demonstrated
that NiHCF mesocrystals can remove 96% of caffeine after 30
min resulting in a rate constant of 0.096 min−1. We focused on
NiHCF as material for the degradation of caffeine due to its
high water insolubility, sustainable production, and appealing
properties in the field of heterogeneous catalysis. This work
can potentially help to transfer this model to other PBA
systems, which could enable the formation of highly functional
materials for various applications.

■ EXPERIMENTS
NiHCF NC Synthesis. Nickel(II) acetate tetrahydrate

(0.298 g, 1.198 mmol) and the corresponding amount of
trisodium citrate dihydrate (Table S1) were dissolved in 40 mL
of water. Potassium hexacyanoferrate(III) (0.262 g, 0.794
mmol) was dissolved in 40 mL of water. The potassium
hexacyanoferrate(III) solution was injected (20.0 mL min−1)
into the 40 mL aqueous solution containing nickel(II) acetate
and trisodium citrate (ionic strength of 0.21 mol L−1). The
reaction was carried out in a double-walled reaction vessel
equipped with a cryostat to maintain a crystallization
temperature of 25 °C. The mixture was left under stirring

for 24 h and then centrifuged at 7000 rpm for 10 min. The
supernatant was removed, and the precipitated nanocrystals
were rinsed with water (4 × 30 mL). Subsequently, they were
redispersed in water (Vortex mixer) and the centrifugation step
was repeated at least three times. The resulting orange solid
was then dried in a vacuum oven at 40 °C for 24 h. The
amount of every reactant was multiplied by 1.33 for the
syntheses at medium supersaturation and by 3.33 for the
syntheses at high supersaturation. Supersaturation levels with
an ionic strength of 0.21 mol L−1 of the Ni2+-citrate complex
solution were labeled as low supersaturation. Levels with an
ionic strength of 0.28 mol L−1 and 0.70 mol L−1 were labeled
as medium and high supersaturation, respectively.

Characterizations. Atomic force microscopy was con-
ducted by a JPK NanoWizard atomic force microscope using
the intermittent contact mode. The microscope was equipped
with a silicon tip. The Brunauer−Emmett−Teller surface area
was determined by measuring nitrogen sorption isotherms at
77 K by an Autosorb-iQ-MP from Quantachrome and a
Quadrasorb SI device. The obtained data were evaluated by
means of the BET theory. The DLVO-interaction energy
predictions were conducted using the Hamaker 2.1 toolkit.
Electron microscopy: Scanning electron microscopy images
were recorded with a Gemini 500 by Zeiss operating at 5 kV.
The Gemini 500 is equipped with detectors for secondary and
backscattered electrons. Additionally, a drift-compensated
frame-averaging mode maintains high quality images even
when charging effects occur. The corresponding energy-
dispersive X-ray spectroscopy (EDS) was applied by a Gemini
500 by Zeiss operating at 10 kV. For EDS analysis, a NiHCF
NC dispersion was drop casted on a double-polished Si-wafer.
After the sample was dried for several hours, it was coated by a
gold film (thickness: approximately 4.0 nm). Transmission
electron microscopy images were obtained by using a Zeiss
Libra 120 EF-TEM operating at an acceleration voltage of 120
kV. Here, a NiHCF NCs dispersion was drop casted on a
carbon-coated 400 square mesh copper grid. Powder X-ray
diffraction was conducted by using a Bruker D8 Advance
equipped with a scintillation counter, and a Bruker D8
Discovery, with a Lynxeye XE detector. Therefore, the
respective powder was poured on a sample holder and
characterized. The respective powder is the same as that
used for microscopic measurements. Turbidity measurements:
As a setup, a commercially available titration setup (905
Titrando) provided by Metrohm and operated with the
custom-made software Tiamo 2.3 was used. Turbidity during a
typical NiHCF NC synthesis was monitored by an optrode
sensor (6.1115.000) equipped with a 660 nm laser (Metrohm).
UV−vis spectroscopy: In general, a Varian Cary 50
spectrometer with a 1.5 nm fixed spectral bandwidth and full
spectrum Xe pulse lamp single source was used. For the
measurement, quartz cuvettes with a thickness of 1.0 or 10.0
mm were used. The 1.0 mm cuvette was used in the case of the
caffeine degradation experiments. The 10 mm cuvette was used
for the determination of Ni2+ concentration after the synthesis
of NiHCF NCs. ζ-potential measurement: The ζ-potential was
analyzed by a Malvern Instruments Zetasizer Nano-ZS
Zen3600. For the measurement, 1 mL of the NiHCF NC
dispersion was directly withdrawn from the reaction mixture
and analyzed in a typical measurement cell.

Caffeine Degradation Experiments. In a typical experi-
ment, 5.0 mg of NiHCF NCs were dispersed in 100 mL of an
aqueous caffeine solution (50 mg L−1). The mixture was stirred
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in a double-walled reaction vessel equipped with a cryostat to
maintain a certain reaction temperature (25, 45, or 70 °C) for
30 min. 75.0 mg of PMS were added to the NC-caffeine
mixture to initiate the degradation reaction. To analyze the
concentration of the remaining caffeine, aliquots were taken at
specific reaction times. For the removal of the catalyst, these
aliquots were then centrifuged at 18 000 rpm for 2 min. In the
case of the colloidal mesocrystals, syringe filters (pore size:
0.25 μm) were applied for the removal of the catalyst. The
supernatant was transferred into a quartz cuvette (thickness:
1.0 mm) and analyzed by UV−vis spectroscopy.
The impact of catalyst and PMS concentrations on the

caffeine degradation was studied by varying the respective
concentrations. Therefore, 0.05, 0.10, 0.30, and 0.50 g L−1 of
NiHCF mesocrystals and 0.35, 0.75, 1.50, and 3.00 g L−1 of
PMS were used, respectively. In the case of the pH effect on
the caffeine degradation, the pH was adjusted to 3, 5, 7, 9, and
11 by using hydrochloric acid or potassium hydroxide. For the
scavenger experiments, aqueous caffeine solutions containing
1.0 mol L−1 methanol (MeOH) or 1.0 mol L−1 tert-butanol (t-
BuOH) were used. Then, the standard caffeine-degradation
experiment was conducted using the respective scavenger
solution.
For the durability experiments, the NiHCF NCs were

collected by centrifugation at 18 000 rpm for 5 min. The
supernatant was removed, and the precipitated NCs were
rinsed, redispersed in water (Vortex mixer); the centrifugation
step was repeated at least three times. The washed NCs were
then dried in a vacuum oven at 40 °C for 24 h. The recovered
NCs were used for another consecutive degradation cycle (up
to 6 cycles).

■ RESULTS AND DISCUSSION
Initially, we examined the citrate-dependent formation of
NiHCF NCs by a coprecipitation method (eq 1). The NCs
were synthesized by direct mixing of two aqueous solutions
with the same volume containing potassium hexacyanoferrate-
(III) (0.02 mol L−1) and nickel(II) acetate (0.03 mol L−1),
respectively. Trisodium citrate was applied as a growth-
assisting additive. Analysis of the morphological structure via
transmission electron microscopy (TEM) shows the formation
of sub-15 nm NCs without defined morphology, sub-30 nm
NCs with a certain expression of a cubic shape, and 133 nm
cubic shaped NCs (Figure 1a−c). This indicates that the cubic
expression of the NCs relies upon the absence or presence of
citrate in the nickel solution prior to the mixing process.
Powder X-ray diffraction (PXRD) analysis revealed that all the
formed NCs exhibit the same crystal structure (Figure 1d and
Figure S1; i.e. F4̅3m). In addition, energy dispersive X-ray
spectroscopy (EDS) analysis of the products confirmed a
nickel to iron ratio of 1.4:1.0 (Figure S2 and Table S2). These
results clearly demonstrate the citrate’s ability to control the
NiHCF NC dimensions and the expression of certain facets.

3Ni 2K Fe(CN) 6K Ni Fe(CN)2
3 6 3 6 2+ + [ ] ↓+ +V (1)

From the viewpoint of NC synthesis, the formation of NCs
with a defined morphology requires the use of ligands to
control the crystallization. Herein, citrate is considered as a
mediator for the crystallization due to its strong interaction
with metal ions such as Ni2+.

Ni C H O NiC H O2
6 6 7

2
6 6 7++ − V (2)

Previous studies showed that a precursor Ni2+-citrate
complex enables a continuous release of nickel ions for a
controlled crystallization to tailor the NiHCF NCs growth (eq
2).11,30 This phenomenon results in the reduction of the free
metal ion concentration in solution (i.e., supersaturation and
reaction kinetics are lowered) and therefore less nuclei, and
larger NCs are formed. Thus, higher concentrations of citrate
result in a lower concentration of Ni2+ ions, according to the
chemical equilibrium of the complex and a reduction of the
nickel ion release. To investigate this idea, the synthesis of
NiHCF NCs was performed with different concentrations of
citrate (citrate to Ni2+ ratios between 1.05 and 2.0; low
supersaturation of 0.21 mol L−1) while the turbidity of the
reaction mixture was monitored (i.e., increase of turbidity
during the crystallization). We found that the onset of
nucleation was continuously delayed by using higher
concentrations of citrate without affecting their crystalline
habit (Figure S3 and Figure S5a). Moreover, the semiempirical
observations were supported by optical spectroscopy of the
reaction mixture which revealed a high citrate to Ni2+ ratio
results in a higher concentration of Ni2+ after 24 h (Figure S3).
TEM analysis revealed that the smallest NCs of 50 nm were
formed at a Ni2+ to citrate ratio of 1.05:1.0 whereas larger
dimensions of 101, 137, and 151 nm were obtained at ratios of
1.3, 1.6, and 1.8, respectively (Figure 2 first row and Figure
S4).

J Ae B S
0

( /(ln ) )2
= −

(3)

Besides tailoring the crystal dimensions by using different
citrate concentrations, the crystallization can be controlled via
the supersaturation itself (i.e., increase of supersaturation by
using higher concentrations of all reactants). A higher

Figure 1. Effect of trisodium citrate on the NiHFC synthesis. (a,b,c)
TEM images of NiHCF NCs obtained in the absence of citrate (a),
presence of a minor concentration of citrate (citrate to Ni2+ 0.67)
with respect to the nickel concentration (b) and in the presence of a
higher citrate concentration (citrate to Ni2+ ratio 1.5) with respect to
nickel (c). (d) Normalized PXRD patterns of NiHCF nanoparticles
prepared in the absence (blue curve), presence of a minor
concentration (bright blue curve), and presence of a major
concentration (blue curve) of citrate.
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supersaturation (S) induces a faster nucleation rate J0 due to a
higher availability of reactants for the formation of NCs as
reported in literature (eq 3).31 Certainly, this semiempirical
approach indicates the formation of even smaller crystal sizes.
Considering this assumption, the full control of the
crystallization kinetics by supersaturation may emerge as a
facile strategy to synthesize NiHCF NCs with a greater range
of tunable dimensions. To investigate this hypothesis, we
performed the synthesis of NiHCF NCs at different
concentrations of the reactants. The ratios between Ni2+ and
citrate were kept at 1.05, 1.3, 1.6, and 1.8. The ionic strengths
of the Ni2+-citrate complex solutions were adjusted to 0.28 mol
L−1 and 0.70 mol L−1 (labeled as medium and high
supersaturation, respectively). The concentration of potassium
hexacyanoferrate(III) (KHCF) was also multiplied by a factor
of 1.33 and 3.33, respectively. TEM analysis revealed a
significant decrease in crystal size by increasing the super-
saturation (Figure 2 and Figure S6). At medium super-
saturation, NC dimensions of 31, 85, 105, and 117 nm were
obtained at ratios of 1.05, 1.3, 1.6, and 1.8, respectively (Figure
2; middle row). Even smaller NCs with dimensions of 18, 24,
79, and 109 nm were obtained at high supersaturation (Figure
2; bottom row). The crystal habit of the NCs remains
unaffected by the changes (Figure S5). The increase of the
nucleation rate was explored by measuring the turbidity during
the crystallization at the three different supersaturations and at
two different citrate to Ni2+ ratios (1.3 and 1.8). The results
clearly displayed that the onset of nucleation was accelerated
by increasing the supersaturation (Figure S7). Overall, these
results demonstrate the precise tuneability of NiHCF NCs
dimensions by adjusting the citrate concentration and the total
supersaturation.
By exploiting the interplay between citrate concentration

and supersaturation for tailoring the NiHCF NCs dimension,
the formation of highly ordered superstructures was observed.
At a ratio of 1.6, the TEM micrograph shows a clear tendency
of the NiHCF NCs to assemble into small clusters. The
increase of the citrate to Ni2+ ratio to 1.8 resulted in the
assembly of NiHCF NCs into micron-sized hierarchical

superstructures (Figure 2; bottom row; size: 1 to 2 μm). To
gain insights into the formation mechanism of those
superstructures, the early stages of the crystallization were
investigated via scanning electron microscopy (SEM). Samples
were taken from the growth mixture at different times. By
exploring the morphology of the products obtained after
different times, we found that no association of NiHCF NCs
occurred after 1 h whereas an increase in association was
identified after 2 h (Figure 3b,c). After 3 h, most of the NCs
appear to be incorporated into small superstructures (i.e.,
unconsumed NCs can be osbserved; Figure 3d; top left corner
and bottom left corner). For the morphology of the
superstructures obtained after 4 h, nearly no difference was
observed to those obtained after 24 h, except for the size and
shape of the individual NCs (Figure 3e).
The tendency of NC association may occur due to

electrostatic destabilization of the NCs. The electrostatic
potential, which is generated by an anisotropic object, is
anisotropic at any distance and can be described as the driving
force for the NCs mutual alignment.32 This determines the
morphology of the superstructure by the inherent lattice
structure of the single NCs (i.e., F4̅3m plane group symmetry
for this system). As the F4̅3m plane group symmetry is a face-
centered cubic structure, the superstructures itself should
express a cubic structure (i.e., thermodynamic balance within
the superstructure). This is one characteristic feature of a so-
called mesocrystal (i.e., mutual alignment of anisotropic NCs
into a hierarchical ordered superstructure).18,33 To obtain such
a balanced system, an appropriate concentration of the
reactants is crucial (i.e., electrostatic stabilization of NCs). A
too strong or weak stabilization results in repulsion or fast
agglomeration of the NCs, respectively according to the
Derjaguin−Landau−Verwey−Overbeek (DLVO) theory.14

Herein, the adjusted ionic strength appears to be at an
appropriate level to create a secondary minimum in the DLVO
potential, which leads to a controlled assembly of the NiHCF
NCs. The ionic strength of the mesocrystal forming mixture is
initially 0.11 mol L−1 higher than the ionic strength of a
reaction mixture containing only a Ni2+ to citrate ratio of 1.3
(Figure S8). Within the initial 4 h, the difference increases to
approximately 0.20 mol L−1 (Figure S8). In addition, ζ-
potential measurements during the first 4 h of the
crystallization in the presence of a Ni2+ to citrate ratio of
1.3: at a high supersaturation showed nearly constant values
between −38.5 and −35.0 mV (Figure 3f). In comparison, the
ζ-potential measurements during the first 4 h of the
mesocrystal formation (i.e., Ni2+ to citrate ratio of 1.8 at a
high supersaturation) showed a continuous increase of the
potential from −22.0 to −6.9 mV (Figure 3f). The increase of
the ζ-potential toward a point of zero charge indicates the
controlled arrangement of the NCs into colloidal mesocrystals.
To analyze the influence of the difference in ionic strength on
the two systems, DLVO-interaction energy predictions on the
basis of the ionic strength, NC dimensions and ζ-potential
were conducted. The DLVO energy curves for the
crystallization in the presence of a Ni2+ to citrate ratio of
1.3: at a high supersaturation show constantly an energy barrier
of 22.6 kT indicating a completely stabilized system (Figures
S8−S12). This result is in accordance with the TEM and SEM
investigations. In the case of the mesocrystal formation, the
DLVO energy curves exhibit a secondary minimum of
approximately 7.0 kT (1−3 h), which probably leads to the
formation of the mesocrystal nuclei (Figure 3g). The activation

Figure 2. Concentration-dependent tuneability of NiHCF NCs
dimensions. TEM micrographs of NiHCF with distinct dimensions
at citrate to Ni2+ ratios of 1.05, 1.3, 1.6, and 1.8 (Color coded; left to
right; dimensions and standard deviation in Table S3). Upper row:
Low supersaturation. Middle row: Medium supersaturation. Bottom
row: High supersaturation. (The depicted scale bars apply to all the
other micrographs as well.)
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barrier of 58.7 kT to the primary minimum at 1 h then
decreases to about 16.5 kT after about 3 h, and after 4 h there
is no energy barrier resulting in NC accumulation. The drastic
lowering of the energy barrier after 4 h indicated, moreover, a
high driving force of the accumulation of NCs. A high driving
force typically leads to an adhesive-type growth mechanism,
resulting in rough surfaces of the grown crystal.34 These results
support the proposed formation mechanism via the electro-
static destabilization of NCs within time (Figure 3a).
In general, mesocrystals are characterized by the occurrence

of relatively sharp Bragg peaks of the superstructure with a
long-range order on the atomic scale comparable to those of a
single nanocrystal (Figure S13) and an anisotropic shape of the
assembled NCs.18 Low magnification TEM micrographs of the
mesh grid revealed that most of the NCs were consumed as
building units for the ordered superstructures (Figure 4a).
Higher magnification revealed a common crystallographic

orientation of the NCs (Figure 4b). Atomic force microscopy
determined the mesocrystal dimensions between 1 and 2 μm
(Figure S14). To investigate the periodicity of the super-
structures, we conducted selected area electron diffraction
(SAED) on an isolated superstructure (Figure 4c; from the
[200] zone axis). The occurrence of relatively sharp reflexes
confirmed that all NCs have the same overall orientation and
therefore the formation of a type I mesocrystal.35 However, the
arcs observed also indicate a slight degree of misorientation,
which could be determined with an angle of 32.15° ± 1.84°
(Figure S15a). In addition, physisorption measurement
confirmed the periodicity of the structure due to the
occurrence of a narrow pore width distribution caused by
the interparticle space (Figure S15b; distance: 3.8 nm).
Analysis of the morphology via SEM revealed a texture-like
pattern with some vacancies in the mesocrystals (Figure 4d).
Owing to their cubic shape, the NCs tend to assemble into a

Figure 3. Time-dependent association of NiHCF NCs into micron-sized superstructures. (a) Schematic illustration of the time-dependent
alignment of NiHCF NCs. SEM micrographs of the NiHCF mesocrystal formation at (b) 1 h, (c) 2 h, (d) 3 h, and (e) 4 h. (f) ζ-potential analysis
during the early stages of the NiHCF mesocrystal and NC formation at high supersaturation (ionic strength of Ni2+-citrate complex solution: 0.70
mol L−1). (g) DLVO interaction energy curve simulated at the initial stages of superstructure formation (primary DLVO minimum excluded).
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cubic plane group symmetry. SEM analysis at high
magnification showed areas with a preferred arrangement of
the NCs in a p4mm plane group symmetry on the surface
(Figure S16a,b; orange squares). This means the NCs’ shape
determines the overall orientation of the superstructure as it is
known for mesocrystals.14 The appearance of only cube-like
structures and the previous proposed mechanism supports this
idea.
Since the controlled size tuneability of NiHCF NCs enables

the formation of ultrasmall NCs or colloidal mesocrystals
composed of small NCs, their catalytic activity can be
enhanced. Moreover, the utilization of colloidal mesocrystals
might facilitate the degradation of organic pollutants, due to
the combination of a NC composition, homogeneous
distribution of the catalyst, and a facile and easy removal by
filtration. To validate these assumptions, we explored the
peroxomonosulfate (PMS)-activated caffeine degradation
using NiHCF NCs and colloidal mesocrystals as catalyst
material (Figure 5a and Figure S17). UV−vis spectroscopy was
applied to monitor the degradation of caffeine in the absence
and presence of NiHCF NCs and colloidal mesocrystals. The
degradation of caffeine using only PMS is delayed compared to
degradation in the presence of NiHCF (Figure 5b). In general,
Ni2+ and Fe3+ are able to form hydroxy and sulfate radicals by

interacting with PMS. PMS itself is hardly capable of
producing radicals. Mechanistic investigations revealed the
reaction is mainly driven by the formation of hydroxy radicals
(77%). By using suitable scavenger molecules (tert-butanol for
hydroxy radicals and methanol for hydroxy and sulfate
radicals), the contributions of the respective radical species
were obtained from corresponding rate constants (Figures S18
and S19).
By introducing NiHCF NCs as catalyst, approximately 90%

of caffeine was removed after 210 min, whereas for the catalysis
in the absence of NCs only 54% was removed after 210 min
(i.e., superior catalytic activity of in the presence of NiHCF
NCs). The individual catalytic performance is displayed by the
reaction rate constant. The kinetic data were obtained by
applying pseudo-first-order kinetics (i.e., first order rate
equation). The rate constants of PMS, 150 nm NiHCF NC,
23 nm NiHCF NC, and colloidal NiHCF mesocrystals were
calculated as 0.006, 0.015, 0.016, and 0.011 min−1, respectively
(Figure 5c and Table S6). These results present NiHCF NCs
and colloidal mesocrystals as possible candidates for the
removal of the contaminant caffeine. The enhancement of the
PMS-activation may be derived from the synergistic interaction
between NiHCF and PMS as well as the availability of a higher
surface and active sites. In addition, the colloidal mesocrystals
combine the advantages of a high inner surface area and easily
accessible dimensions. This opens up excellent features for the
implementation of colloidal NiHCF mesocrystals in heteroge-
neous catalysis due their easy removal by filtration.
As the removal of the pollutant was successful, the process

parameters favoring maximum degradation such as temper-

Figure 4. Self-assembly of NiHCF nanocubes into micron-sized
colloidal mesocrystals. (a) Low magnification and (b) high
magnification TEM micrographs of colloidal NiHCF mesocrystals
synthesized at a high supersaturation and citrate to Ni2+ ratio of 1.8
(Orange circle indicates the selected area for electron diffraction). (c)
SAED pattern obtained from an isolated mesocrystal (view from
[200] zone axis). (d) SEM image of colloidal NiHCF mesocrystals
morphology.

Figure 5. NiHCF-supported degradation of caffeine. (a) UV−vis
absorption spectra of caffeine removal. (b) Degradation efficiency of
caffeine in the presence and absence of NiHCF NCs within 250 min.
(c) Rate constants of the corresponding caffeine degradations.
Reaction conditions: [Caffeine] = 50.0 mg L−1, V = 100 mL, T =
70 °C, pH = 7, [NiHCF-NCs] = 0.05 g L−1, [PMS] = 0.75 g L−1. (d)
Comparison of the combined conditions favoring the maximal
degradation of caffeine by applying colloidal NiHCF mesocrystals
with the degradation at standard conditions. Reaction conditions for
the combined degradation: [Caffeine] = 50.0 mg L−1, V = 100 mL, T
= 70 °C, pH = 5, [NiHCF-mesocrystals] = 0.10 g L−1, [PMS] = 1.50
g L−1.
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ature, pH-value, catalyst, and PMS dosage were explored
(Figures S17, S20−S26, Table S6). All these measurements
demonstrated specific influence on the degradation efficiency.
A degradation temperature of 70 °C and pH value of 5
maximized the degradation efficiency the most (Table S6).
When the respective process parameters were combined
sensibly, the degradation efficiency of caffeine increased by a
factor of 8.7 (i.e., value of the rate constant was increased by a
factor of 8.7). In this case, a doubled catalyst and PMS dosage
was applied at a pH value of 5 and 70 °C. UV−vis analysis of
the combined approach showed a caffeine removal of 96% after
30 min, while only 5% of caffeine could be removed after 30
min under standard conditions (Figure S26). The rate constant
increased significantly from 0.011 min−1 for the standard
conditions to 0.096 min−1 for the combined conditions.
Overall, these results clearly demonstrate the high activity of

NiHCF mesocrystals for the successful degradation of caffeine.
In particular, the nanoparticulate behavior in combination with
the micron-sized dimensions make them appear to be a
reasonable alternative for conventional systems, taking into
account the ease of separability and processability.
In order to produce materials for practical use, appropriate

stability and durability of the catalyst material are desirable. To
investigate the materials durability, the NiHCF NCs and
colloidal mesocrystals were recovered, washed, and dried after
the catalysis was finished. The recovered NCs and mesocrystals
were then applied in multiple cycles of the PMS-activated
caffeine removal. We found the reusability for the 150 nm
NiHCF NCs to be up to six consecutive times with an almost
constant degradation efficiency. The 23 nm NiHCF NCs show
a gradual decrease of the degradation efficiency after three
consecutive cycles (from 96% to 53%). In the case of the
colloidal mesocrystals, five consecutive cycles with an almost
constant degradation efficiency was obtained. For the sixth
cycle, only a degradation efficiency of 65% was reached (Figure
6a and Figure S27). The decrease of the efficiency might occur
due to leaching of ions and changes of the morphology. TEM
analysis showed that the 150 nm NiHCF NCs and 23 nm
NiHCF NCs kept their initial morphology and crystallinity
(Figure 6b,c). TEM analysis of the colloidal mesocrystals
showed a change in morphology (Figure 6d). The crystals
appear to be fused, as the crystals still exhibit a single
crystalline SAED pattern (Inset Figure 6d). EDS analysis of the
NCs and mesocrystals before the catalysis and after six cycles
revealed that the ratio between Ni2+ and Fe3+ slightly changed
from 1.35 to 1.42, 1.40 to 1.38, and 1.43 to 1.30 for the 150
nm NiHCF NCs, 23 nm NiHCF NCs (23 nm), and colloidal
mesocrytals, respectively (Figures S28, S29, and S30, Table
S7−S9). These results indicate that some ions probably
leached from the NCs after several cycles, leading to a change
of the ratio between Ni2+ and Fe3+. Since the NiHCF NCs
have retained their morphology and the mesocrystals only
exhibit minor morphological changes, these systems appear to
be effective catalysts for the removal of caffeine from
wastewater.

■ CONCLUSION
In summary, we have investigated the influence of citrate and
the total supersaturation on the formation of NiHCF NCs with
narrow size distributions. Especially, citrate controls the precise
formation of cubic shaped NiHCF NCs. Increasing the citrate
to Ni2+ ratio leads to an increase in NiHCF NC dimensions as
the complex stability is increased. Moreover, we found that the

tuneability of the NCs dimensions is enhanced by an increase
of the total supersaturation, as faster growth kinetics were
observed. The interplay between citrate concentration and
total supersaturation of the reactants resulted in an extended
tuneability of the NC dimensions. This approach enabled the
formation of micron-sized colloidal NiHCF mesocrystals at a
high supersaturation. Due to the high degree of super-
saturation, the assembly of NiHCF NCs can be described by
a gradual electrostatic destabilization of the NCs resulting in
formation of hierarchical superstructures with common
crystallographic orientation. These results provide a conclusive
example for the understanding of the role of citrate and the
total supersaturation in the synthesis of high quality PBA NCs
with tailored dimensions. In particular, the in situ formation of
colloidal mesocrystals can lead to the development of reliable
and reproducible syntheses of functional PBA-based materials
while taking into account green chemistry aspects such as
synthesis in water and at room temperature. Considering the
dimensions and easy accessibility of the colloidal mesocrystals,
these materials appear to be promising candidates for
wastewater treatment. In addition, the simple removal via
filtration and the avoidance of further reaction steps such as
the application of the mesocrystals to a substrate make them
appear very advantageous. We demonstrated that NiHCF
mesocrystals can remove 96% of caffeine after 30 min resulting
in a rate constant of 0.096 min−1. Furthermore, they do not
dissolve upon their performance and express a decent
durability up to 6 cycles. The combination of nanoparticulate
properties and facile accessibility proved to be beneficial for
the effective removal of caffeine as an organic pollutant.

Figure 6. Durability analysis of the NiHCF NCs and colloidal
mesocrystals. (a) Degradation of caffeine in consecutive runs with the
different recycled NiHCF NCs. Reaction conditions: [Caffeine] =
50.0 mg L−1, V = 100 mL, T = 70 °C, pH = 7, [NiHCF-NCs] = 0.05 g
L−1, [PMS] = 0.75 g L−1. TEM micrographs of (b) the 150 nm
NiHCF NCs, (c) the 23 nm NiHCF NCs, and (d) the NiHCF
mesocrystals after 6 cycles of catalysis.
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degradation 

Materials and methods 

Materials: Potassium hexacyanoferrate(III) (98.0 %) was purchased from Alfa Aesar. Nickel(II) 

acetate tetrahydrate (99.0 %), trisodium citrate (≥99.0 %) and caffeine powder were purchased 

from Sigma Aldrich. Potassium peroxymonosulfate triple salt (PMS) and tert-butanol (99.0 %) 

were purchased from Merck. Methanol (99.9 %) was purchased from Carl Roth. All aqueous 

solutions were prepared by using deionized Milli-Q water (18.2 mΩ cm-1) obtained from a Milli-

Q Direct-8 system. 
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Table S1. Amount and concentration of trisodium citrate used for the different citrate to Ni2+ ratios 

during the NiHCF NC syntheses. 

Citrate to Ni2+ ratio Amount [mmol] Concentration [mol L-1] 

1.05 1.20 0.030 

1.1 1.32 0.033 

1.2 1.44 0.036 

1.3 1.56 0.039 

1.4 1.68 0.042 

1.5 1.80 0.045 

1.6 1.92 0.048 

1.7 2.04 0.051 

1.8 2.16 0.054 

1.9 2.28 0.057 

2.0 2.40 0.060 

 

Conentraction determination of potassium hexacyanoferrate for DLVO-predictions: Typically, 

the remaining concentration of potassium hexacyanoferrate in a reaction mixture at 1 h, 2 h, 3 h 

and 4 h is determined via UV-Vis spectroscopy. Therefore, 1.0 mL of the reaction mixture was 

centrifuged (15000 rpm, 5 min) to separate the solid from the liquid phase. To obtain an appropriate 

concentration to meet Beer-Lambert law, 0.2 mL of the supernatant was diluted by adding 1.8 mL 

of de-ionized water. Then, the sample was analyzed via UV-Vis spectroscopy.   
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Additional Information for the Characterizations 

Atomic force microscopy: In principle, the dried sample was dispersed in de-ionized water and 

then drop casted onto a Si (100) wafer. After drying, the sample was characterized. 

Brunauer–Emmett–Teller surface area measurements: For the BET surface area measurements, 

the NiHCF NCs were dried at 60 °C under vacuum over night. Then, the NCs were transferred 

into the measurement cell. 

DLVO-simulations: Hamaker 2.1 toolkit.1  

Powder X-ray diffraction: The respective powder is the same that was used for microscopic 

measurements.  

Herein, microdeformation can also contribute to the change in intensities. In principle, greater 

microdeformation leads to lower and wider reflexes. Another effect can be preferential orientation 

that cause the reflexes of some planes to become unusually strong. We have observed in our studies 

and also in previous work that NCs can arrange themselves into domains already during drying at 

a certain quality.2 This can certainly have a significant contribution to the different intensities. 
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Nickel hexacyanoferrate nanocrystal structure and composition 

 

Figure S1. (a) Assigned and normalized PXRD pattern of NiHCF NCs prepared in the presence 

of trisodium citrate (Citrate to Ni2+ ratio 1.5) (reference: file JCP2.2CA: 01-082-2283). (b) 

Schematic view of a nickel hexacyanoferrate unit cell. Color code: blue, iron(III); green, nickel(II); 

red, nitrogen; grey, carbon. 
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Figure S2. (a) EDS spectrum of NiHCF NCs synthesized in the absence of citrate. The [Ni]:[Fe] 

ratio was determined to be 1.40:1.00. The signals for silicon and gold can be assigned to used Si-

wafer and the gold coating. (b) SEM micrograph of the NiHCF NCs synthesized without additive. 

(c) EDS spectrum of the NiHCF NCs synthesized in the presence of citrate (Citrate to Ni2+ ratio 

1.5). The [Ni]:[Fe] ratio was determined to be 1.39:1.00. The signals for silicon and gold in both 

spectra can be assigned to used Si-wafer and the gold coating. (d) SEM micrograph of the NiHCF 

NCs synthesized in the presence of citrate. Scale bars: 10.0 µm. 
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Table S2. EDS data of the NiHCF NCs synthesized in presence and absence of citrate. Note that 

carbon and nitrogen were not included in the composition calculation, as the data of light elements 

are not representative for a quantitative calculation. The oxygen content can be attributed to the 

presence of water molecules attached to the NCs.     

Element 

Synthesized in absence of citrate Synthesized in presence of citrate 

Wt% 𝝈Wt% Wt% 𝝈Wt% 

C 13.18 0.28 16.42 0.20 

N 8.78 0.21 14.23 0.15 

O 2.60 0.08 3.63 0.06 

Na 0.22 0.05 2.19 0.04 

K 0.40 0.08 2.64 0.06 

Fe 14.54 0.36 18.20 0.26 

Ni 21.43 0.28 26.63 0.20 

Cl 0.73 0.47 0.96 0.34 
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Nickel hexacyanoferrate nanocrystal size control  

  

Figure S3. (a) Time course of the turbidity during the syntheses of NiHCF NCs performed with 

different citrate to Ni2+ ratios (From 1.2 to 2.0; color-coded from blue to green). (b) UV-Vis spectra 

of the supernatant from NiHCF NCs syntheses at different citrate to Ni2+ ratios after 24 h (From 

1.2 to 2.0; color-coded from blue to green). (c) Determination of the extinction coefficient for the 

Ni2+-citrate complex solution. (d) Concentration evolution of the Ni2+-citrate complex by means 

of an increase in the ratio of citrate to Ni2+ after 24 h. 
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Figure S4. (a) Citrate concentration-dependent tuneability of NiHCF NCs dimensions. TEM 

micrographs of NiHCF with distinct dimensions at citrate to Ni2+ ratios of 1.05, 1.3, 1.6 and 1.8 

(color coded; left to right): 50 ± 6.4 nm, 101 ± 6.9 nm, 137 ± 11.3 nm and 151 ± 9.9 nm (ionic 

strength of the Ni2+-citrate complex solution: 0.21 mol L-1). Scale bars: 1 µm and 100 nm (Insets). 

 

  

Figure S5. PXRD analysis of NiHCF NCs prepared at three different supersaturations. (a) 

Normalized PXRD patterns of NiHCF NCs synthesized in the presence of different citrate to Ni2+ 

ratios (From 1.05 to 2.0; color-coded from blue to green; low supersaturation with an ionic strength 

of the Ni2+-citrate complex solution: 0.21 mol L-1). (b) Normalized PXRD patterns of NiHCF NCs 

synthesized in the presence of three citrate to Ni2+ ratios (From 1.3 to 1.8; medium supersaturation 

with an ionic strength of the Ni2+-citrate complex solution: 0.28 mol L-1). (c) Normalized PXRD 

patterns of NiHCF NCs synthesized in the presence of three citrate to Ni2+ ratios (From 1.3 to 1.8; 

high supersaturation with an ionic strength of the Ni2+-citrate complex solution: 0.70 mol L-1) 
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Figure S6. Citrate- and supersaturation-controlled mean edge length evolution of NiHCF NCs. 

Data derived from TEM micrographs of NiHCF NCs. Dimensions: 50 ± 6.4 nm, 101 ± 6.9 nm, 

137 ± 11.3 nm and 151 ± 9.9 nm (blue row; ionic strength of the Ni2+-citrate complex solution: 

0.21 mol L-1). 31 ± 5.8 nm, 85 ± 5.6 nm, 105 ± 6.6 nm and 117 ± 6.7 nm (bright blue row; ionic 

strength of the Ni2+-citrate complex solution: 0.28 mol L-1). 18 ± 2.7 nm, 24 ± 3.7 nm, 79 ± 6.9 

nm and 109 ± 12.8 nm (green row; ionic strength of the Ni2+-citrate complex solution: 0.70 mol L-

1). 
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Table S3. NiHCF NCs dimensions at four different citrate to Ni2+ ratios and three different 

supersaturation levels (low, medium and high). Data obtained from TEM micrographs (counted 

NCs up to 200).  

Citrate to  

Ni2+ ration 

Low supersaturation Medium supersaturation High supersaturation 

Mean edge 

length [nm] 
𝝈 [nm] 

Mean edge 

length [nm] 
𝝈 [nm] 

Mean edge 

length [nm] 
𝝈 [nm] 

1.05 50 6.4 31 5.8 18 2.7 

1.3 101 6.9 85 5.6 24 3.7 

1.6 137 11.3 105 6.6 79 6.9 

1.8 151 9.9 117 6.7 109 12.8 

 

 

Growth kinetics at different different citrate to Ni2+ ratio and supersaturation  

 

  

Figure S7. Time course of the turbidity during supersaturation change in NiHCF NCs syntheses 

at two fixed ratios of citrate to Ni2+ (1.3 and 1.8). 

 



S11 

 

DLVO interaction energy predictions for the nickel hexacyanoferrate mesocrystal formation 

 

The Hamaker 2.1 toolkit was used for DLVO interaction energy curve predictions.2 The simulation 

of the DLVO curves requires detailed information regarding the concentrations of all reactants, 

the NCs dimensions and the corresponding -potential at the prediction time. In addition, the 

Hamaker-constant and the material density are required.  

The Hamaker-constant for the system is calculated by using equation 4 based on dielectric 

constants p (dielectric constant NCs) and m (dielectric constant water) and refractive indices np 

(refractive index NCs) and nm (refractive index water).3 

𝐴𝐻 = −
4

3
𝑘𝑇 (

𝜀𝑝−𝜀𝑚

𝜀𝑝+𝜀𝑚
)

2

+
3ℎ𝜔(𝑛𝑝

2 −𝑛𝑚
2 )

2

16√2(𝑛𝑝
2 +𝑛𝑚

2 )
3/2 {1 + [

𝜋𝑛𝑚

4√2
√𝑛𝑝

2 + 𝑛𝑚
2 ℎ𝜔

𝑐
]

−3/2

}
−2/3

         (4) 

Other constants used for solving the equation are the Boltzmann constant k, the Planck constant h 

and the speed of light c. For the real part of the dielectric constant ´ of 2.23 of a similar material 

and an imaginary part ´´ of 0.56 at an absorption wavelength of 540 nm, a dielectric constant of 

2.3 was obtained using equation 5.4  

𝜀𝑝 = √𝜀´2 + 𝜀´´2                   (5) 

The refractive index was determined to 1.52 by using the following approximation (equation 6). 

𝜀𝑝 =  𝑛𝑝
2                                   (6) 
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By using these estimations, a reasonable value for the Hamaker-constant of 1.29 ∙10-20 J was 

obtained. This value was used for the DLVO interaction energy predictions. In addition, a density 

of approximately 1.9 g cm3 was used.5  

To obtain the required NC dimensions, the mean edge length of the NiHCF NCs at the 

corresponding time point was determined. Therefore, TEM analysis of the NCs after 1 h, 2 h, 3 h 

and 4 h was conducted (Figure S9 and S10). For the 23 nm NiHCF NCs a mean edge length of 

20.7 ± 2 nm at 1 h, 20.5 ± 3 nm at 2 h, 21.1 ± 3 nm at 3 h and 23.0 ± 3 nm at 4 h was determined 

(Figure S11c). In the case of the NiHCF mesocrystals, a mean edge length of 85.0 ± 7 nm at 1 h, 

88.6 ± 7 nm at 2 h, 85.7 ± 10 nm at 3 h and 91.4 ± 9 nm at 4 h was obtained (Figure S11f). 

The concentrations of Ni2+ inside the reaction mixtures at a certain time point is related to the 

concentration of potassium hexacyanoferrate, which is determined via UV-Vis spectroscopy. The 

remaining Ni2+ concentration is therefore determined by subtraction of consumed Ni2+ ions. The 

consumption of Ni2+ is connected to the consumption of hexacyanoferrate by a factor of 1.5. The 

concentrations of Na+, K+, citrate and Cl- remain constant (Table S4 and S5).  

Based on these calculations and measurements, the DLVO interaction energy predictions can be 

conducted successfully using the Hamaker 2.1 toolkit. 
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Table S4. Concentrations of all reactants during the early stages of the 23 nm NiHCF NC 

crystallization. 

                Ion              

Time 

Na+  

[mol L-1] 

Citrate  

[mol L-1] 

Ni2+ 

[mol L-1] 

Cl- 

[mol L-1] 

K+  

[mol L-1] 

Hexacyanoferrate 

[mol L-1] 

0 h 0.195 0.065 0.050 0.100 0.099 0.033 

1 h 0.195 0.065 0.020 0.100 0.099 0.013 

2 h 0.195 0.065 0.017 0.100 0.099 0.011 

3 h 0.195 0.065 0.015 0.100 0.099 0.010 

4 h 0.195 0.065 0.013 0.100 0.099 0.010 

 

Table S5. Concentrations of all reactants during the early stages of the NiHCF mesocrystal 

crystallization. 

                Ion              

Time 

Na+  

[mol L-1] 

Citrate  

[mol L-1] 

Ni2+ 

[mol L-1] 

Cl- 

[mol L-1] 

K+  

[mol L-1] 

Hexacyanoferrate 

[mol L-1] 

0 h 0.270 0.090 0.050 0.100 0.099 0.033 

1 h 0.270 0.090 0.037 0.100 0.099 0.025 

2 h 0.270 0.090 0.032 0.100 0.099 0.021 

3 h 0.270 0.090 0.028 0.100 0.099 0.018 

4 h 0.270 0.090 0.028 0.100 0.099 0.018 
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Figure S8. Time-dependent ionic strength evolution during the early stages of the 23 nm NiHCF 

NC and mesocrystal formation at high supersaturation. Ionic strength was calculated on the basis 

of potassium hexacyanoferrate concentration determination via UV-Vis spectroscopy and the 

values illustrated in table S4 and S5.  

  

Figure S9. TEM micrographs of the 23 nm NiHCF NC formation at (b) 1 h, (c) 2 h, (d) 3 h and 

(e) 4 h (at high supersaturation) for determination of the NC dimensions at different time. Scale 

bar: 500 nm. 
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Figure S10. TEM micrographs of the NiHCF mesocrystal formation at (b) 1 h, (c) 2 h, (d) 3 h and 

(e) 4 h (at high supersaturation) for determination of the NC dimensions at different time. Scale 

bar: 1.0 µm. 
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Figure S11. Determination of concentrations and NC dimensions (a) UV-Vis absorption spectra 

of potassium hexacyanoferrate in the supernatant during the 23 nm NiHCF NC formation at 

different times (color-coded from blue to green). (b) Concentration evolution of potassium 

hexacyanoferrate in the supernatant during the early stages of crystallization. (c) Evolution of the 

NC dimensions within time (data obtained from Figure S9; counted NCs up to 200, respectively). 

(d) UV-Vis absorption spectra of potassium hexacyanoferrate in the supernatant during the 

mesocrystal formation at different times (color-coded from blue to green). (e) Concentration 

evolution of potassium hexacyanoferrate in the respective supernatant during the early stages of 

mesocrystal formation. (f) Evolution of the NC dimensions with time (data obtained from Figure 

S10; counted NCs up to 200, respectively). 
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Figure S12. DLVO interaction energy curve simulated at the initial stages of the 23 nm NiHCF 

NC formation (primary DLVO minimum excluded). 

 

 

Nickel hexacyanoferrate mesocrystal analysis  

  

Figure S13. Single nanocrystal analysis. (a) TEM micrograph of an isolated NiHCF NC building 

block from a mesocrystal. (b) Corresponding SAED pattern of the isolated NC from the [200] zone 

axis. Scale bars: 100 nm (right) and 5.0 nm-1 (left). 
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Figure S14. Atomic force measurement of NiHCF mesocrystals obtained from the citrate-

mediated co-precipitation synthesis. (a) AFM micrograph of two mesocrystals and their 

corresponding line-scan directions (white lines). (b) Line-scan profiles of the mesocrystal in the 

top area of the micrograph. (c) Line-scan profiles of the mesocrystal in the bottom area of the 

micrograph. Scalebar: 1.0 µm.  

  

Figure S15. (a) SAED pattern of an individual NiHCF mesocrystal and the corresponding 

measurement of the angular spread due to the present misorientation within the superstrcutre. (b) 

Pore-size distribution of NiHCF individual NCs and mesocrystals obtained from nitrogen isotherm 

measurements. 
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Figure S16. Analysis of group symmetry. High magnification SEM micrographs of different 

mesocrystal surfaces implying a p4mm plane group symmetry (indicated by the yellow square). 

Scale bars: 500 nm. 
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Investigation of the PMS-activated caffeine degradation  

 

Rate constants are obtained via the pseudo-first-order kinetic model using the first order reaction 

equation: 

Ct = C0 ∙  e−
k

t                       (7) 

Where k is the first-order reaction rate and t represents the degradation time. C0 is the initial and 

Ct the time-dependent caffeine concentration.  

In the case of the catalyst dosage, the concentration of colloidal NiHCF mesocrystals was varied 

between 0.05 g L-1 and 0.50 g L-1. At a concentration of 0.05 g L-1, only 40 % of caffeine was 

removed after 120 min. By increasing the concentration to 0.30 g L-1, 87 % was removed after 120 

min. Once the concentration of the catalyst was increased to 0.50 g L-1, 94 % of the pollutant was 

successfully removed after 120 min (Figure S20a). Certainly, the catalyst dosage affected the 

degradation kinetics. At a concentration of 0.05 g L-1, a rate constant of 0.011 min-1 was obtained, 

while at 0.50 g L-1 a value of 0.022 min-1 was calculated (Figure S21, Table S7). These results 

demonstrate the importance of the catalyst participation during the degradation process.  

The increase of the PMS concentration from 0.35 g L-1 to 3.00 g L-1 resulted in a gradual 

enhancement of the caffeine removal. At a concentration of 0.35 g L-1 only 30 % of caffeine was 

removed, whereas at 0.75 g L-1 41 %, at 1.50 g L-1 74 % and at 3.00 g L-1 95 % of the pollutant 

was removed after 120 min (Figure S20b). The rate constant significantly increased from 0.004 

min-1 for a dosage of 0.35 g L-1 to 0.022 min-1 at a dosage of 3.00 g L-1 (Figure S18, Table S7). 

These results show that PMS dosage clearly improves degradation of the pollutant. 
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Temperature appears to be a crucial factor that affects the PMS activation. In our case, the 

degradation at three different temperatures was investigated. Even though the temperature was 

varied between 25 °C and 70 °C, the degradation was merely affected at 25 °C and 45 °C (Figure 

S20d). Only 11 % of caffeine was removed at 25 °C and 15 % at 45 °C after 210 min, while 80 % 

was removed at 70 °C. 

As the pH level of wastewater can vary, it is important to study the degradation efficiency at 

different pH values. Therefore, the removal of caffeine was monitored at pH values of 3, 5, 7, 9 

and 11 (Figure S20c). Under acidic conditions, 55 % of caffeine at a pH of 3 and 97 % of caffeine 

at pH of 5 was removed after 90 minutes. For the neutral regime at a pH of 7, 26 % of caffeine 

was removed after 90 min. In the case of alkaline conditions, 75 % of the caffeine was removed at 

a pH value of 9 after 90 min. For the degradation at a pH of 11, the colloidal NiHCF mesocrystals 

decomposed after short time indicated by a color change from orange to black. Certainly, the 

decomposition occurred within the first 30 min, when 28 % of the caffeine was removed. After 

decomposition, no further removal of the pollutant was measured (i.e. degradation was almost at 

the same level after 240 min). These results demonstrate, that low and high pH values do not affect 

the degradation efficiency as strong as more ambient pH values such as pH values at 5 or 9. 

Especially, for the degradation at a pH value of 5, a high rate constant of 0.033 min-1 was obtained 

(i.e. superior degradation efficiency compared to all the previous investigations; Figure S24 and 

S25). The low PMS activation at a pH of 3 can be derived from the higher stability of PMS at low 

pH values. Nevertheless, caffeine degradation at neutral conditions showed a noticeably reduced 

degradation efficiency compared to the degradations under acidic or alkaline conditions.  
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Figure S17. PMS-activated degradation of caffeine under standard conditions. (a) Determination 

of the caffeine extinction coefficient by UV-Vis spectroscopy. UV-Vis absorption spectra of 

caffeine removal in the absence (b) and presence (c, d) of large NiHCF NCs (150 nm; 150 nm 

NiHCF  NCs) and small NiHCF NCs (23 nm, 23 nm NiHCF NCs). Reaction conditions: [Caffeine] 

= 50.0 mg L-1, V = 100 mL, T = 70 °C, pH = 7, [NiHCF-NCs] = 0.05 g L-1, [PMS] = 0.75 g L-1.   
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Figure S18. Analysis of the degradation efficiency by using MeOH and t-BuOH as scavenger 

molecules (1.0 mol L-1). Reaction conditions: [Caffeine] = 50.0 mg L-1, V = 100 mL, T = 70 °C, 

pH = 7, [NiHCF-mesocrystals] = 0.05 g L-1, [PMS] = 0.75 g L-1. 
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Figure S19. Identification of the degradation mechanism by using MeOH and t-BuOH as 

scavenger molecules. UV-Vis absorption spectra of caffeine removal using (a) t-BuOH (1.0 mol 

L-1) as scavenger for hydroxy radicals and (b) MeOH (1.0 mol L-1) for hydroxy and sulfate radicals. 

(c) Rate constants of the corresponding degradation reactions (0.00296 min-1 for t-BuOH and 

0.00149 min-1 for MeOH). (d) Proportions of the radical species derived from rate constants. 

Hydroxy radicals exhibit a major contribution of 77 %. For the sulfate radicals, a contribution of 

11 % was derived. The remaining 12 % can be attributed to other radical species. 
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Figure S20. Analysis of the catalyst, PMS, pH and temperature influence on the degradation 

efficiency of caffeine by applying colloidal NiHCF mesocrystals. (a) Impact of catalyst 

concentration on degradation efficiency. Reaction conditions: [Caffeine] = 50.0 mg L-1, V = 100 

mL, T = 70 °C, pH = 7, [NiHCF-mesocrystals] = varied, [PMS] = 0.75 g L-1. (b) Impact of PMS 

concentration on degradation efficiency. Reaction conditions: [Caffeine] = 50.0 mg L-1, V = 100 

mL, T = 70 °C, [NiHCF-mesocrystals] = 0.05 g L-1, [PMS] = varied. (c) Impact of pH value on 

degradation efficiency. Reaction conditions: [Caffeine] = 50.0 mg L-1, V = 100 mL, T = 70 °C, pH 

= varied, [NiHCF-mesocrystals] = 0.05 g L-1, [PMS] = 0.75 g L-1. (d) Impact of temperature on 

degradation efficiency. Reaction conditions: [Caffeine] = 50.0 mg L-1, V = 100 mL, T = varied, 

pH = 7 [NiHCF-mesocrystals] = 0.05 g L-1, [PMS] = 0.75 g L-1. 
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Figure S21. Catalyst concentration influence on the caffeine removal using colloidal NiHCF 

mesocrystals. UV-Vis absorption spectra of caffeine removal using (a) 0.10 g L-1, (b) 0.30 g L-1 

and (c) 0.50 g L-1. (d) Rate constants of the corresponding degradation reactions. Reaction 

conditions: [Caffeine] = 50.0 mg L-1, V = 100 mL, T = 70 °C, pH = 7, [NiHCF-mesocrystals] = 

varied, [PMS] = 0.75 g L-1.   
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Figure S22. PMS concentration influence on the caffeine removal using colloidal NiHCF 

mesocrystals. UV-Vis absorption spectra of caffeine removal using (a) 0.35 g L-1, (b) 1.50 g L-1 

and (c) 3.00 g L-1. (d) Rate constants of the corresponding degradation reactions. Reaction 

conditions: [Caffeine] = 50.0 mg L-1, V = 100 mL, T = 70 °C, pH = 7, [NiHCF-mesocrystals] = 

0.05 g L-1, [PMS] = varied.   
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Figure S23. Temperature influence on the degradation efficiency of caffeine applying colloidal 

NiHCF mesocrystals as catalyst. UV-Vis absorption spectra of caffeine removal using (a) 25 °C 

and (b) 45 °C. (c) Rate constants of the corresponding degradation reactions. Reaction conditions: 

[Caffeine] = 50.0 mg L-1, V = 100 mL, T = varied, pH = 7, [NiHCF-mesocrystals] = 0.05 g L-1, 

[PMS] = 0.75 g L-1.   
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Figure S24. Impact of pH value on the degradation efficiency of caffeine by using colloidal 

NiHCF mesocrystals as catalyst. UV-Vis absorption spectra of caffeine removal using a pH value 

of (a) 3, (b) 5, (c) 9 and (d) 11. Reaction conditions: [Caffeine] = 50.0 mg L-1, V = 100 mL, T = 

70 °C, pH = varied, [NiHCF-mesocrystals] = 0.05 g L-1, [PMS] = 0.75 g L-1. 

  

Figure S25. Rate constants of the corresponding degradation reactions at various pH values. 

Reaction conditions: [Caffeine] = 50.0 mg L-1, V = 100 mL, T = 70 °C, pH = varied, [NiHCF-

mesocrystals] = 0.05 g L-1, [PMS] = 0.75 g L-1. 
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Figure S26. PMS-activated degradation of caffeine under standard and combined conditions 

favoring the maximal degradation of caffeine by using colloidal NiHCF mesocrystals. (a) UV-Vis 

absorption spectra of caffeine removal in the presence colloidal NiHCF mesocrystals. (b) 

Corresponding rate constants. Reaction conditions for the combined degradation: [Caffeine] = 50.0 

mg L-1, V = 100 mL, T = 70 °C, pH = 5, [NiHCF-mesocrystals] = 0.10 g L-1, [PMS] = 1.50 g L-1.   
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Table S6. Comparison of the caffeine degradation conditions and the corresponding rate constants.     

NiHCF 

Catalyst 

Conditions Data 

CCaffeine  

[mg L-1] 

CCatalyst  

[g L-1] 

CPMS 

 [g L-1] 

pH 

 

T  

[°C] 

Time 

[min] 

Removal 

[%] 

Rate constant k  

[min-1] 

None 50 0.00 0.75 7 70 210 54 0.006 

Large NCs 50 0.05 0.75 7 70 210 90 0.015 

Small NCs 50 0.05 0.75 7 70 210 89 0.016 

Mesocrystals 50 0.05 0.75 7 70 210 81 0.011 

Mesocrystals 50 0.05 0.75 7 70 120 41 0.011 

Mesocrystals 50 0.10 0.75 7 70 120 40 0.012 

Mesocrystals 50 0.30 0.75 7 70 120 87 0.016 

Mesocrystals 50 0.50 0.75 7 70 120 94 0.022 

Mesocrystals 50 0.05 0.35 7 70 120 30 0.004 

Mesocrystals 50 0.05 0.75 7 70 120 41 0.011 

Mesocrystals 50 0.05 1.50 7 70 120 74 0.014 

Mesocrystals 50 0.05 3.00 7 70 120 95 0.022 

Mesocrystals 50 0.05 0.75 3 70 90 55 0.013 

Mesocrystals 50 0.05 0.75 5 70 90 97 0.033 

Mesocrystals 50 0.05 0.75 7 70 90 26 0.011 

Mesocrystals 50 0.05 0.75 9 70 90 75 0.016 

Mesocrystals 50 0.05 0.75 11 70 90 28 0.021 

Mesocrystals 50 0.05 0.75 7 25 210 11 0.001 

Mesocrystals 50 0.05 0.75 7 45 210 15 0.001 

Mesocrystals 50 0.05 0.75 7 70 210 81 0.011 

Mesocrystals 50 0.05 0.75 7 70 30 5 0.011 

Mesocrystals 50 0.10 1.50 5 70 30 96 0.096 
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Investigation of the catalyst durability and recyclability  

  

Figure S27. Durability analysis of the NiHCF NCs and mesocrystals. Degradation of caffeine in 

consecutive runs with the recovered (a) 150 nm NiHCF NCs, (b) 23 nm NiHCF NCs and (c) the 

colloidal NiHCF mesocrystals. Reaction conditions: [Caffeine] = 50.0 mg L-1, V = 100 mL, T = 

70 °C, pH = 7, [NiHCF-NCs] = 0.05 g L-1, [PMS] = 0.75 g L-1. 
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Figure S28. (a) EDS spectrum of 150 nm NiHCF NCs before the catalytic reactions. The [Ni]:[Fe] 

ratio was determined to be 1.35:1.00. (b) SEM micrograph of the 150 nm NiHCF NCs before 

catalysis exhibiting a periodical arrangement (previous studies explained this phenomenon). (c) 

EDS spectrum of the 150 nm NiHCF NCs after 6 cycles of caffeine degradation. The [Ni]:[Fe] 

ratio was determined to be 1.42:1.00. The signals for silicon and gold in both spectra can be 

assigned to used Si-wafer and the gold coating. (d) SEM micrograph of the 150 nm NiHCF NCs 

recovered after 6 cycles of caffeine degradation. Scale bars: 2.0 µm. 
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Table S7. EDS data of the 150 nm NiHCF NCs before and after the caffeine catalysis. Note that 

carbon and nitrogen were not included in the composition calculation, as the data of light elements 

are not representative for a quantitative calculation. The oxygen content can be attributed to the 

presence of water molecules attached to the NCs.     

Element 

Before catalysis After catalysis 

Wt% 𝝈Wt% Wt% 𝝈Wt% 

C 13.39 0.26 19.26 0.26 

N 12.01 0.20 8.57 0.20 

O 1.64 0.08 2.65 0.08 

Na 0.90 0.05 0.80 0.05 

K 1.54 0.08 3.76 0.08 

Fe 14.81 0.34 11.30 0.33 

Ni 20.93 0.26 16.83 0.26 

Mg 0.00 0.00 1.01 0.38 

Cl 0.00 0.00 1.74 0.44 
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Figure S29. (a) EDS spectrum of 23 nm NiHCF NCs before caffeine catalysis. The [Ni]:[Fe] ratio 

was determined to be 1.40:1.00. (b) SEM micrograph of the corresponding 23 nm NiHCF NCs. 

(c) EDS spectrum of the 23 nm NiHCF NCs after 6 cycles of caffeine degradation. The [Ni]:[Fe] 

ratio was determined to be 1.38:1.00. The signals for silicon and gold in both spectra can be 

assigned to used Si-wafer and the gold coating. (d) SEM micrograph of the 23 nm NiHCF NCs 

recovered after 6 cycles of caffeine degradation. Scale bars: 0.5 µm (top) and 1.0 µm (bottom). 
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Table S8. EDS data of the 23 nm NiHCF NCs before and after the caffeine catalysis. Note that 

carbon and nitrogen were not included in the composition calculation, as the data of light elements 

are not representative for a quantitative calculation. The oxygen content can be attributed to the 

presence of water molecules attached to the NCs.     

Element 

Before catalysis After catalysis 

Wt% 𝝈Wt% Wt% 𝝈Wt% 

C 13.23 0.47 6.73 0.47 

N 6.18 0.36 4.29 0.36 

O 1.12 0.14 2.03 0.14 

Na 0.21 0.08 0.30 0.08 

K 1.01 0.14 2.41 0.14 

Fe 5.83 0.61 8.20 0.61 

Ni 8.57 0.47 11.89 0.47 
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Figure S30. (a) EDS spectrum of colloidal NiHCF mesocrystals before caffeine catalysis. The 

[Ni]:[Fe] ratio was determined to be 1.43:1.00. (b) SEM micrograph of the corresponding colloidal 

NiHCF mesocrystals. (c) EDS spectrum of the colloidal NiHCF mesocrystals after 6 cycles of 

caffeine degradation. The [Ni]:[Fe] ratio was determined to be 1.30:1.00. The signals for silicon 

and gold in both spectra can be assigned to used Si-wafer and the gold coating. (d) SEM 

micrograph of the colloidal NiHCF mesocrystals recovered after 6 cycles of caffeine degradation. 

Scale bars: 2.0 µm. 
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Table S9. EDS data of the colloidal NiHCF mesocrystals before and after the caffeine catalysis. 

Note that carbon and nitrogen were not included in the composition calculation, as the data of light 

elements are not representative for a quantitative calculation. The oxygen content can be attributed 

to the presence of water molecules attached to the NCs. 

Element 

Before catalysis After catalysis 

Wt% 𝝈Wt% Wt% 𝝈Wt% 

C 16.25 0.20 17.37 0.22 

N 16.41 0.15 13.94 0.17 

O 1.67 0.06 2.75 0.07 

Na 1.65 0.04 1.08 0.04 

K 2.59 0.06 2.94 0.07 

Fe 18.49 0.26 15.60 0.29 

Ni 27.72 0.20 21.23 0.22 

Mg 0.00 0.00 0.00 0.00 

Cl 0.00 0.00 1.69 0.38 
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Abstract: The tetramethylammonium hydroxide (TMAH)-controlled alkaline etching of nickel hex-
acyanoferrate (NiHCF) mesocrystals is explored. The alkaline etching enables the formation of
hollow framework structures with an increased surface area, the exposure of active Ni and Fe sites
and the retention of morphology. The ambient reaction conditions enable the establishment of a
sustainable production. Our work reveals novel perspectives on the eco-friendly synthesis of hollow
and colloidal superstructures for the efficient degradation of the organic contaminants rhodamine-
B and bisphenol-A. In the case of peroxomonosulfate (PMS)-mediated bisphenol-A degradation,
the rate constant of the etched mesoframes was 10,000 times higher indicating their significant
catalytic activity.

Keywords: nickel hexacyanoferrate; nanocrystals; mesocrystals; etching; heterogeneous catalysis;
bisphenol-A; rhodamine-B

1. Introduction

In today’s world, technology strives to develop innovative materials and methods
to meet the daily needs of modern society. As overwhelming and fabulous as the ever-
advancing path to perfection is, it also leaves its mark in the environment. In recent
decades, there has been a significant increase in the pollution of freshwater systems.
An ever-increasing number of contaminants such as carbamazepine, bisphenol-A and caf-
feine could be detected worldwide [1–4]. The effects of the increased occurrence of these
contaminants can hardly be estimated today. However, since most of these contaminants
are toxic to aquatic organisms, humans and wildlife, there is an urgent need for solutions
to reduce them. Among others such as ozonation, adsorption or coagulation, one powerful
technique to remove organic contaminants from aqueous systems is heterogeneous cataly-
sis [5–12]. A widespread variant of this so-called wastewater treatment is PMS-activation
on functional surfaces such as metal oxides or hydroxides (typically Ti, Mn, Fe, Co, Ni,
Cu, Zn or Bi) [5,13–16]. The large surface area of nanomaterials contributes significantly to
efficient PMS activation. Nevertheless, the production of such materials is often associated
with high energy, the use of organic additives or organic solvents [6,13–15,17,18]. To meet
the green chemistry aspects underlying wastewater treatment, environmentally friendly
and energy-saving alternatives are crucial. An emerging class of materials that addresses
these requirements are Prussian blue analogues (PBAs). These exhibit tremendous potential
due to their structural diversity and benign manufacture. Typically, they are synthesized in
water and at room temperature via a co-precipitation reaction of the precursors [19–21].
In general, this material class follows a simple structure principle which is represented by
the following generic formula AxM[M′(CN)6]y·nH2O (0 ≤ x ≤ 2; 0 < y ≤ 1). Herein, M
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and M′ both are high spin and low spin transition metals (most commonly Mn, Fe, Co,
Ni, Cu or Zn). A is considered as an associated alkali metal (e.g., Li, Na or K) to create
neutrality of the compound. The cyano-ligands (CN-) bridge the transition metals M and
M′. This structure allows the implementation of high functionality, as tailored pore sizes
and a variety of different transition metals can be introduced. This means that PBAs are
often used for applications such as water splitting, energy storage or wastewater treatment,
or at least serve as starting material for them [22–26].

In the case of heterogeneous catalysis and the application of PBA-based nanomaterials
as catalysts, they are often converted into metal oxides or hydroxides by thermal treatment,
since the untreated PBA nanomaterials usually exhibit lower catalytic activities [22,26–28].
To avoid thermal treatment, but still obtain a material that exhibits high catalytic activity,
increasing the active surface area is a useful method. Among other techniques, chemical
etching represents an eco-friendly method for increasing the surface area as mostly ambient
conditions are applicable. Most commonly, the etching can be mediated by acidic or
alkaline agents [29,30].

In terms of heterogeneous catalysis, problems associated with the use of nanocrystals
should not be ignored. As useful as the active surface may be for catalytic processes,
the separation of the nanocrystals after catalysis can be problematic due to their small
dimensions. Especially for large scale applications such as municipal wastewater treatment
plants, it can be challenging to implement NC-based treatment approaches. Therefore,
hierarchical structures are a sufficient means to combine the advantages of the properties of
nanocrystals with easy separability. There are several approaches to implement NCs in hi-
erarchical architectures. Often, they are immobilized on graphene or other carbon-derived
materials such as sponges to form a nanocomposite [6,8,9,31–33]. On the other hand, super-
structures can be formed by the spatial arrangement of NCs, which also promote their easy
separability due to their size (i.e., micron-sized superstructures) [31,34]. In general, such
systems containing NCs as building units can be characterized as colloidal crystals [35].
A special subspecies of these colloidal crystals are mesocrystals [36–40]. As soon as the
NC subunits that build up a colloidal crystal are anisotropic and the alignment of those
occurred on a long-range order, one can speak of a mesocrystal [41,42]. The nanoparticulate
building blocks commonly can be aligned via bottom-up methods such as solvent evapora-
tion or additive-mediated NC deposition (i.e., addition of a salt or an anti-solvent) [43–46].
However, the aforementioned processes mostly allow superstructures to be formed on
substrates. Thus, it is difficult to use mesocrystals when their catalytic application re-
quires homogeneous distribution in the medium. To circumvent this problem, colloidal
superstructures can provide a resourceful alternative [47,48]. Especially, if the synthesis is
carried out under sustainable and environmental aspects and the avoidance of complex
and multi-stage routes. In literature, such systems have rarely been reported yet. Such
in situ formations of colloidal superstructures are mostly achieved via micelle-mediated
approaches [48].

Furthermore, the formation of colloidal hollow framework structures that are derived
from mesocrystalline structures via chemical etching is hardly found in the literature. Re-
tention of the mesocrystalline structural feature can be advantageous because the properties
of mesocrystals exceed those of their bulk phase and are more similar to the properties of
the corresponding nanocrystalline subunits [42]. If this is combined with the formation
of an even larger surface area, physical properties such as mass transfer can be further
enhanced and thus contribute to the improvement of catalytic properties [49].

In this work, we aimed at establishing the controlled alkaline etching of NiHCF
mesocrystals to form highly ordered hollow framework structures with increased surface
areas under ambient conditions. Owing to their mixed-composition of hexacyanoferrate
and β-Ni(OH)2, high surface area and the facile separability, those structures were examined
as catalyst for the PMS-activated degradation of the organic contaminants rhodamine-B
and bisphenol-A. A rational investigation of the degradation parameters revealed that
the NiHCF mesocrystal-derived hollow frameworks show high activity. Rhodamine-B
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can be degraded within 12 min which results in a rate constant of 0.41 min−1. In the case
of bisphenol-A, the contaminant was removed after 8 min resulting in a rate constant
of 0.26 min−1. The focus relied on NiHCF as starting material for the manufacture of
the hollow frameworks due to its sustainable production, high water insolubility and
promising functionalities. This work can potentially shed light on new perspectives to
enable the transfer of this approach to other PBA systems and the implementation of
various functional materials.

2. Materials and Methods
2.1. Chemicals

L-ascorbic acid (99.0%), nickel(II) acetate tetrahydrate (99.0%), trisodium citrate
(≥99.0%), rhodamine-B (≥95.0%) and 4,4′-Isopropylidendiphenol (≥99.0%; bisphenol-A)
were purchased from Sigma Aldrich (Taufkirchen, Germany). Potassium hexacyanofer-
rate(III) (98.0%) and tetramethylammonium hydroxide pentahydrate (98%) were purchased
from Alfa Aesar (Kandel, Germany). Potassium peroxymonosulfate triple salt (PMS) and
tert-butanol (99.0%) were purchased from Merck (Taufkirchen, Germany). Methanol (99.9%)
was purchased from Carl Roth (Fontenay-sous-Bois, France)). Ethanol absolute (≥99.8%)
was purchased from VWR (Fontenay-sous-Bois, France). All aqueous solutions and disper-
sions were prepared by using deionized Milli-Q water (18.2 mΩ cm−1) obtained from a
Milli-Q Direct-8 system.

2.2. NiHCF Mesocrystal Synthesis

A mixture of nickel(II) acetate tetrahydrate (0.993 g, 3.993 mmol) and trisodium
citrate dihydrate (2.114 g, 7.187 mmol) was dissolved in 40 mL of water. Potassium
hexacyanoferrate(III) (0.873 g, 2.647 mmol) was dissolved in 40 mL of water. After both
solutions were dissolved, the potassium hexacyanoferrate(III) solution was added using a
peristaltic pump (20.0 mL min−1) to the nickel(II) acetate and trisodium citrate solution
(40 mL). The mixture was stirred inside a double-walled reaction vessel equipped with a
cryostat to crystallization temperature of 25 ◦C for 24 h. Afterwards, the resulted orange
solid was purified by applying centrifugation at 7000 rpm for 10 min. Then, the supernatant
was removed, and the precipitated mesocrystals were rinsed with water (4 × 30 mL).
Subsequently, they were redispersed in water (sonication bath; 30 s) and the centrifugation
was applied again (repetition: three times). The purified orange compound was dried in a
vacuum oven at 40 ◦C for 24 h.

2.3. Alkaline Etching of the NiHCF Mesocrystals

In a typical procedure, 100 mg of NiHCF mesocrystals were dispersed in 60 mL of
deionized water by using an ultrasonic bath. The dispersion was then transferred into a
double-walled reaction vessel equipped with a cryostat to maintain a certain reaction tem-
perature of 25 ◦C. Tetramethylammonium hydroxide pentahydrate (0.145 g, 0.800 mmol,
0.020 mol L−1) was dissolved in 40 mL of water. Subsequently, the aqueous tetramethy-
lammonium hydroxide (TMAH) solution was added to the mesocrystal dispersion to
initiate the alkaline etching process. The mixture was stirred for 24 h. The resulting green
greenish solid was purified by centrifugation at 9000 rpm for 10 min. After removing the
supernatant the precipitated mesoframes were rinsed with water (4 × 30 mL) and were
re-dispersed in water (vortex mixer). Afterwards, the mesoframes were centrifuged again
(repetition: three times). The purified green compound was dried in a vacuum oven at
40 ◦C for 24 h.

2.4. Rhodamine-B Degradation

10.0 mg of the respective catalyst (i.e., mesocrystals, Co3O4 or Mesoframes) was
dispersed in 100 mL of an aqueous rhodamine-B solution (10 mg L−1). To control the
temperature (25 ◦C or 40 ◦C) of the degradation reaction, the as-prepared dispersion was
transferred into a double-walled reaction vessel equipped with a cryostat. The dispersion



Nanomaterials 2021, 11, 2756 4 of 16

was stirred for 30 min to maintain a certain reaction temperature. To initiate the degradation,
30.0 mg of PMS was added. To monitor the degradation progress, several aliquots were
withdrawn at specific reaction times. After the catalyst was removed by applying a syringe
filter (pore size: 0.25 µm), the supernatant was separated and transferred into a quartz
cuvette (thickness: 1.0 mm) for UV-Vis analysis.

Catalyst and PMS impact on the degradation were examined by the variation of the
respective concentrations. For the catalyst loading experiment, concentrations of 0.1, 0.2,
0.6 and 1.0 g L−1 were used. For exploring the PMS dosage, 0.1, 0.3, 0.7 and 1.5 g L−1 were
used. The pH influence on the degradation reaction was studied by adjusting the pH to 3,
5, 7, 9 and 11. Therefore, hydrochloric acid or potassium hydroxide were used. Mechanistic
investigations were conducted by using scavenger molecules. Here, aqueous bisphenol-A
solutions contained 0.01 mol L−1 ascorbic acid (AA), 1.0 mol L−1 tert-butanol (t-BuOH) or
1.0 mol L−1 methanol (MeOH) during the respective degradation reaction.

2.5. Bisphenol-A Degradation

20.0 mg of respective particulate system (i.e., mesocrystals, Co3O4 or Mesoframes)
were dispersed in 100 mL of an aqueous bisphenol-A solution (40 mg L−1). This dispersion
was stirred in a double-walled reaction vessel equipped with a cryostat to maintain a
certain starting temperature for the degradation (25 ◦C or 40 ◦C) for 30 min. When a
constant temperature was reached, 20.0 mg of PMS was added to initiate the degradation
reaction. Analysis of the concentration change of bisphenol-A during the degradation was
maintained by taking aliquots at specific reaction times. For analysis of the sample, the
catalyst had to be removed by applying a syringe filter (pore size: 0.25 µm). The filtered
solution was transferred into a quartz cuvette (thickness: 1.0 mm) for UV-Vis analysis. For
the impact of catalyst and PMS dosage on the bisphenol-A degradation, the respective
concentrations were varied. For the catalyst loading experiment, concentrations of 0.2,
0.4, 1.2 and 2.0 g L−1 were used. In the case of PMS, 0.2, 0.4, 1.0 and 2.0 g L−1 were used.
Regarding the pH influence on the degradation performance, the pH was adjusted to 3,
5, 7, 9 and 11 by using hydrochloric acid or potassium hydroxide. In order to investigate
the mechanism, scavenger experiments were conducted by using aqueous bisphenol-
A solutions containing 1.0 mol L−1 t-BuOH or 1.0 mol L−1 ethanol (EtOH) during the
degradation reaction.

2.6. Analytics

Brunauer–Emmett–Teller surface area measurements: Surface area was determined
by measuring nitrogen sorption isotherms at 77 K by an Autosorb-iQ-MP from Quan-
tachrome (Boynton Beach, FL, USA) and a Quadrasorb SI (Boynton Beach, FL, USA) device.
The obtained data was evaluated by means of the BET theory. For the BET surface area mea-
surements, the mesocrystals or frameworks were dried at 60 ◦C under vacuum overnight.
Then, the NCs were transferred into the measurement cell. Electron microscopy: Scanning
electron microscopy micrographs were recorded by using a Gemini 500 (Oberkochen,
Germany) provided by Zeiss operating at 5 kV. The Gemini 500 is able to detect secondary
and backscattered electrons. High quality micrographs can be obtained due to a drift-
compensated frame-averaging mode (avoiding charging effects). Energy-dispersive X-ray
spectroscopy was also applied by the Gemini 500 operating at 15 kV. In addition, EDS
spectra were also recorded on a Hitachi TM3000 Tabletop SEM (Chiyoda, Japan) using
15 kV acceleration voltage and a Quantax EDX detector. The samples were prepared by
drop-casting a dispersion on a double-polished Si (100)-wafer. The dried sample was then
coated with a gold film (thickness: approximately 4.0 nm). A Zeiss Libra 120 EF-TEM
(Oberkochen, Germany) operating at an acceleration voltage of 120 kV provided the trans-
mission electron microscopy (TEM) micrographs. Fourier-transform Infrared spectroscopy:
Transmission infrared spectroscopy was conducted by using a Perkin Elmer device (Spec-
trum 100 FTIR, Schwerzenbach, Switzerland). For using the transmission mode, potassium
bromide pellets have to be produced by mixing 0.5 g of potassium bromide with the prod-
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uct compound. After the milling of this mixture, the powder is pressed into a pellet with
5 t for 30 min. Powder X-ray diffraction characterization was performed using a Bruker
D8 (Bellerica, MA, USA) Advance equipped with a scintillation counter, and a Bruker D8
(Bellerica, MA, USA) Discovery with a Lynxeye XE detector. UV-Vis spectroscopy was per-
formed with a Varian Cary 50 (Palo Alto, CA, USA) spectrometer equipped with a 1.5 nm
fixed spectral bandwidth and full spectrum Xe pulse lamp single source. A quartz cuvette
with a thickness of 1.0 mm was used in every experiment. X-Ray photoelectron spectra
were conducted on a K-Alpha™ + X-ray Photoelectron Spectrometer System provided by
Thermo Scientific (Waltham, MA, USA). It is equipped with a Hemispheric 180◦ dual-focus
analyzer with 128-channel detector and used an X-ray monochromator with micro focused
Al-Kα radiation.

3. Results and Discussion

Herein, we describe the formation of NiHCF mesocrystals via the previously published
additive-mediated co-precipitation method (Equation (1)) [21].

3Ni2+ + 2K3Fe(CN)6 � 6K+ + Ni3[Fe(CN)6] 2 ↓ (1)

The mesocrystals can be synthesized by direct mixing of the precursor solutions within
a short time period of about 24 h. Equal volumes of two aqueous solutions containing
potassium hexacyanoferrate(III) (0.02 mol L−1) and nickel(II) acetate (0.03 mol L−1) were
mixed for this purpose. As crystallization regulating agent, trisodium citrate has so far
proven to be most suitable. The morphology of the synthesized NiHCF mesocrystals was
characterized via scanning electron microscopy (SEM). The SEM analysis shows that the
obtained superstructures are composed of individual cubic shaped nanocrystals (NCs).
Furthermore, almost all NCs are incorporated into the superstructures and even after
ultrasound-treatment these superstructures retain their habitus (Figure 1a). Transmission
electron microscopy (TEM) analysis shows the ordered structure of the mesocrystals at a
higher magnification (Figure 1b). Selected area electron diffraction (SAED) of an individual
mesocrystal shows the presence of sharp reflexes only with slight arcs indicating the high
order within the superstructure (Figure 1c). Typically, the term mesocrystal describes an
ordered superstructure composed of anisotropically shaped NCs [41]. The mutual align-
ment of the NCs within the superstructure is confirmed by the occurrence of sharp Bragg
peaks implying a long-range order on the atomic scale (i.e., the peaks can be compared to
those of a single crystal) [42,45]. Powder X-ray diffraction (PXRD) analysis confirmed the
crystallinity of the obtained mesocrystals and the preferred F43m space group (Figure S1).
Energy-dispersive X-ray spectroscopy (EDS) revealed a ratio of 1.24 between NiII and FeIII

ions which is characteristic for NiHCF systems with an ideal formula of Ni3[Fe(CN)6]2
(Figure S1, Table S1). In addition, the Brunauer–Emmett–Teller (BET) surface area was
determined to be 35 m2 g−1 (Figure S2).

Previous studies demonstrated that the NiHCF mesocrystals proved to be an easily
accessible and effective catalyst for the removal of caffeine [50]. In particular, the easy
removal of the catalyst by filtration due to its size of 2–3 µm represents a significant ad-
vantage over NCs. In general, an essential feature to improve the catalytic activity of
heterogeneous catalysts is the increase in the surface area. Especially, the formation of
many active sites is crucial to achieve an increase in activity. The easiest way to obtain a
higher surface is to hollow out structures via etching. In our case, the alkaline etching of
the NiHCF mesocrystals by using tetramethylammonium hydroxide (TMAH) appeared
to be a facile and powerful process to obtain hollow frameworks. Therefore, the NiHCF
mesocrystals were dispersed in deionized water at room temperature and an aqueous
solution of TMAH (0.02 mol L−1) was subsequently added. After 23 h, the etched super-
structures were purified via centrifugation and washing. The morphology of the etched
superstructures was analyzed by TEM. Low magnification analysis shows the formation of
hollow superstructures that retained their original habitus (Figure 2a). Almost no individ-
ual NCs that could have been broken out of the superstructures by etching were observed.
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It appears that the alkaline etching did not affect the mutual alignment of the NCs within
the superstructures. TEM analysis at high magnification shows that the hollow frameworks
obtained still consist of individual NCs, which also confirms that the NiHCF mesocrystals
also consist of individual NCs inside (Figure 2b). SAED of an isolated hollow framework
confirmed that the individual NCs kept their common crystallographic orientation due
to the occurrence of sharp reflexes with slight arcs (Figure 2b, inset; from the [200] zone
axis). This means the characteristics of a mesocrystal type I can be transferred to the
hollow framework [41]. These results demonstrate the successful formation of mesocrys-
talline frameworks (mesoframes) obtained from alkaline etching of NiHCF mesocrystals.
High-resolution dark-field TEM (HRTEM) analysis reveals that the individual NCs on the
surface of the mesoframes are almost hollow and only an insoluble cubic shell remained
after etching (Figure 2c).

The TEM investigations could show a hollow architecture of the NCs inside the
superstructure, in addition the SEM analysis could reveal that the NCs exhibit some voids
and cavities on their surfaces (Figure 2d). In particular, SEM analysis of the NCs surfaces
at higher magnification could show a more detailed view of the voids and cavities created
by etching. (Figure 2e). The BET surface area for the hollow frameworks is 96 m2 g−1,
2.7 times higher than that of the NiHCF mesocrystals (Figure S3).
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(b) TEM micrograph of an individual NiHCF mesocrystal. (c) SAED pattern that corresponds to the
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Scale bars: 5.0 µm (top), 1.0 µm (bottom left) and 5.0 nm−1 (bottom right).
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and (b) high magnification TEM micrographs of NiHCF mesocrystal-derived hollow frameworks and
the corresponding SAED pattern (inset; from the [200] zone axis) obtained from TMAH-mediated
etching at room temperature in aqueous media. (c) Dark-field HRTEM micrograph of the NCs on the
surface of a hollow framework. (d) SEM micrograph of hollow frameworks distributed on a silicon
(100) wafer. (e) High magnification SEM micrograph of a hollow framework. Scale bars: 2.0 µm
(top left), 0.5 µm (top middle), 5.0 nm−1 (inset); 100 nm (top right), 2.0 µm (bottom left) and 1.0 µm
(bottom right).

To verify the composition of the material, PXRD analysis of the mesoframes was
conducted. Besides the appearance of the original NiHCF mesocrystal reflexes, one new
intense reflex at 33.8◦ and four smaller reflexes at 18.8, 38.4, 51.6 and 60.6◦ emerged
(Figure 3a). The four small reflexes can only be observed at a higher magnification, as
they partially overlap with the NiHCF reflexes (Figure S4a). These newly emerged re-
flexes can be assigned to β-Ni(OH)2 as they show similar reflex positions (Figure S4b) [51].
The original NiHCF reflexes appear due to remaining NiHCF within the hollow super-
structures. Analysis of the element distribution via EDS mapping confirmed the homo-
geneous distribution of Ni, Fe, N, C and O within the hollow superstructure (Figure 3b).
Especially, the presence of oxygen and the lack of intense signals for Fe and N confirms
a HCF-replacement by hydroxide ions (i.e., EDS mapping and point analysis for Ni-
HCF mesocrystals shows a higher intensity for Fe and N, and almost no signal for O;
Figures S1, S5 and S6). The [Ni]:[Fe] ratio also increased from 1.43 of the NiHCF mesocrys-
tals to 4.06 for the hollow superstructures (Figure S6 and Table S2). In addition, FT-IR
spectroscopy was applied to further explore the materials composition after the alkaline
etching (Figure S7). The FT-IR spectrum of original NiHCF mesocrystals shows the ex-
pected signals at 3650, 3400 and 1615 cm−1 that can be assigned to hydroxyl groups on the
mesocrystal surface and interstitial water molecules. The two intense signals at 2166 and
2100 cm−1 are attributed to the stretching vibration band of the cyano group (C≡N) and
its bridging isomer coordinated with NiII and FeIII [52]. The FT-IR spectrum of the etched
hollow superstructures, on the other hand, reveals the disappearance of the sharp signal at
3650 cm−1. The signals for the cyano group are redshifted to 2097 and 2055 cm−1 and an
additional signal at 2011 cm−1 emerged which may correspond to a stretching vibration of
a cyano group coordinated to FeII [30]. The signals at 1478, 1370 and 650 cm−1 can be as-
signed to β-Ni(OH)2 [53]. To further validate the hypothesis of the formation of β-Ni(OH)2,
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X-ray photoelectron spectroscopy (XPS) was conducted. The survey spectrum of the hollow
superstructures shows coexistence of Ni, Fe, N, C and O (Figure 3c). In particular, the
intense signal for oxygen and the almost disappeared signal for nitrogen compared to the
signals of the measurement spectrum for the NiHCF mesocrystals support the results of
the EDS analysis (Figure S11). The high-resolution Fe 2p spectrum shows binding energies
(BEs) at 708.6 and 721.2 eV that can be assigned to FeII 2p3/2 and FeII 2p1/2, respectively
(Figure 3d). The signals at 714.1 and 726.7 eV can be identified as shake-up satellites (sat.),
which are characteristic for FeII. The BEs at 709.8 and 723.6 eV can be ascribed to FeIII

2p3/2 and FeIII 2p1/2 and the signals at 717.4 and 731.1 eV are the corresponding shake-up
satellites. The two signals with BEs of 705.6 and 712.0 can be ascribed as Auger-lines
of the present nickel [54]. In principle, the BEs found correspond to typical NiHCF BEs
(Figure S8) [55]. In the case of the high-resolution Ni 2p spectrum, the two signals with
BEs of 856.0 and 873.8 eV that can be assigned to Ni 2p3/2 and Ni 2p1/2 of β-Ni(OH)2
(Figure 3e) [56]. The two signals at 861.9 and 879.7 eV can be ascribed as shake-up satellites.
In addition, high-resolution transmission electron microscopy (HRTEM) analysis showed
the presence of lattice fringes with an interplanar spacing of 0.228 nm derived from the
fast Fourier transformation (FFT) (Figure 3f,g). This interplanar spacing may correspond
to the [002] plane of β-Ni(OH)2 [50]. These results together with the XPS, FTIR, EDS and
PXRD characterizations point to the reasonable synthesis of a hexacyanoferrate-β-Ni(OH)2
mixed compound.

The TMAH-mediated etching of NiHCF mesocrystals resulted in the formation of
colloidal mesoframes. These were easily dispersed in aqueous media resulting in a homo-
geneous distribution. In addition, the increase in material surface area can be beneficial
for enhancing catalytic performance in heterogeneous catalysis of organic pollutant degra-
dations. To explore the effect of activity enhancement, the PMS-activated degradation
of rhodamine-B using different catalysts such as NiHCF mesocrystals, mesoframes and
Co3O4 was conducted (Figure 3b and Figure S9). To monitor the degradation reaction
in the presence and absence of the different catalysts, UV-Vis spectroscopy was applied.
The degradation of rhodamine-B in the absence of any catalyst and in the presence of
NiHCF mesocrystals shows that the PMS-activation is delayed compared to degradation in
the presence of mesoframes or Co3O4 (Figure 4a). The enhancement of the catalytic activity
may be explained by the formation of hydroxy and sulfate radicals on the larger surface of
the mesoframes. Even more, the etching process may lead to the formation of voids and
vacancies which expose more NiII and FeII/III-containing active sites. From the mechanistic
point of view, the presence of suitable scavengers for the possibly formed radicals can
hinder or at least delay the degradation of the contaminant. In this case, ascorbic acid (AA)
was chosen as scavenger for hydroxy radicals and sulfate radicals. In addition, tert-butanol
(t-BuOH) was chosen for only hydroxy radicals as well as methanol (MeOH) only for sul-
fate radicals. By applying the scavengers, their contributions were derived from their rate
constants (Figures S10 and S11). When MeOH was used to quench the degradation, only
31% of rhodamine-B was degraded after 12 min. In terms of t-BuOH, 75% was degraded
after 12 min (Figures S10 and S11, Table S3). It appears that the degradation of rhodamine-B
is mainly driven by the presence of hydroxyl radicals as the degradation in the presence of
MeOH was more delayed compared to the degradation in the presence of t-BuOH.
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Figure 3. Analysis of material composition after alkaline etching. (a) Normalized PXRD pattern of
NiHCF mesocrystals and mesoframes (COD reference number for β-Ni(OH)2: 1011134).50 (b) EDS
mapping of the elements (Ni, Fe, N, C, and O) within the NiHCF-derived hollow superstructures.
(c) XPS total survey of the NiHCF-derived hollow superstructures. XPS spectrum of the mesoframes
for (d) Ni 2p and (e) Fe 2p. (f) HRTEM microscopy at low magnification from one NC (inset shows
the area for higher magnification analysis). (g) HRTEM microscopy with high magnification and the
corresponding FFT of the green square area. (h) Line profile of the FFT for analysis of the mesoframe
lattice structure (indicated by the green line within the FFT). Scalebars: 50 nm (bottom right) and
20 nm (bottom middle).

By applying the NiHCF-derived mesoframes as a catalyst, approximately 99% of
the rhodamine-B was removed after 12 min, resulting in a rate constant of 0.41 min−1

(Figure 4b,c, Table S3). The degradation in the presence of Co3O4-powder shows a slightly
better performance, as 98% of the rhodamine-B was removed after 6 min leading to a
rate constant of 0.61 min−1 (Figure 4b,c). The catalytic activity of the respective catalysis
is characterized by its reaction kinetics and the derived rate constant. In the case of
the rhodamine-B removal, the pseudo first-order kinetic model using the first-order rate
equation (Equation (2)) was applied to derive the rate constant.

Ct = C0 · exp(−k/t) (2)

wherein, k represents the first-order reaction rate, t can be ascribed as the degradation
time, C0 is the initial and Ct the time-dependent rhodamine-B concentration. These results
suggest that the mesoframes are a reliable candidate for the oxidative degradation of
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rhodamine-B. Due to its high rate constant, this catalyst can be ranked among the most
common catalysts for heterogeneous catalysts such as Co3O4. Besides the general removal
of the contaminant, the process parameters affecting the degradation efficiency such as
catalyst-loading, PMS dosage, effect of pH and temperature influence were examined
(Figures S12–S17, Table S3). In the case of the PMS dosage, it was found that a moderate
dosage was already used (Figure S14). The pH influence showed a distinct increase in
activity with increasing the pH value (Figures S15 and S16). The reaction rate was increased
and the activation energy was determined by raising the reaction temperature. At an
elevated temperature of 40 ◦C, a 6.4 times higher rate constant of 2.63 min−1 was obtained
(Figures S12d and S17 and Table S3). By applying the Arrhenius equation (Equation (3)),
the activation energy EA was calculated to 96.3 kJ mol−1 considering the rate constants
obtained at 25 and 40 ◦C.

k = A · exp(−EA/RT) (3)

wherein, k is the rate constant, A can be described as the pre-exponential, R is the universal
gas constant and T is the absolute temperature.
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Figure 4. Degradation of rhodamine-B by using mesoframes for PMS-activation. (a) UV-Vis absorp-
tion spectra of rhodamine-B degradation within 12 min. (b) Degradation efficiencies of using Co3O4,
mesoframes and NiHCF mesocrystals as catalysts. The efficiency in the absence of any catalyst
is also illustrated. (c) Rate constants derived from the respective degradation curves. Reaction
conditions: [Rhodamine-B] = 10.0 mg L−1, V = 100 mL, T = 25 ◦C, pH = 5, [Mesoframe] = 0.10 g L−1,
[PMS] = 0.30 g L−1.

In principle, the efficient removal of rhodamine-B by the mesoframes showed that
they appear to be promising as heterogeneous catalysts. In particular, the cost-effective and
low-energy production of the frameworks and the very simple separation of the catalyst
by filtration are notable. To emphasize the practical use of those superstructures, the
mesoframes were used to degrade the plasticizer and contaminant bisphenol-A. Therefore,
the mesoframes were dispersed in an aqueous solution containing bisphenol-A (40 mg L−1).
The degradation was initiated by the addition of PMS. The degradation reaction was
monitored by UV-vis spectroscopy, as in the case of the rhodamine-B degradation reaction.
The mesoframes showed a very high activity in the degradation reaction. Most of the
bisphenol-A was degraded after only 8 min, resulting in a rate constant of 0.26 min−1

(Figure 5a). This is more than 10,000 times higher than the rate constant of PMS and
thus a very significant increase in catalytic activity. In comparison, a rate constant of
only 0.02 min−1 was obtained for the bisphenol-A removal in the presence of Co3O4.
The degradation in the presence of NiHCF mesocrystals or in the absence of a catalyst, on
the other hand, hardly differed, in that almost no PMS activation occurred and catalysis was
thus initiated (Figure 5b,c and Figure S18 and Table S4). The improvement of the catalytic
activity compared to the NiHCF mesocrystals may also correspond to the availability of
a higher surface area and the increased occurrence of small cavities and the associated
exposure of active FeIII and NiII ions, as described in the analysis of the composition.
To create a link to the mechanistic details, scavenger molecules were also used to examine
the impact of certain radical species. In this case, ethanol (EtOH) was used as suitable
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scavenger for sulfate and hydroxy radicals and t-BuOH was chosen to be suitable for
hydroxy radicals. The respective contributions and their rate constants were derived
from the corresponding kinetic data of the degradation experiments in the presence of the
respective scavenger (Figures S19 and S20, Table S4). For the use of EtOH as scavenger,
70% of the bisphenol-A could be degraded after 6 min whereas 79% was degraded when
t-BuOH was used. Based on these data, the degradation seems to be caused preferentially
by hydroxyl radicals, but sulfate radicals also have a significant share in it. For a practically
relevant system such as that of bisphenol-A, it is also necessary to investigate the kinetic
parameter-determining factors in order to gain a better understanding of the catalytic
processes. To verify the data obtained from the rhodamine-B removal, as well as the
impact of catalyst-loading, PMS dosage, pH and temperature on the degradation reaction
was investigated (Figures S20–S25). By raising the catalyst and PMS dosage, the reaction
rate drastically increased (Figures S21 and S22). As for the influence of pH, higher pH
values favored the degradation reaction, while lower pH values decreased the reaction
rate similar to rhodamine B degradation (Figures S23 and S24). The activation energy EA
was also calculated via the Arrhenius equation (Equation (3)) to a value of 44.1 kJ mol−1

(Figures S20d and S25). For this, the rate constants obtained by means of degradation
reactions at 25 ◦C and 40 ◦C were used (Table S4).
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Figure 5. PMS-mediated degradation of bisphenol-A using mesoframes as catalyst. (a) UV-Vis
absorption spectra of time-dependent bisphenol-A degradation. (b) Degradation efficiencies of
bisphenol-A in the presence of the mesoframes, Co3O4, NiHCF mesocrystals and in the absence of
any catalyst. (c) Rate constants that correspond to the respective bisphenol-A removals (logarithmic
scale for the illustration of all rate constants). Reaction conditions: [Bisphenol-A] = 40.0 mg L−1,
V = 100 mL, T = 25 ◦C, pH = 7, [Mesoframe] = 0.20 g L−1, [PMS] = 0.20 g L−1.

These results indicate that the catalytic activity of the mesoframes is comparable or
even higher than that of the most recently published catalysts or the commercial Co3O4
catalyst (Table S5) [8,16,18,33,57–59]. A major advantage over all these catalysts is that the
mesoframes are produced at only 25 ◦C, whereas the other catalysts usually require high
temperatures for production (i.e., temperatures between 80 ◦C and 650 ◦C were applied).

In general, a catalyst should emerge unchanged after use. To validate whether this
applies to the mesoframes, their morphology and composition were examined for changes
after the respective decomposition reactions of rhodamine-B and bisphenol-A. TEM analy-
sis of the catalysts after the heterogeneous catalysis showed, especially for rhodamine-B,
that the mesoframes are damaged in places and surrounded by fragments (Figure 6a). In the
case of bisphenol-A, this is not observed with such intensity (Figure 6c). Nevertheless, in
both cases, the framework structure is still intact, which shows that the catalysis process had
only a minor impact on the morphology. For the influence of catalysis on the composition
and especially the associated ratio of NiII to FeIII ions, only a minor influence was detected
by EDS analysis of the catalysts after catalysis. After the catalysis of rhodamine-B, the ratio
between NiII to FeIII changed from 4.06 to 4.41 (Figure 6b, Table S6). For the catalysis of
bisphenol-A, a change from 4.06 to 3.98 was detected (Figure 6d, Table S7). It can be seen
that for both samples a certain decrease or increase in NiII to FeIII can be observed, which



Nanomaterials 2021, 11, 2756 12 of 16

is within the range of measurement accuracy. The differences in the ratios can occur due to
leaching or due to different etching progress during the etching process of the mesocrystals.
Owing to their partly different sizes, smaller structures can be etched more strongly than
larger ones. In addition, the TEM micrographs demonstrate that most of the structures are
intact, so that a major occurrence of leaching can be ruled out. Taking these results into
account, the mesoframes can certainly be considered as efficient heterogeneous catalysts
for the degradation of rhodamine-B and especially the contaminant bisphenol-A.
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analyzed TEM mesh). Reaction conditions: [Bisphenol-A] = 40.0 mg L−1, V = 100 mL, T = 25 ◦C, pH = 7,
[Mesoframe] = 0.20 g L−1, [PMS] = 0.20 g L−1. Scale bars: 500 nm.

4. Conclusions

In summary, we have investigated the TMAH-induced alkaline etching of NiHCF
mesocrystals to fabricate mesocrystal-derived mesoframes. It was found that the TMAH
etches small cavities and voids into the architecture of the mesocrystals, while the mesocrys-
talline character is preserved as the architecture still consists of individual NCs and shows
slight arcs in the SAED pattern. This approach then leads to a 2.7-fold increase in sur-
face area to 96 m2 g−1. Nevertheless, the mesoframes still exhibit a rigid architecture.
The analysis of the composition showed that after the etching process, a mixed phase
between hexacyanoferrate and β-Ni(OH)2 was formed. A key feature that corresponds
to this approach, and to which attention should be paid, is that the mesoframes are pro-
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duced in a low-energy and environmentally friendly way, as the etching process is carried
out at room temperature and in water. Even more, due to the simplicity, reliability, and
reproducibility of the process, it was possible to establish a sustainable manufacture of
mesoframes. By taking into account their dimensions of 2–3 µm, the mesoframes can be
very easily filtered out of dispersion, making them ideal for heterogeneous catalysis of
contaminants. We demonstrated the successful and efficient removal of rhodamine-B and
bisphenol-A by applying the NiHCF mesocrystal-derived mesoframes. They can remove
99% of rhodamine-B within 12 min resulting in a rate constant of 0.41 min−1. In the case of
bisphenol-A, after 8 min almost the entire contaminant was degraded which classifies the
catalyst as very powerful, considering its benign manufacture.

The comparison with Co3O4 also showed that the performance of the mesoframes
can certainly keep up with that of a conventional catalyst. For the mesoframes, a rate
constant of 0.26 min−1 was determined, which is 1.7 times higher than that determined
for Co3O4. The enhancement of the activity seem to emerge from the exposure of the FeII

and FeIII active sites alongside the presence of β-Ni(OH)2. The catalyst shows, for both
systems, reasonable stability, as no major issues regarding ion leaching or dissolution could
be observed. Thus, we believe that this work could shed light on new perspectives for
practical applications of PBA-based functional catalysts.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11102756/s1. Figure S1: PXRD and EDS analysis of NiHCF NCs; Figure S2: The surface
area analysis of the NiHCF mesocrystals; Figure S3: Surface area analysis of mesoframes; Figure S4:
PXRD analysis of NiHCF mesocrystal-derived mesoframes; Figure S5: EDS spectrum of hollow
mesoframes; FigureS6: EDS mapping of one NiHCF mesocrystal; Figure S7: FTIR-spectra of hollow
mesoframes and NiHCF mesocrystals; Figure S8: XPS analysis of NiHCF mesocrystals; Figure S9:
PMS-activated degradation of the contaminant rhodamine-B under standard conditions; Figure S10:
Analysis of the degradation mechanism by using scavenger molecules; Figure S11: Exploration
of radical species that affect the degradation reaction of rhodamine-B; Figure S12: Analysis of the
catalyst-loading, PMS amount as well as the pH and temperature impact on the degradation efficiency
of rhodamine-B by using mesoframes as catalyst; Figure S13: Influence of Mesoframe catalyst loading
on the degradation of rhodamine-B; Figure S14: Exploration of the PMS dosage influence on the
degradation; Figure S15: Effect of pH value on the degradation of rhodamine-B; Figure S16: Rate
constants obtained from the pH variation experiments; Figure S17: Temperature influence on the
rhodamine-B degradation; Figure S18: PMS-activated degradation of bisphenol-A performed under
standard conditions; Figure S19: Investigation of degradation mechanism by monitoring the radical
species affecting the degradation; Figure S20: Investigation of the catalyst-loading, PMS dosage,
pH adjustment and temperature influence on the degradation efficiency of bisphenol-A applying
mesoframes as catalyst; Figure S21: Effect of catalyst-loading on the degradation of bisphenol-A;
Figure S22: Influence of the PMS dosage on the removal efficiency using Mesoframes as catalyst;
Figure S23: Influence of pH value on the degradation of bisphenol-A; Figure S24: Rate constants
of the bisphenol-A degradations at different pH values and Figure S25: Temperature influence on
the Mesoframe-catalyzed bisphenol-A degradation. Table S1: EDS data of the NiHCF mesocrystals,
Table S2: EDS data of the NiHCF mesocrystal-derived Mesoframes; Table S3: Comparison of the
rhodamine-B degradation conditions and the corresponding rate constants; Table S4: Comparison of
the bisphenol-A degradation conditions and the corresponding rate constants; Table S5: Comparison
of the bisphenol-A degradation in this work with previous reported approaches; Table S6: EDS data
of the Mesoframes after the rhodamine-B catalysis and Table S7: EDS data of the Mesoframes after
the bisphenol-A catalysis.
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Nickel Hexacyanoferrate Mesocrystal Structure and Composition 

 
Figure S1. (a) Normalized PXRD pattern of NiHCF mesocrystals assigned with its respective reflexes (reference: file 
JCP2.2CA: 01-082-2283). (b) EDS spectrum of NiHCF mesocrystals with a corresponding [Ni]:[Fe] ratio of 1.24. The signals 
for silicon and gold occurred due to the Si(100)-wafer and the gold coating of the sample. 

Table S1. EDS data of the NiHCF mesocrystals. The calculated oxygen content can be ascribed to the presence of water 
molecules attached to the surface. 

Elements Wt% σWt% 
C 18.00 0.22 
N 12.67 0.17 
O 7.97 0.06 
K 2.35 0.06 
Fe 15.83 0.28 
Ni 20.65 0.22 
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Figure S2. The surface area analysis of the NiHCF mesocrystals by nitrogen isotherm measurements. The data were pro-
cessed by means of the BET theory. The surface area was calculated to be 35 m2 g−1. 

Mesoframe Characterization 

 
Figure S3. Surface area analysis of Mesoframes obtained after alkaline etching. Characterization was conducted by using 
nitrogen isotherm measurements. The data were processed by means of the BET theory. The surface area was calculated 
to be 96 m2 g−1. 

 
Figure S4. PXRD analysis of NiHCF mesocrystal-derived mesoframes. Normalized PXRD patterns of (a) mesoframes and 
NiHCF mesocrystals. (b) Normalized PXRD pattern of the hollow mesoframes focusing on the special β-Ni(OH)2 reference 
reflexes. 
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Figure S5. EDS spectrum of hollow mesoframes. The [Ni]:[Fe] ratio was calculated to be 4.06. The respective gold and 
silicon signals can be attributed to the gold coating and the Si (100)-wafer onto which the sample was drop-cast. 

Table S2. EDS data of the NiHCF mesocrystal-derived Mesoframes. 

Elements Wt% σWt% 
C 11.57 0.32 
N 4.70 0.24 
O 9.64 0.093 
K 1.30 0.093 
Fe 5.07 0.41 
Ni 21.61 0.32 

 
Figure S6. EDS mapping of one NiHCF mesocrystal showing the elements (Ni, Fe, N, C and O) within the superstruc-

ture. 
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Figure S7. FTIR-spectra of hollow mesoframes and NiHCF mesocrystals (measured in transmission mode). 

 
Figure S8. XPS analysis of NiHCF mesocrystals. (a) XPS total survey of the mesocrystals. (b) Fe 2p and (c) Ni 2p spectra 
of the NiHCF mesocrystals. 

Investigation of the PMS-Activated Rhodamine-B Degradation  

In the case of catalyst-loading, the increase from 0.1 g L−1 to 1.0 g L−1 led to a gradual increase in the degradation 
efficiency (Figure S12a). The rate constant was also increased from 0.41 min−1 to 0.58 min−1 (Figure S13, table S3). For the 
PMS dosage, the use of only 0.1 g L−1 led to a reduced efficiency while an increased PMS of 0.7 g L−1 and 1.5 g L−1 initiated 
the decomposition of the mesoframes and thus an even lower degradation reaction occurred (Figure S12b, figure S14 
and table S3). The decomposition of the catalyst was indicated by a rapid color change in the beginning of the reaction 
from green to black. These results showed that the selected amount of PMS was already in the optimal range.  

In terms of the pH impact on the degradation efficiency, higher pH values seem to be more beneficial for the efficient 
removal of rhodamine-B. At a pH of 3, only reduced catalytic activity was observed. This reduced activation of PMS 
under acidic conditions is characteristic due to the higher stability of the PMS at low pH values. By adjusting the pH 
from 5, 7 and 9 to 11, the rate constant could be increased up to a value of 0.73 min−1 (Figure S12c, figure S15 and S16, 
table S3). For practical use, the application of such a high pH value makes less sense. Wastewater usually has a pH value 
in the range between 5 and 9. Nevertheless, an increased efficiency for the removal of rhodamine-B was also obtained 
in this range, which makes an application in wastewater treatment attractive. 



Nanomaterials 2021, 11, 2756 5 of 15 

 

 

 
Figure S9. PMS-activated degradation of the contaminant rhodamine-B under standard conditions. (a) Calibration of the 
UV-Vis spectra and determination of the extinction coefficient. UV-Vis absorption spectra of rhodamine-B at different 
concentrations. UV-Vis spectra of rhodamine-B degradation in the presence of (b) Co3O4, (c) of NiHCF mesocrystals and 
(d) only PMS. Reaction conditions: [Rhodamine-b] = 10.0 mg L−1, V = 100 mL, T = 25 °C, pH = 5, [Mesoframe] = 0.10 g L−1, 
[PMS] = 0.30 g L−1. 

 
Figure S10. Analysis of the degradation mechanism by using scavenger molecules such as t-BuOH, MeOH and AA. Re-
action conditions: [Rhodamine-b] = 10.0 mg L−1, V = 100 mL, T = 25 °C, pH = 5, [Mesoframe] = 0.10 g L−1, [PMS] = 0.30 g L−1. 
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Figure S11. Exploration of radical species that affect the degradation reaction of rhodamine-B. t-BuOH, MeOH and AA 
were used as scavenger molecules. UV-Vis absorption spectra of rhodamine-B removal using (a) t-BuOH (1.00 mol L−1) as 
scavenger for hydroxy radicals, (b) MeOH (1.00 mol L−1) for sulfate radicals and (c) AA (0.01 mol L−1) for hydroxy and 
sulfate radicals. (d) Rate constants of the corresponding removal reactions. Reaction conditions: [Rhodamine-b] = 10.0 mg 
L−1, V = 100 mL, T = 25 °C, pH = 5, [Mesoframe] = 0.10 g L−1, [PMS] = 0.30 g L−1. 

 
Figure S12. Analysis of the catalyst-loading, PMS amount as well as the pH and temperature impact on the degradation 
efficiency of rhodamine-B by using mesoframes as catalyst. (a) Impact of catalyst loading on the degradation. Reaction 
conditions: [Rhodamine-b] = 10.0 mg L−1, V = 100 mL, T = 25 °C, pH = 5, [Mesoframe] = varied, [PMS] = 0.3 g L−1. (b) PMS 
dosage affecting the degradation efficiency. Reaction conditions: [Rhodamine-b] = 10.0 mg L−1, V = 100 mL, T = 25 °C, pH 
= 5, [Mesoframe] = 0.10 g L−1, [PMS] = varied. (c) Effect of pH value on degradation reaction. Reaction conditions: [Rhoda-
mine-B] = 10.0 mg L−1, V = 100 mL, T = 25 °C, pH = varied, [Mesoframe] = 0.10 g L−1, [PMS] = 0.30 g L−1. (d) Temperature 
influence on degradation efficiency. Reaction conditions: [Rhodamine-B] = 10.0 mg L−1, V = 100 mL, T = 25 °C or 40 °C, pH 
= 5, [Mesoframe] = 0.10 g L−1, [PMS] = 0.30 g L−1. 
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Figure S13. Influence of mesoframe catalyst loading on the degradation of rhodamine-B. UV-Vis absorption spectra of the 
rhodamine-B degradation in the presence of (a) 0.20 g L−1, (b) 0.60 g L−1 and (c) 1.00 g L−1 mesoframes. (d) Rate constants 
of the corresponding degradation. Reaction conditions: [Rhodamine-b] = 10.0 mg L−1, V = 100 mL, T = 25 °C, pH = 5, 
[Mesoframe] = varied, [PMS] = 0.3 g L−1. 

 
Figure S14. Exploration of the PMS dosage influence on the degradation. UV-Vis absorption spectra of rhodamine-B deg-
radation in the presence of (a) 0.10 g L−1, (b) 0.70 g L−1 and (c) 1.50 g L−1. (d) Rate constants obtained from the UV-Vis 
spectra. Reaction conditions: [Rhodamine-b] = 10.0 mg L−1, V = 100 mL, T = 25 °C, pH = 5, [Mesoframe] = 0.10 g L−1, [PMS] 
= varied. 
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Figure S15. Effect of pH value on the degradation of rhodamine-B. UV-Vis absorption spectra of the rhodamine-B degra-
dation in the presence of a pH value of (a) 3, (b) 7, (c) 9 and (d) 11. Reaction conditions: [Rhodamine-B] = 10.0 mg L−1, V = 
100 mL, T = 25 °C, pH = varied, [Mesoframe] = 0.10 g L−1, [PMS] = 0.30 g L−1. 

 
Figure S16. Rate constants obtained from the pH variation experiments. Reaction conditions: [Rhodamine-B] = 10.0 mg 
L−1, V = 100 mL, T = 25 °C, pH = varied, [Mesoframe] = 0.10 g L−1, [PMS] = 0.30 g L−1. 

 
Figure S17. Temperature influence on the rhodamine-B degradation. (a) UV-Vis absorption spectrum of the rhodamine-B 
removal at 40 °C. (b) Corresponding rate constants of the temperature-dependent degradation. Reaction conditions: [Rho-
damine-B] = 10.0 mg L−1, V = 100 mL, T = 25 °C or 40 °C, pH = 5, [Mesoframe] = 0.10 g L−1, [PMS] = 0.30 g L−1. 
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Table S3. Comparison of the rhodamine-B degradation conditions and the corresponding rate constants. 

Catalyst 
Conditions Data 

Crhodamine-B  
[mg L−1] 

CCatalyst  
[g L−1] 

CPMS 
 [g L−1] 

pH 
 

T  
[°C] 

Time 
[min] 

Removal 
[%] 

Rate constant k  
[min−1] 

None 10 0.00 0.30 5 25 12 11 0.01 
Co3O4 10 0.10 0.30 5 25 12 100 0.61 

Mesocrystals 10 0.10 0.30 5 25 12 4 0.01 
Mesoframes 10 0.10 0.30 5 25 12 100 0.41 
Mesoframes 10 0.10 0.30 5 25 6 59 0.41 
Mesoframes 10 0.20 0.30 5 25 6 74 0.40 
Mesoframes 10 0.60 0.30 5 25 6 98 0.50 
Mesoframes 10 1.00 0.30 5 25 6 98 0.58 
Mesoframes 10 0.10 0.10 5 25 12 94 0.20 
Mesoframes 10 0.10 0.30 5 25 12 100 0.41 
Mesoframes 10 0.10 0.70 5 25 12 38 0.04 
Mesoframes 10 0.10 1.50 5 25 12 28 0.03 
Mesoframes 10 0.10 0.30 3 25 12 55 0.06 
Mesoframes 10 0.10 0.30 5 25 12 100 0.41 
Mesoframes 10 0.10 0.30 7 25 12 93 0.21 
Mesoframes 10 0.10 0.30 9 25 12 100 0.47 
Mesoframes 10 0.10 0.30 11 25 12 88 0.73 
Mesoframes 10 0.10 0.30 5 25 3 15 0.41 
Mesoframes 10 0.10 0.30 5 40 2 100 2.63 
Mesoframes1 10 0.10 0.30 5 25 12 75 0.09 
Mesoframes2 10 0.10 0.30 5 25 12 31 0.03 
Mesoframes3 10 0.10 0.30 5 25 12 11 0.01 

1 Degradation in the presence of t-BuOH (1.00 mol L−1). 
2 Degradation in the presence of MeOH (1.00 mol L−1). 
3 Degradation in the presence of AA (0.01 mol L−1). 

Investigation of the PMS-activated bisphenol- degradation  

The variation of the catalyst concentration between 0.2 g L−1 and 2.0 g L−1 revealed a similar gradual increase in effi-
ciency as for the rhodamine-B removal (Figure S20a). The efficiency was clearly affected, as rate constants up to 2.25 
min−1 could be derived (Figure S21, Table S4). Certainly, the presence of an increased amount of catalytically active 
material and the associated exposure of active sites led to the enhancement of the degradation efficiency.  

The investigation of the PMS dosage showed similar results to the degradation of rhodamine-B, leading to the con-
clusion that an excess of PMS leads to the decomposition of the catalyst. The results clearly show that the amount of 
PMS must be chosen sensitively. In the interval from 0.2 g L−1 and 0.4 g L−1, the degradation efficiency increased some-
what, but between 1.0 g L−1 and 2.0 g L−1 it decreased drastically (Figure S20b, Figure S22 and Table S4). 

The impact of the pH value on the degradation reaction appears to be one of the key features for the practical appli-
cation, as it relies upon the varying pH value of wastewater. The degradation of bisphenol-A follows the same pattern 
as for rhodamine-B. The efficiency increases significantly with increasing pH value. The rate constants increase from 
0.24 min−1 at a pH of 3 to a 4.4 times higher rate constant of 1.06 min−1 at a pH of 11 (Figure S20c, S23 and S24; Table S4). 
Although the highest efficiency is achieved at a pH of 11, the efficiency in the moderate pH range between 5 and 9 is 
also relatively high, which accommodates the pH fluctuations of wastewater.  



Nanomaterials 2021, 11, 2756 10 of 15 

 

 

 
Figure S18. PMS-activated degradation of bisphenol-A performed under standard conditions. (a) Determination of the 
extinction coefficient of bisphenol-A. UV-Vis absorption spectra of bisphenol-A at different calibration concentrations. 
UV-Vis spectra of the bisphenol-A degradation in the presence of (b) Co3O4, (c) of NiHCF mesocrystals and (d) only PMS. 
Reaction conditions: [Bisphenol-A] = 40.0 mg L−1, V = 100 mL, T = 25 °C, pH = 7, [Mesoframe] = 0.20 g L−1, [PMS] = 0.20 g 
L−1. 

 
Figure S19. Investigation of degradation mechanism by monitoring the radical species affecting the degradation. t-BuOH 
and EtOH were used as scavengers. UV-Vis absorption spectrum of the bisphenol-A degradation in the presence of (a) t-
BuOH (1.00 mol L−1) as scavenger for hydroxy radicals, (b) EtOH (1.00 mol L−1) for sulfate and hydroxy radicals. (c) Deg-
radation profiles obtained from the UV-Vis spectra. (d) Respective rate constants. Reaction conditions: [Bisphenol-A] = 
40.0 mg L−1, V = 100 mL, T = 25 °C, pH = 7, [Mesoframe] = 0.20 g L−1, [PMS] = 0.20 g L−1. 
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Figure S20. Investigation of the catalyst-loading, PMS dosage, pH adjustment and temperature influence on the degrada-
tion efficiency of bisphenol-A, applying mesoframes as catalyst. (a) Effect of catalyst loading on the degradation reaction. 
Reaction conditions: [Bisphenol-A] = 40.0 mg L−1, V = 100 mL, T = 25 °C, pH = 7, [Mesoframe] = varied, [PMS] = 0.20 g L−1. 
(b) Impact of the PMS dosage on the degradation efficiency. Reaction conditions: [Bisphenol-A] = 40.0 mg L−1, V = 100 mL, 
T = 25 °C, pH = 7, [Mesoframe] = 0.20 g L−1, [PMS] = varied. (c) Influence of pH value on degradation reaction. Reaction 
conditions: [Bisphenol-A] = 40.0 mg L−1, V = 100 mL, T = 25 °C, pH = varied, [Mesoframe] = 0.20 g L−1, [PMS] = 0.20 g L−1. 
(d) Temperature impact on the degradation efficiency. Reaction conditions: [Bisphenol-A] = 40.0 mg L−1, V = 100 mL, T = 
25 °C or 40 °C, pH = 7, [Mesoframe] = 0.20 g L−1, [PMS] = 0.20 g L−1. 

 
Figure S21. Effect of catalyst-loading on the degradation of bisphenol-A. UV-Vis absorption spectra of the bisphenol-A 
removal in the presence of (a) 0.40 g L−1, (b) 1.20 g L−1 and (c) 2.00 g L−1 Mesoframes. (d) Rate constants obtained from the 
corresponding UV-Vis spectra. Reaction conditions: [Bisphenol-A] = 40.0 mg L−1, V = 100 mL, T = 25 °C, pH = 7, [Mesoframe] 
= varied, [PMS] = 0.20 g L−1. 
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Figure S22. Influence of the PMS dosage on the removal efficiency using Mesoframes as catalyst. UV-Vis absorption spec-
tra of bisphenol-A degradation reaction in the presence of (a) 0.40 g L−1, (b) 1. 00 g L−1 and (c) 2.00 g L−1. (d) Corresponding 
rate constants. Reaction conditions: [Bisphenol-A] = 40.0 mg L−1, V = 100 mL, T = 25 °C, pH = 7, [Mesoframe] = 0.20 g L−1, 
[PMS] = varied. 

 
Figure S23. Influence of pH value on the degradation of bisphenol-A. UV-Vis absorption spectra of the bisphenol-A deg-
radation in the presence of a pH value of (a) 3, (b) 5, (c) 9 and (d) 11. Reaction conditions: [Bisphenol-A] = 40.0 mg L−1, V = 
100 mL, T = 25 °C, pH = varied, [Mesoframe] = 0.20 g L−1, [PMS] = 0.20 g L−1. 
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Figure S24. Rate constants of the bisphenol-A degradations at different pH values. Reaction conditions: [Bisphenol-A] = 
40.0 mg L−1, V = 100 mL, T = 25 °C, pH = varied, [Mesoframe] = 0.20 g L−1, [PMS] = 0.20 g L−1. 

 
Figure S25. Temperature influence on the Mesoframe-catalyzed bishphenol-A degradation. (a) UV-Vis absorption spec-
trum of the bisphenol-A degradation at 40 °C. (b) Respective rate constants of the temperature-dependent degradation. 
Reaction conditions: [Bisphenol-A] = 40.0 mg L−1, V = 100 mL, T = 25 °C or 40 °C, pH = 7, [Mesoframe] = 0.20 g L−1, [PMS] = 
0.20 g L−1. 

Table S4. Comparison of the bisphenol-A degradation conditions and the corresponding rate constants. 

Catalyst 
Conditions Data 

CBisphenol-A  
[mg L−1] 

CCatalyst  
[g L−1] 

CPMS 
 [g L−1] 

pH 
 

T  
[°C] 

Time 
[min] 

Removal 
[%] 

Rate constant k  
[min−1] 

None 40 0.00 0.20 7 25 8 0 0.00 
Co3O4 40 0.20 0.20 7 25 8 14 0.02 

Mesocrystals 40 0.20 0.20 7 25 8 0 0.00 
Mesoframes 40 0.20 0.20 7 25 8 80 0.26 
Mesoframes 40 0.20 0.20 7 25 2 35 0.26 
Mesoframes 40 0.40 0.20 7 25 2 70 1.13 
Mesoframes 40 1.20 0.20 7 25 2 99 2.25 
Mesoframes 40 2.00 0.20 7 25 2 94 1.34 
Mesoframes 40 0.20 0.20 7 25 8 81 0.26 
Mesoframes 40 0.20 0.40 7 25 8 98 0.33 
Mesoframes 40 0.20 1.00 7 25 8 91 0.23 
Mesoframes 40 0.20 2.00 7 25 8 27 0.04 
Mesoframes 40 0.20 0.20 3 25 3 50 0.24 
Mesoframes 40 0.20 0.20 5 25 3 37 0.25 
Mesoframes 40 0.20 0.20 7 25 4 63 0.26 
Mesoframes 40 0.20 0.20 9 25 3 100 0.76 
Mesoframes 40 0.20 0.20 11 25 3 97 1.06 
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Mesoframes 40 0.20 0.20 7 25 6 80 0.41 
Mesoframes 40 0.20 0.20 7 40 5 96 0.61 
Mesoframes1 40 0.20 0.20 7 25 6 78 0.22 
Mesoframes2 40 0.20 0.20 7 25 6 70 0.15 

1 Degradation in the presence of t-BuOH (1.00 mol L−1). 
2 Degradation in the presence of EtOH (1.00 mol L−1). 

Table S5. Comparison of the bisphenol-A degradation in this work with previous reported approaches. 

Catalyst Conditions Data  

 
Catalyst 

synthesis1 
[°C] 

CBisphenol-A 
[mg L−1] 

CCatalyst  
[g L−1] 

CPMS 

 [g L−1] 
Time 
[min] 

Removal 
[%] 

Rate constant 
[min−1] 

Ref. 

MnFeO@C 300 20 0.2 No data 30 95 0.10 1 
FexMn6−xCo4−N@C 650 20 0.1 0.2 10 100 0.48 2 

Mn1.8Fe1.2O4 400 10 0.2 0.2 15 100 0.10 3 
Fe/Co PBA 80 20 0.2 0.2 4 100 1.52 4 

Fe/Co PBA/PAN 80 20 0.233 0.5 240 94 No data 5 
FexCo3−xO4 500 20 0.1 0.2 60 95 0.05 6 

NiFe Layered Double 
Hydroxide 150 100 0.5 0.4 15 ~ 90 0.29 7 

Mesoframes 25 40 0.20 0.20 8 80 0.26 
This 
work 

1 Temperature during the synthesis of the respective catalyst material.  

Table S6. EDS data of the Mesoframes after the rhodamine-B catalysis. 

Elements Wt% σWt% 
C 16.01 0.22 
N 7.52 0.17 
O 20.4 0.06 
K 0.85 0.06 
Fe 6.00 0.28 
Ni 27.82 0.22 

Table S7. EDS data of the Mesoframes after the bisphenol-A catalysis. 

Elements Wt% σWt% 
C 36.75 0.19 
N 6.30 0.14 
O 18.87 0.06 
Na 0.08 0.03 
K 0.71 0.06 
Fe 3.098 0.24 
Ni 12.89 0.19 
Cu 12.75 0.32 
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