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Abstract

Prussian Blue Analogues (PBAsgje a class of inorganicompoundscharacterized by a
porous, open and threkmensional frameworkand that presentseveral important
electrochemical properties. In this work, a potentiodynagrotocol was adopted to
synthesize nickel hexacyanoferrate films on a porous andcdémiv substrate, Noam.
Performance of such films on ffdam as electrocatalysts in Oxygen Evolution Reaction
(OER) was studied and evaluatedas development of cheaptyactive OER catalysts is

crucial for hydrogen production frothewater spitting reaction.

X-Ray Photoelectron Spectroscopy (XPS) was employed to sledyrodeposited NiHCF
films and a set of PBAs powders, which included both hexacyanoferrates iepiussides.
This other last piece of work was valuable in finding outresting features about plausible

degradation process and structural differences in PBAs.
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Chapter 1

Introduction

1.1 Prussian Blue

Accidentally first synthesized by Hentuyri ch L
[1], Prussian Blue, also named ferric ferrocyanide, would make history not only as an
inorganic pigment but also as the base pillar for research about its analogue compounds.
Aside from itscolor, Prussi an Bl ue 6reprekertad bycits aperg zebhicr i s t |
type structurefirst investigated and discussed by Keggin and Miles in 1936 by means of X

ray diffraction [2]. Prussian Blue has a famentered
cubic structure where Beand Fé alternate and are
linked by cyanide, wich acts like a bridge between
the two iron atoms. Both are octahedrically
coordinated, Feto carbon and P to nitrogen. The
resulting structure is therefommposedf repeating
Fé'-CI Ne' chains with a cell lenght of
approximately 10.2 A [2].

The characteristic intense blue colour of Prussian Blue
is due to the mixedalence nature of the compound
and originatesfrom the charge transfer betweehe

Fe and Fe' centes [3].

It must be noted that there are tfoyms of Prussian
Blue, soluble and insoluble The former has
stoichiometric formula KPE[F€'(CN)s], while the

Blue (up) and insoluble Prussian Blue
(down). Legend: Fe' (green), Fe'" (red), K*

but they refer to the ease in peptization of the t'&’]e”ow)’ C (black), N (blue), water O (purple)

compounds. While the structure revealed by Kegy,...

to actual solubility in water, since both are insolubl

and Miles succssfully describes soluble Prussia Bl ue 6 s, i nsol ubl e Pr
investicated later in detail by Ludi etl. [4], still with the aid & X-ray diffraction. Insoluble
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Prussian Blue lacks some [Fe(GN) units, resulting in a different stoichiometry and their
replacement by water moleculésgure 1[5 s hows Pr ussi an Bl ueds two
I ndependently of the considered form, Pruss
vacancies that can be occupied by ions or water molecules. Its density (138 [d]¥ris
exceptionally low indeed in compson to other iron salts (higher than 3 g#eifd]. Such
feature i s at t he bgaestichemigry, upBnrwhishsevaadcindgihgu e 6 s h
applications can be developed. One remarkable example is the use of Prussian Blue as an
antidote agast TI" poisoning: Tt would replace K in its lattice and become irreversibly
trapped[l]. Prussian Ble 6 s val uabl e medi cal aid has gai
OrganizatiofWHO) Model List of Essential Medicing§].

1.2 Metal Hexacyanoferrates

Prussian Blueés just one of the many compounds belonging to the metal hexacyanometallates

class.They are haracterized by thgeneralktoichiometric formuld7]:
ArM[B(CN)g]ixmH20

where A is an alkali metal cation, M and B are transition metal ions and h, k, | and m are
stoichiometric numbers. In case B is represented by Fe, the formulgR&(CN)]ixmH>0

describes metal hexacyanoferrates structure. They are also referred tossianPBlue
Analogues(PBA), as Prussian Bl ue, being iron (111

prototype compound.

Up to date several forms of metal hexacyanoferrates have been synthesized: [&jpper
palladium[9], indium [10], vanadium[11], nickel[12], cobalt[13], titanium[14], platinum

[15], manganes¢l6] and zinc[17]. Rare earth metals hexacyanoferrates have also been
synthesized and studiefil8][19][20]. In addition to them, the syntheses of mixed
hexacyanoferrates have also been reported, such as RajCNi/Co[22] and Ni/Pd23].

Synthesis of metal hexacyanoferrates can be achieved either cheiiniaaiply by simple

scalableand low costbulk co-precipitation method$24] 1 or electrochemicallyupon an

electrodes ubstr at e. It i's possible to modul ate F
synthetical routd¢3] and that is why many compound stoichiometries, each determined by a

specific M:Fe ratio, can exist for a given analojtie
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All analogues have in common the odemimework lattice structure already discussed with
Prussian Blue, formed byN=C-Fée'-C=N-M"""- atomic chains in a repetitive fashioim.

these compoundsé' (d°) is always lowspin, while M can be either high or low spin. They
also possess a certain flexibility due to the stretching and vibrational modes of the cyanide
ligand, which, acting like a bridge, can mediate metal to metal charge trgtf§fédmrough a
"-backbonding mechanism removing charge from the C terminal and transfer it to the N
end[26].

Metal hexacyanoferrates present several properties, among which electrochemical
[27][28][29], magnetic[25] and electrochromid11]. The feasible apigations will be
discussed in &ctionl1.3,

1.2.1 Metal nitroprussides

Another class of analogues is represented by metal nitroprugsitiéy. The basic structure

of nitroprussides derives from the pentacyanonitrosylferrate(ll) anion, [FeNCNH [30]. A
transition metal ion still coordinates to the N end of 18& group. The main structural
difference from hexacyanoferrates is, therefore, the substitution of one cyanide with a nitrosyl
group. Nitrosyl is a sec al | e-d n i @ 0 @ n tneanihg tlgpeisnoridation state when
bound to a metal complex is not clear. In fact, nitrosyl can undergo a series of chemical
reduction reactions, which change both its geometry and its coordinatiogrestedé® be seen

in Figure 2. [31]

hi, 0\ =
i/
XN Ao
e  x u

Figure 2 - Lewis structures of nityrosyl group as it undergoes reduction reactions while coordinatef@ip M

This feature is important whenever @l®chemical studies or applications are involved.
Redox state§ and therefore geometry can be differentiated by means of infrared (IR)

spectroscopy, since linear-MO absorbs at 1930950 cm' and bent MNO at 14001700
12



cmt[31]. Also, nitrosyl does not act like a bridge between the two raetdkrs resulting in

more porous lattice structures.

The most relevant compound belonging to this famil/ sodium nitroprusside,
Na[Fe(CNX(NO)], usually dihydrate. Its iron atom is in a2 +oxidation state and
octahedically coordinates the five cyanides and the nitrosyl ligands. Sodium nitroprusside
has been found to exist in two different structures, one with an isonitrosyl and the other with a
bent nitrosyl [32], [33]. As with Prussian Blue, sodium nitroprusside is widely used as
medication to treat hypertensive crises. Once in the body, the release of nitrosyl as nitric
oxide causes dilatationf blood vessels, lowering blood pressure. It is found, again, in
WHOOGs Model List dd. Essenti al Medi ci nes

1.2.2 Nickel Hexacyanoferrate

Nickel hexacyanoferrate (hereby abbreviated NiHCF) is an analogue of particulart,interes
having been studied extensively along with cupric hexacyanoferrate. It gained attention for
being very effective in the removal and immobilization of radionucltd&€s from
wastewaters and it is a candidate material for ESIX (Electrochemically Switcimed

Exchange]3], a promising technology for environmental purposes.

NIHCF can be synthesized either chemically or electrochemically, as previously stated.
Chemical synthesis involves bulk -poecpitation, either directly pouring one 'Nisalt
solution into a ferricyanide one (or the opposite) or by mixing them in a dropwise mode. The

resulting structures are mostly netoichiometric, presenting a Ni:feolarratio with 1= Ni
< 2 in regards to ino [34]. Lattice norstoichiometry resulting from bulk synthesis methods

can be adapted to thin film synthe5].

However, thin films are mainly synthesized by cilechemical deposition. A variety of
electrochemical deposition protocols can be found in literaf86§i [40]. A traditional
strategy involved the use of nickel metal surfaces as substrate ancbtisgguent oxidation

to produce Ni ions that would supposedhgact with [Fe(CNj* or [Fe(CN}]* in solution

[12]. Nevertleless, cathodic deposition is chosen instead in more recent papers: both
potentiodynamic and qtentiostatic procedures are encountered. Zamponi .ef4a]
investigated the effeatf experimental conditions on thresulting NiHCF structure: it was

concluded that potentiodynamic methods provided &ri¢h structure, assumed as

13



KNi[Fe"'(CN)e], while the application of a constant potentiaésgecially for long times
resultedin a Nirich structure, Nig[Fe'" (CN)]. They alsohinted that both stictures were
actually deposited. Such assumption can be made whenever solid mixtures are synthesized,

independently of the synthetical route.

NIHCF has a cubic structure witiNi-N=C-Fe- linear atomic chains and cell lehga

between 10.1 A and 10.4 A aeding to LoosNeskovic et al[42]. Bulk-synthesized NiHCF

belongs to thé&m-3m space group42],[43]. Cathodically deposited NiHCF thin films were
analyzed by means of XRD and EXAFS 8teen et al[44] and they concluded that their

st ucture resembles better fiPm8ndroupdih cortrasPr us s i
with bulk NiIHCF).While Fé' is ochtaedcally coordinated to six carbon atoms, the average

Ni coordination number is between 4.4 and b.bverall, the structure is less rigid than

expected. Lattice parameter also increases proportionally to intercalated cation size.

While Fé' is electroactive, Niis electrochemically inert in NiIHCR5].

13Prussian Bl upmlicéiional oguesd a

Prussian Blue Analogues, like Prussian Blue itg2%], show considerable electrochemical
activity. Such feature is usually attributed to the reversiblé/fF@ redox couple, yet the

other present transition metal may react ahdngeits oxidation stateas wel| e.g, Cu is
electroactive in copper hexacyanoferfdt@], as Ti is in titanium hexacyanoferrdfet].

As either M or Fe or both amxidizedand reducedalkali metal cations in the solution leave

or enter the lattice respectively to imi@in net charge neutrality the materialThis feature

has been studied extensively for applicationon sensors and ion exchangspecially for
non-electroactiveoxic cations such as Tand C$[3].

In the last few years, many studies have focused on the application of PBAs as battery
materials, especially irechargeabl&odium lon Batteries (SIBs). PBAs present a variety of
advantages, from their rigid open frameworwhich is unaffected by ion iestion processes

i to the affordable and simple synthesis method. Electrochemical properties of the material
can be also easily tuned, for example by choosing a specific combination of transition metals.
[45]

14



PBAsbased biosenssrand transducerfiave also been developetlle to he mat er i al
electrocatalytic activityKaryakinreportedseveral examples, including sensors fe©fand
glucos€g29].

In addition,PBAs display electrochromic propertieBlectrochromism is the change of color
in a material when a voltage is appliadd it is an important feature in the development of
displays. Cobalt hexacyanoferratshowed significant electrochromibehavior which was
also found to be electroly#epending [47]. Vanadium hexacyanoferrate films are
electrochromic, changing from yellow to green whaidized[11].

PBAs, finally, have also been studied for hydrogen stofdg#26] and for wastewater

remediatior3].

1.4 X-Ray PhotoelectronSpectroscopy

X-Ray Photoelectron Spectroscopy (XPS) or ESCAn acronym that stands for Electron
Spectroscopy for Chemical Analysisis a surfacesensitive spectroscopic technique. It is
based on the photoelectric effect, whidescribesa surface emting electronswhen
illuminatedby an incident beam of ligi49].

In the case of XPS, the surface is irradiated by an inciddgaybeam with a known definite
energy, which excites the constitutingoms and subsequently causes ejection of
photoelectronsWith relatively high probability core electronst he ¢l ose st to t
nucleus- are expelled, creating a core é@Figure 3). The atom is thus ionized and the
emitted sec al | ed A pr i maanalyzed With cespead to sheir kiaaeticcenergy and
detected. Photoelectron lines are named accotditigar total momentum (J # + s), wherel
=0,1,2,3- denoted as s,p,d;fands = £1/2, quantum numbers of the core energy level from

which the photoelectrons are expelledg. Fe 2g> where 3/2 =1 + Y2 £+ s. [49]

15
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Figure 3 - Ejectionof a 1s electron and formation of a core hole after photoionization byRayXphotorj50]

Since the electrortsavel harder in matter, thdnave agenerallylow mean free path (modeled
byasocal | ed fiuni versal curveo, which relates
of approximately 104-20 A because of strong interaction with matter, only the topmost

atomic layers are probed@he escaping photoelectron has a specific kineticggnigc, which

can be calculated as follow$1]

Ex=hv-Es-l [1]

In such formulahvis the XRay 6 s Esnesr gyh,e el ectronosthéi ndi n
spectrometerds work function.

Eg is a characteristic energy value for a certain orbital of a ceetament Therefore, the

binding energy is an elemespecific @rameter and proges qualitativecomposition of a

sample. Generally speaking, the more closely bound an electron, the higher its corresponding

Es and accordingo Equation 1theless kinetic energy it has after ejection.

Aside from elemental analysis, it is also possible to probe the actual chemical species present
by checking the pe &kemgal ghift igalcliasge iccéredevdl binding s hi f t
energy value for an atom in a certainvironmentas a result ofhe changed electron density

in the valence electrons

Therefore, the wusual information that can be gained by XPS analysis is:

16



elemental identity

(@4

chemical oxidation state via chemical shift

(@4

It is also possible to evaluate the amount of the various specimens through quantitative
analysis of peaks. Assuming that the sample is homogeneous, there is a correlation between

the intensity of a peak and the number of atoms sanp®d

I = nfddyaAT [2]
Where
| is the peak intensity, in photoelectrésescond

O«

n is the number of atomof the analyte elementper cnt in the sample

O«

fis the XRay flux, in photons/cFA s e ¢

O«

0 is the photoelectric crossection for the atomic orbital of interest iném

O«

O«

dis the angular efficiency factor for the instrument

y is the efficiency of the photoelectric process

O«

ais the IMFP (Inelastic Mean Free Path) of a photoelectron

O«

A is the area of the analyte sample irfcm

O«

O«

T is the detection frequency

It must be keptilmi nd t hat the quantitative anal ysi s
surface.To probe the inner layers of the sample, sputterirggriployed. Sputtering involves
bombardment of the surface via inert ions such as Ar

XPS analysis is carried out ibltra High Vacuum (UHV 1x10° Torr) for plenty of
experimental reasonbirst, UHV is required toresure a sufficient inelastic mean free path for

the photoeletrons escaping the solid and to minimize the dissipatiognefgy via inelastic
scattering. Lw pressures (10 Torr) are also needed to operate theR3y anode and

filaments without damage. They are also necessary to minimize surface contamination from

the gases present in the analysis charfa$gr

Samples are usually fixed ararbon tape placed onmaetallic sample holdernn order to

provideconductivity. Despite this, specimen charging phenomena occur nevertheless.

17



1.4.1 Extrinsic and intrinsic energy loss processes

It shouldbe mentioned that primary electrons can experience energy losses through specific
processes, kKw@wn aag-o fiifsdn a k & na shakeup eprocess, the
photoelectron interacts with an outer shell valence electron and promotes igh®adnergy

level, hereby losing some of its original kinetic energy. The resulting photoelectron line is
situated at a slightly higher binding energy thanghesent linegiving rise to a satellite. If

the photoelectron transfers enough kinetic enemythie valence electron to cause its
emission,shakeoff occurs. Again, the resulting line is located at higher binding energy as a
satellite to the main ling52]

Pl asmon peaks are structures arising from ph
though, peaksrre situatect 2625 eV above the primary photoelectron limesl are deemed

mostly extrinsic This phenomenon may happen wiasalyzing metal surfacgS1].

Another process that must be taken into consideration is multiplgingplMultiplet splitting

arises whenever an atom, in a given oxidation state, contains unpaired elggtfoAdter
photoionizati on, the wunpaired core el ectron
electrons. This lead® a number of possible final states, which are detected in the spectrum

as multipeaks structures. Multiplet splitting is very common when transition metal atoms are
analyzed.

Inelastic scattering, secondary electrons and collision give rise to -Hks&dpackgroundat

the photoelectron lingsvhich increases from lower to higher binding energies.

1.4.2 Relaxation processes after photoionization

When an electron core hole has been created, the atom is unistailger to stabilize, two
competitive processes may oc¢bigure 4) :

0 X-Ray fluorescence: an electron from an outer shell fills in the vacancy, emitting a
photon whose energy is equal to the differenceEpE wheren is the outer energy
level. When examining this characteristadiatian, the associated technigiseX-Ray
Fluorescence (XRF) Spectroscopy [49]

0 Auger effect:it is a twoelectron process, in which upon relaxation of an outer

electron into the inner core holeg#éferent outer electron is ejectesluch electron is a

18



secondary electron and the overall process leaves the atom doubly ionized, yet in a
more stablestate. The kinetic energy of the Auger electron is totally independent of
incidenthv and depends exclusively on the energy difference between the involved
atom shellsAn Auger line can thus be identified by these atomic orbital shells in a
threeletter code: the first letter refers to the orbital from which the photoelectron is
ejected (K inFigure 4), the secontb the orbital of the decaying outer electron)(L

and the third and last one to the orbital losing an electr@p).(Auger lines are
recorded anytime an XPS experiment is runnibgie to normalization to the
excitation energy,he position of Auger lines changes when a diffedéiRay source

is selected and overlapping with primary photoelectric lines has to be consjdéted.

4
S hy e

ty _to

1<€ to
XFS AES
Figure 4 - Schemes of-Ray Fluorescence and a KLL Auger phenonmiés

Fluorescence is more likelfor heavier elements (Z>25), whereas Auger efiiectnore
probable folighter element$50].

1.5 Cyclic Voltammetry

Cyclic voltammetry (CV) is an electroanalytical technique useful to characterize the
electrochemicabehaviorof a certain species or material, determine the potgijalt which
oxidation or reduction occur and state whether such reactions are reversiblg84.not

Cyclic voltammetry is similar to linear sweep voltammetry (LSV), wherefamel potential

area is investigatedt a certain scan ratein a given direction starting from a precise initial

potentialEo. However, while LSV is a oagegment experiment, in C&¥ reverse scan begins

19



immediately aftei therefore, completing one full cycl€urrent peaks are usually seen when
electrochemical reactions take place. Their intensity is related to the operating scan rate by the

RandlesSevcik equationvalidfor a reversible systemat T = 5 °C [53]:

lp = (2.69 x 10)n*?ADo'2Co" V12 [3]
where:
1 Ilpis the peak current, in A
n is the stoichiorric number of electrasitaking part in the electrode reaction
A is the area of the electrode inTm
Do is the diffusion coefficient of speci€ in cnf/s

Co'is the bulk concentratioim the solutiorof species O, in mol/ctn

=4 =2 =4 -4 -4

vis the linear scan rate, in V/s

When electroactive layers are being analyteis, directly proportional te [53].

Equatbns concerning the peak potentig) &e also importar{63]:

|Epi Epiz = 2.20<RT/nF = 56.5/n mV at 25C [4]
where:
1 Epris the halfpeak potential
R is the universal gas constamigasured in J/molxK
T is the temperature, in K

F is the Faraday constant, e.g the charge on one mole of electrons, in C

= =4 =4 =4

n is the stoichiometric number of electrons involved in the reaction

In a reversible systenthe potential Edoes not depend on the curt,eon the scan rate or the
concentration of the analyte in solutidnit is therefore a specific value for the studied

reaction and representative of the thermodynamics of the studied system.

1.6 Oxygen Evolution Reaction

Oxygen Evolution Reaction (OER), also refer.]

reactionsi the other one being HER, Hydrogen Evolution Reactianvolved in water

20



splitting. Water splitting represents an efficient, clean and renewable way to produce H
which is deemed as a promising energy source to substitute fossil fuels.
While at the cathode HER occurs, at the anode OER, the complementary rgaocteeds

[54].

OER may happen both in acidic (Reactiqri5b]) and alkaline (Reaction, §56]) media, yet

the mechanism is different:

1) 2HO Y *446+0;
2) 40HY 2:@1+ O+ 4e

A pH dependence of OER is nevertheless clear. OER studies are often carried out in alkaline
conditionssincemany OER catalysfs mainly oxides and hydroxiddsare chemically stable,
whereas they are not in acidic soluti¢bg].

A major challenge in the development of this technology is findigély-performingand

stable OER catalysts indeed. That becauseOER is a very slownoving reaction, which
requireshe transfer of four electroristherefore having | ar ge o\J5d]r pot ent i al
Among the studied catalysts are rutype RuQ and IrQ, which display high activity yet are
oxidized and dissolved at high anodic poten{iad.

Ni and its oxidehave been known to possess electrocatalytic activity towards [BHR

Since Ni is foundn combination with E on earth andlli oxides and hydroxides may present

iron impurities, a lot of research has focused on NiFe electrocatalysts forTGERresence

of iron in NiO« has been found to enhance dramatic@iR electrocatalysi§s8], [59].
McCrory et al [60] found that NiFe®@ has a remarkable specific activity, larger than many
other oxides.A study on NiHCF aglectrocatalyst for OER has recently also been published

[43]. Therefore, NiFe compounds deseplenty of attention in the future developments.
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Chapter 2
Aim of the thesis

This work has been developed around two main interconnected topics: the first involving the
synthesis, characterizati@mdan application of NIHCF and the second aimed to a structural

characterization of a set BBAs

ConcerningNiHCF, thework set outto develop a reproducible method to synthesize thin
films of nickel hexacyanoferrate on Ni foam as a substrate, since a previous appaieaudt
satisfying[61]. Both syntheses were based on an electrochémoogée and Nifoam was

chosen as an electrode because of its large electroactive surface area and low cost.
Characterization of the deposited materiatluded cyclic voltammetry in different
electrolytes to probe its electrochemidshaviorand XPS spdooscopyto find out its
stoichiometry.Finally, the performance of such mater@h Ni foam as electrocatalyst for
oxygen evolution reaction (OER) was evaluated

Besides this, XPS spectra of a set of ten powedarnsluding both metal hexacyanoferrates

and metal nitroprussidds were recorded to gain valuable information abib oxidation

states of the mals and their stoichiometryThe spectra could also be pfil in detecting

trends and in making comparisons, in order to get a wider picture of metal hexacyanoferrates
as a class of compounds.

22



Chapter 3
Experimental

3.1 Reagents and materials
3.1.1 Reagents

K4Fe(CN}x3H20 (CAS Number 445995-1) was purchased from Merck, whilesFe(CN)
(1374666-2), NaoFe[(CNENO]xH20 (1375538-9), Ni(NO3)2x6H0O (1347800-7), NaNGz
(7631:99-4), KNO3 (7757%79-1) and KOH(131058-3) were purchasettom SigmaAldrich.

All compoundswere used directly without further treatment or purification.

3.1.2 Powders

The following set of powders was provid€table 1) They were all synthesized by -co
precipitation methods our group yet by different researchernsy a protocol described in
Mullaliu et. al [46]. Reported stoichiometries have been obtained by Atomic Emission
Spectroscopy (AESi this acronym should not be confused with Auger Electron

Spectroscopy

Table 1i Powder samples informatio precursors and AE8valuated stoichiometry

Sample name Precursors Stoichiometry

MnFeA02 MnSQuxH-0, Nag.sMn1 sFe(CN)
Nasj[Fe(CN]*x10H,0, N&SOy

MnFeA03 Same as MnFeA02 Nag.ogMn1.1Fe(CN)
TiFe01 Ti(OBu)4, EtOH, NauFe(CN}, HCI Nag.gTio.Fe(CN)
TiFe02 Same as TiFeO1 Not determined
CuFeA CuSQ, NajFe(CN) Nay.4Cun.7Fe(CN)
CuFeB Same as CuFeA Nag.1Cur eFe(CN)
CuFeC CuSQ, KsFe(CN) Ko.15CusFe(CN)
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InFe02 InCls, NauFe(CN} Not determined

CoNP_05 Co(NQy)2, COFd(CN)sNOJ
Nag[Fe(CNENO]x2H,0, NaNQ

NiNP1 NiSOy, NiFe[(CN)sNO]
Nao[Fe(CN)NO]Jx2H,0, NaNG

3. 2 Electrachemistry

All electrochemicalexperiments were performeat room temperatureising a CHI 620
potentiostat. A threelectrode cell configuration was always adopted, withnandn 5 mm

Ni-foam substrate as working electrode, a standard calomel electrode (SCE) as reference and

a Pt wire as auxiliary electrodall mentioned solutions are aqueous solutions.
3.2.1Electrosynthesis
3.2.1.1 Formerelectosynthesis

A former method from a previous thesis [61], was first repeated.

50 mL solutions with 3nM KsFe(CN)} and 0.1M KNO3 were prepared fresh each tinfde

open circuit potential between Ni foam and the solution was monitored for 300 seconds
(equilibration time)and thena potential of 1.0 V was applied fother 300 seconsl As a

final step a potential of 0.25 V was applied for 120 seconds
3.21.2 Newelectrosynthesis

Threepreliminary deposition protocols were pointed out in liter@, differing inscan rate
and explored areas, and they were tested to select the most suitalMetioel | wasalso

arbitrarily tested:

[. [0.0 V- 1.2 V] at 100 mV/s scan rate

[I. [0.0 V - 0.85 V] at 100 mV/s scan rafa8]
[ll.[0.0 V - 1.2 V] at 25 mV/s scan raf86]
IV.[0.0 V-0.85 V] & 25 mV/s scan ratg0]

Method Ill was later chosen and adopted for all later tresexplained in Séon 4.1.2.50

mL aqueoussolutions with 5mM KFe(CN} , 5mM Ni(NOsz)2 and 0.1 M KNQ were
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prepared fresh each time. Cyclic voltammé&@y) was performed, scanning from 0 V to 1.2
V potential at 25 mV/s for 15 full cycles. Since a precipitate was already formed in the flask,

a magnetic stirrer was required to keep homogeneity in the medium during deposition.
3.2.2 Electrochemical charaderization
3.2.2.1 Former electrosynthesis

Thesynthesizednaterial was characterized by mean€dfin 1 M NaNQ solution. 30 scans
(15 full cycles) were recorded with a 50 mV/s scan rate, exploring the potential fédion

- 0.8 V and starting from 0.25 V with a negative swipe.
3.2.2.2 New electrosynthesis

Materials deposited accordimgeliminary trials | to IV were characterized with CV recorded
in 1 M NaNGQ solution. Again, 15 full cycles were recorded with a 50 mV/s scan rate,-from

0.1 Vto 0.8 V and starting from 0.25 V with a negative swipe.

Materialssynthesized according to metthlll were characterized by CV in 0.1 M KNQOG.1
M NaNO3and 1M KOH (after LSV) CV performed in 0.IM KNO3 were recorded with
several scan rates, while in ML NaNG: and 1M KOH only 50 mV/sand 10 mV/sscan
rates respectivelywereused The potential investigated area was still1 V- 0.8 Vin KNO3
and NaNG@, while it was 0.1 M 0.45 V in KOH.

3.23 Oxygen Evolution Reaction

LinearSwipe Voltammetrywas performedmmediatelyafter depositionscanning at 10 mV/s
from 0.0 V to 0.65 V in a M KOH solution.

3.3 XPS measurements
3.3.1 Sample preparation

Compounds chosen asference i KsFe(CN)es, KsFe(CN) and NaFe[(CNXENO] i were
milled in a mortar to reduce grain size and enhance homogeneity.
Powders had been already milled and wewsed without further treatment.
Electrochemical samples were exposed to air for at least two hours.

Each sample was prepared on carbon tape placed on a square sample holder. Carbon tape area
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was covered entirely and as homogenously as possible. The shoigér wasalways
cleaned with acetone priand aftettheuse.

3.3.2 Measuremens$

XPS measurements were performed with a VG EscalabX28pectrometerThe employed
spectrometer was equipped with a model 2P@lyzerand a set of six channel electron
multipliers with a 16 ns multidetector dead tinfdhe working pressure was between®10
andL0® mbar. A survey spectrum was recorded first every time to get qualitative information,
then detailed spectra. The spectra parameters are summarized i@, Vafile Tabe 3details

the type of radiatioinorrmonodromatic)used for every sample.

Table27 Acquisition parametersf XPS measurements

Parameter Survey spectrum Detailed spectra
Binding energy range (eV) -5-1200 Element depending
Pass energy (eV) 50 10
50()
Step width (eV) 0.5 0.1
Number of scans 1 4
Dwell time (ms) 100 300
Lensmode Large Area (LAE) Large Area (LAE)

(*) Electrochemical samples

Table 3i X-Ray madiationsourcesemployedn measurements

Radiation Photon Energy (eV) Analyzed samples
Al-K U 1486.6 MnFeA02, MnFeA03, TiFe01,
TiFe02, CuFeA, CuFeB, CuFeC
InFe02
Mg-K U 1253.6 Used only in combination with Al
KU
Both Ni-foam untreated, Nioam cycled,

NiHCF pristine, NiIHCF reduced,
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NiHCF oxidised, CoNP_05, NiNP1

Reference compoundsd powdersvere inserted in the machine and exposed to high vacuum
for at leasta night. No flood gun was useduring measurement, yet pre[(CN)ENO]
spectrum was recorded a second time with flood @peratingto judge whether differential

charging phenomena were oatng or not. No sputtering was ever performed.
3.3.3 Spetrum fitting

Spectra were fitted using Unifit 2020 softwdt@tps://www.unifitsoftware.de) Excitation
satellites from nommonachromatic radiation we always subtractefliom detailed spectra. A
combination of polynomial an8hirley background was chosd®eak shapes were simulated

combining Lorentzian and Gaussian functions by convolution (Voigt profile).

When Es values references are not being specified, it is imphiatithe values were presented

by a databank in Unifit.
3.3.4 Charge correction

Although a common strategy is to chaxgerect results on s adventitiouqaliphatic)
carbon, either at 283.eV or 285.0 eVN 1s seemed to be a better choice for kimel of

speciesgnvestigated in this work

First, Es values for N 1s cyanide signals were better documented in literatureadneery
closebinding energyalues making N1s a more reliable signal to perform charge correction

upon. Also,C 1s cyanide gin a | is very close to aliphatic c
be separately denwoluted in fitting proceduré this feature will be clearly demetrated in

the results section (Chapter 4).

However, electrochemically modifiedamples are an exception to this choicefad they

were chargeorrected on C 1s adventitious carbon. The reason lies in the little amount of
material deposited on the substratehich would make charge correction on N 1s less
reliable. And yet, becaesof that, C 1s signal could be attributed mainly to adventitious

carbon.
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Table4 summarizes the signals and the binding energies values on which charge correction

was performed according to the arzalg sample.

Table4 7 Chosen signals ancklative E for charge correction

Sample Signal and species Es (eV) Reference

K4Fe(CN)and MHCFs N 1s 397.6 [62]
-CN

KsFe(CN) N 1s 398.1 [63]
-CN

NazFe[(CN)sNO] and N 1s 397.2 [62]
MNPs -CN

Electrochemical samples Cls 285.0 [64]

adventitious carbon
-CH,-
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Chapter 4
Results and Discussion

4.1 Electrochemistry
4.1.1Former synthesis

Several samples were synthesized and tesisdshown inFigure 5. When NaNG; is
employed as electrolyte single reversible redox couple is observed, with an anogliat E
0.34 V and a cathodicpkat 0.32 V It is evidentthat the synthesis is not reprodulei,
suggesting the idea of differeamounts of deposit. These features are in agreement with
previousfindings and the porous nature of-féam was given as an explanation for the lack
of reproducibility[61].

3,0x10™ 1
2,0x10™
1,0x10™

0,0 +

I [A]

-1,0x10™ 1

-2,0x10™

-3,0x10* . . . . : : :
0,2 0,0 0,2 0,4 0,6 0,8

E [V]vs SCE

Figure 51 Cyclic voltammograms of thin films of NiIHCF electrodeposited efoétn in 1M NaN®in -0.1V to 0.8 V range
at 50 mV/s scan rate
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4.1.2 New synthesis

Sincethe largest amount ®iHCF was synthesized with this proto¢Bigure 6), Method IlI
- 25 mV/s scan rate exploring the 0.0 \1..2 V arei was selected as new method.

6,0x10° -

4,0x10°

2,0x10° -

i [A]

0,0

-0,2 0,0 0,2 0:4 0,6 0,8
E [V] vs SCE

Figure 6 1 Cyclic voltammograms of thin films of NiIHCF electrodsiferd on Nifoam in 1M NaN®in -0.1 V
to 0.8 V rangat 50 mV/s scan raté&ilms were synthesized according to procedures: I){L@¥ at 100mV/s
(black), 1) 0.0M0.85V at 100 mV/s (green), Ill) 0.aM2V at 25 mV/s (blue), IV)0.e¥85V at 25 mV/&ed)

The resulting deposition voltammogramdisplayedin Figure 7. The arrows pointowards

the direction of change of intensity during the rhimst, a high cathodic current is noticed in

the 0.0 Vi 0.2 V area: this feature is associated to a reduction process happening at the

electrode.The cathodic current peak initially has the shape of a totally irreversible peak. Its

intensity continually decreases during cycling and the peak position shifts to a slightly higher

potential(0.12 V), while an anodic peak at 0.21 V appears and increases. The overall final

shape ofuch region resembles a reversible redox colipie plausiblethat these signhs can

be attributed to aqueous [Fe(GN), which is taken away from the solution as the deposition

goes on. When the electrode area is covered with the material, ferricyanide iomeésded
anymore and the redox couple signal is therefore detethedconcurrent progress of the
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deposition reaction is proved by rise in intensity of the sigmalshe 0.3 V- 0.6 V
voltammogram region, where the presence of two redox couples coelnoed Zamponi

et. al [27] obtained a similar voltammogram, identifying ferricyianide ion reduction at
potentials lower than 0.3 ¥nd two redox couples beten 0.35 V and 0.6 V which were
attributed to theynthesized films of NiHCF.

2,0x10™ -
1,0x10™
0,0

-1,0x10™ 1

i [A]

-2,0x10™
-3,0x10™ —

-4,0x10™ 1

-5,0x10™ 1

-6,x10* +—4"-+++-—"-t1+-—"75-"—"T—""T""T""T7T""7
0,0 0,2 0,4 0,6 0,8 1,0 1,2

E [V] vs SCE

Figure 71 Cyclic voltammogranof NiHCF being synthesized on4{fdam via cycling from 0.0 Vto 1.2 V at a
25 mV/s scan rate from a 5mM Ni(8)& 5 mM KFe(CN) and 0.1 M KN@solution

4.1.3 Characterizatin

Figure 8 provides proof that films of NiIHCF were actually deposited ofiddm with the

new method. The voltammetric response of the synthesized material can be seen: two redox
couples appear. The firgouple is found at approximately 0.37 V (cathodic) and 0.45 V
(anodic), while the second one at 0.53 V (cathodic) and 0.55 V (anodic). The shape and the
presence of two redox couples in the voltammogram match results provided by literature

[27][65][66]. The corresponding electrochemical reactiond4ité:

1) NirgFe"(CN)] + K" +ez K NjfFe!(CN)g]
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2) KNi[Fe"(CN)s] + K*+eZz  i[Fe"(CN)q

Reaction 1 occurs at higher potentials, wRikaction 2 at lower potentialsh& existencef

two forms of NiHCF, one Nrich and the other &rich, was postulated to explain the results

[41].

-5
6,0x10” —— Blank

4,0x10°

2,0x10° 1

i [A]

-0,2 0,0 0,2 0:4 0,6 0,8
E [V] vs SCE

Figure 81 Cyclic voltammograms of thin films on NiHCF onfidam and Nifoam (blank) in 0.1 M KN&in -
0.1V to 0.8V at 50 mV/s scan rate

Figure 9 displays the reproducibility of the newly proposed synthetic protocil is
demonstrated that the synthesis is not perfectly reproducitieugh progress has been
clearly made, as voltammograms arainly superimposable. In this case, it might be assumed

that different amounts of deposited material can be related to differences in the porous

subst r abothéngernal ane external.
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Figure 91 Selected cyclic voltammograms of thin films of NiIHCF offioldim in 0.1 M KN®@in -0.1V to 0.8 V
rangeat 50 mV/s scan rate
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Figure 1071 Cyclic voltammograms of thin films of NIHCF onfdam in 0.1 M KN@®in -0.1 V to 0.8 V range
at scan rates: 1mV/s, 5 mV/s, 10 mV/s, 25 mV/s, 50 mV/s, 100 mV/s, 200 mV/s, 500 mV/s, 800 mV/s, 1V/s (each
recorded withsuitable sensitivity)

33



The charactestic voltammograms were then recorded at several different scan rates, as
shown inFigure 10. The tweredox couples profile disappears at high scan rates (higher than
100 mV/s).

The dependency between, halues andscan rates was explored in Graph Qirect
proportionality betweernplandv is observed up to 50 mV/s scan rate: films of NiHi&Rave
indeed like a monolaygmonolayer regime)However, for scan rates above 100 m\disect
proportionalitybetween § andv’? is observed: NiHCF films behave like a bulk deposit, in the
socal l ed fAdiffusive r egi meawhicHhdhahge mappesed:st fita n

better in the diffusive regime than in the monolayer regime.

Trends in NiHCF - 100 mV/s as diffusive regime
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Graph1i Linearity betweenglvalues and scan rates; Uv (blue linei monolayer regime),,IUvY2 (orange
linei diffusive regime)

4.1.4 Oxygen Evolution Reaction
A blank of NHfoam in 1 M KOH was first recorded and is showrfigure 11. The cathodic
Ip at 0.21 V rises slightly yet constantly in intensity, which indicates a reduction reaction

taking place more over time. Since-tdam should supposedly beit is difficult to state

with certainty which process is involved.
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E [V]vs SCE

Figure 117 Cyclic voltammogram of Nbam in 1 M KOHn 0.1 V to 0.45 V rangat 10 mV/s scan rate
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Figure 12- Cyclic voltammogram of thin films of NIHCF on-féam in 1 M KOH in 0.1 V to 0.45at 10 mV/s
scan rate
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Figure 12 shows the voltammogram for NiHCF on-féiam. Although two redox couplesis

NiHCF should have were seen in a preliminary experiment, later voltammograms showed a
single reversible redox cple. Its peak intensity increases during cycling. Again, it is difficult

to state precisely what occurs, yet it is well established that the NiIHCF undergoes profound

modification in alkaline solution7].

Oxygen Evolution Reaction performances were finally evaluate®. Famples and NMoam
(blank) were tested both befqfeéigure 13)and afte(Figure 14)cycling in 1 M KOH.

OER before characterization in 1M KOH

—— Ni-foam
2,5x10" —
— 2
—3
2,0x10"
X —4
—5
1,5x10"
<
T 1,0x10" 1
5,0x10°
0,0 1
I

! ¥ T ¥ T ' T ¥ T ' T ¥ T ' T '
-100 0 100 200 300 400 500 600 700
E [mV] vs SCE

Figure 13i Linear Sweep Voltammogram of OER performance of films of NiIHCF afwhMiin 1 M KOH in
0.0 V1o 0.65 V range at 10 mV/s scan rate (before further characterization)
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OER after characterization in 1M KOH Ni-foam
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Figure 14- Linear Sweep Voltammogram of OER performance of films of NiHCF afwhMiin 1 M KOH in
0.0 Vto 0.65 V range at 10 mV/s scan rate (after characterization)

Ni-f oamo s el ectrocatalytic activity i s gr ea
characterizatin in 1M KOH. Thus, it i s unknown how much
activity derives from the material itself or fddam substrateA deeper study on Ni 0 a md s
composition (Section 4.23ould be helpful to better understand its remarkable activity in

OER. Actually, the decrease in electrocatalytic performance after modification-foarNi

with Ni HCF may suggest that the maff @eraimdlsd s

highly activesites- therefore hindering electrocatalysis.

After characterization, the samples all displayed enhanced electrocatalytic performance
(higher slope) except for Nifoam. The peak at 0.3 V is also more pronounced. This is
further proof that, during cyclm in KOH, chemical modifications that enhance

electrocatalysis occur.

As OER performances are therefore related tfosin and not to synthesized NiHCF, further

tests were not carried out.
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4.2 XPS study of Nckel Hexacyanoferrate

Five samples wenmnmeasured bXPS:
1 Ni-foam untreated

1 Ni-foam cycled: the substrate being cycled with the same settings for the
electrochemical synthesis, yetin 0.1 M KNO

1 NiHCF pristine

1 NIiHCF reduced: NiHCFoeing synthesized and then reduced@d V in 0.1 M
KNO3

1 NIiHCF oxidized: NiIHCF being synthesized and then oxidized to +0i8 ¥.1 M
KNO3

Some points may start from discussingfdam spectra. Survey spectrum shovezdbon
(adventitious carbon) as tlealy impurity present.

Figure 15shows the Ni 2p, signal for Nifoam untreatedThis might be considered
representative, since all samples displayed a similar i gnal. Each Ni 2p» was fitted

with three singlets, each having a satellitecase of Nifoam untreated, XPS experiments
suggestedhat exposure to air oxidized most of the substrate (Ni metal, 852.7 eV) to NiO
(854.4 eV) and Ni(OH)(855.9 eV) or NiOs (856.0 eV)i thesetwo species are difficult to
differentiategiven the close binding energies.
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Figure 15- Ni-foam untreated Ni 2 XPS detailed spectrum: Ni metal and satellite (blue), NiO and satellite
(pink) and Ni(OH)andsatellite (grey)
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Figure 16 - Ni-foam untreated O 1s XPS detailed spectrum
The presence of NiO and Ni(OH3 also validated in the O 1s spectrurig(re 16, at 529.6
eV and 531.5 eV respectively. The peak at 532.8 eV is aktgpel oxygen, coming very
probably from dirt.
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In Figure 17, a plot displayindNi 2p spectra for all samples is provided.
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Figure 17 - Ni 2psignals (XPS); Batch Parametéfrom bottom to topl1: Ni-foam untreated, 12: Nioam
cycled, 13: NiHCF pristine, 14: NiHCF reduced, 15: NiHCF oxidized

The evolution of the Ni 2p signal is not easy to interpretfdéim untreated (11) is the only
sample to present a sharp peak in the Ni:2pgion: other samples do not have edgy peaks
and they all seem to have two main species present in similar amébatwer binding
energy side of the Ni 2p also rises more smoothly in the case ofddm untreated. Cycling

of Ni-foam, whether with NIHCF or not, seems to significantly alter the substrate

nevertheless.

Table 5 shows E values and relative amounts of species in Ni2jor all the samples
resulting from a peak fitSatellites were not included the quantification. Order of the peaks

(1,2,3) goes from higher to lower binding energies.
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Table5 - Ni 2ps2 peaks:binding energies and relative amouf¢xcluding satellites)

Sample Eg Peak 1 (eV) Es Peak 2 (eV) Es Peak 3 (eV) Ni2pa/Fe2ps:2
Relative amount (%)| Relative amount Relative amount ratio
(%) (%)
Ni-foam untreated 856.0 854.4 852.6 31.7
313 22.8 15.7
Ni-foam cycled 856.1 854.4 852.8 Indefinite, no Fe
236 24.6 241 was detected
NiHCF pristine 856.1 854.45 852.9 9.9
17.2 23.7 17.6
NiHCF reduced 855.9 854.1 852.2 2.53
228 25.2 24.7
NiHCF oxidized 856.5 854.8 853.3 16.9
23.3 25.8 231

Peak 1 (attributed to Nihydroxide in Nifoam untreated) undergoes relevant changes in
NIHCF oxidized. Its B changes significantly, while in the other samples it stays the same. Its
relative amount, though, decreases in cycled samples. Peak 2 (atttipiN@O in Nifoam
untreated) changes its ih both NiHCF reduced and oxidized, yet its relative amount stays
the same. Peak 3 (attributed to-rNetal in Nifoam untreated) changes the most: not only
does theeg change in every cageeven though some changes are minor, being less than 1 eV
apart-, also the relative amounbéds.Neverthless, NiO and Ni(Ok)seem to be present in
notable quantitiesi this feature provides an excellent explanation for the OER results
obtained The NifFe ratio shows thaiome Fecanbe alreadypresent as an impurity in Ni
foam Since CV characterization (Section 4.1.3) of NIHCF on-flam revealed that the
synthesis was reproducible to a high degreeis possible that the synthesis is not
homogerousand the porous nature of the substrate enhances the possibility of random and
lessstructured respons&lon-homogeneity of NiHCFynthesis on Ni foam was also proved
by SEM in a previous thesig8]. Also, as synthesized NIiHCF is supposed tof&s
monolayes, photoelectrons from underlying ffdam can still be probed therefore

contributing to the high Ni 2p signal.
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Fe 2p2 signak are alsoshown forevery sampleHRigure 18. The signal to noise ratio was
very low in each measuremeittis difficult to state with certainty the oxidation state of Fe.
The spectra provenly that the amount of Fe hasdreasedemarkablydue to the synthesis
and the substrate wasleedmodified.
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Figure 1871 Fe 2py2 signals (XPS); Batch Parameter 11:-fdam untreated, 12: Nioam cycled, 13: NiIHCF
pristine, 14: NiHCF reduced, 15: NiHCF oxidized

Since detected Fe was little, it is possible to assume that a corresponding Ni signal in Ni 2p
for synthesized NiIHCF is psent, yet not big enobgto be properly deconvoluted. It also
might be possibly harder to differentiate due to a similar binding energy to one of the Ni
species present in the sample.

Another proof comes from the survey spectrum fofddim untreateqFigure 19) where no
nitrogen was detected.
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Figure 19 - Ni-foam untreated XPS survey spectrum

The N 1s signal for NiHCF pristing-igure 20)is very low in intensity. No real information

can be obtained, aside from proving that the substrate was modified
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Figure 20- NiHCF pristine N 1s XPS detailed spectrum
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4.3 XPS study of powders

In this part,referencecompounds spectra will first be shown and discussed to state some
fundamental features about fitting and interpretation of the main signaisch are valuable
also to the discussion regarding powders.

For each powder, spectra of metal M andaRd a quantification table will be provided.1s,
N 1s, Na 1s and O 1s spectra will not be shown, except when they present any discrepancies
from the ones already shown in the section dedicateeféoencecompoundsNevertheless,

only main lines will e shown and discussed.

4.3.1Reference compounds

4.3.1.1 KiFe(CN)sx3H:20

Figure 21shows the survey spectrum fore(CN) trihydrate Every expected element is

present and no impurities are detected.
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Figure 21 - KsFe(CN)x3H20 XPS survey spectrum

Figure 22displays N 1s spectrum, on which charge correction was performed. The N 1s

signal is a singlet entirely dominated &N group. A recently reported value in literature for

N 1s in this compound is 397.45 ¢89].
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Figure 22- KsFe(CN) N 1s XPS detailed spectrum
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Figure 23 - KsFe(CN) C 1s XPS detailed spectrum

The C1s peak(Figure 23)was fitted with two singlets: one folCN and the other for
adventitious carbon (dirt). The finakkalues were 284.7 eV for the former and 283.5 eV for
45



the latter, respectively. Such resultesnmarkable, since 283.5 eV idirature chemical shift

for -CN [63], while higher chemical shit(284.6 eV or 284.8 eVgre usually assigned to
aliphatic carbon speciedhe tested sample has a stoichiometric formula contaigirg
carbon atomd~or this reason, it is considat@robable that the main contribution in the C 1s
comes from cyanide, not from adventitious carbidrus, the main singlet is for now assigned
to -CN, even if it has aifiincorrecd chemical shiftcompared to literatureThe other singlet
must be an unknowparbon species, since its chemical shift has too low binding energy.
Therefore, there must also be some actual unfitted aliptetion species contributing to the

overall signal284.2 eV s anewly reported value for C 1s cyanide sigf&a].

The Fe 2psignaldid not present any interpretational problems. It should be assigned to Fe
exclusively, for it cannot be reduced in UHV or byra§ radiation. The peaks wergtéd

according to literaturg¢70], which consisted on using two additional peaks along with the

main one: a lower Eprepeak and a highergEsurface peak. However, &gure 24and

Figure 25show, only the prgeak was deconvoluted by theftware. It must be specified that

the doublets in the Fe 2p spectrum are due teaifih coupling and not to multiplet splitting.

In fact, Fd isadcoor di nated to CN, which is a fAstro
electrons are paired in thg brbitals and none is present in thgoebitals. This consideration

must also be applied tosRe(CN}d6 s a #fF@(CN@NO) ] 6s Fe 2p Istlpectr a.
unfitted intensity on the higher binding energy side of Fg,2put this might be considered

normal, as in the case of [Fe(GN) there are charge broadening effects which do not make

the peak as sharp as expedfétl. This feature complicates the fitting of the sigrigdcause

of this reason, i n tahwillbpshonhanddiscusseg.ect ra onl y

The final B for the Fd peak is 708.4 eV, perfectly matching with Grosvefd, and in
good agreement with other values, e.g.: 708.362y, 708.1 eM69].
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Figure 25- KsFe(CNxFe 2pXPS det ail ed spectrum. The peak is a

Finally, Figure 26is the spectrum of the K 2p doubld@the signal corresponds to"KThe
obtained E values are 292.9 eV for K 2pand 295.7 eV for K 2. For K 22, 293.2 £ 0.1
eV [72] and 2925 eV[69] werealsofound
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Figure 26 - KaFe(CN)K 2p XPS detailed spectrum

Table6di spl ays the relati
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amount s

results do not match with the stoichietric formula except for thN:Fe(5.7) and K:C (1:1.3)

ratios, which are acceptablé:Fe ratio is totally overestimatl - 8.7 instead ob - andalso

C:N (1.53) isnot corresponding to the formula. Actually, the C 1s signal is not usually

reliable in quatitative analysis, since analyte and dirt peaks overlap and they cannot be

properly separatedt is probably more sensible not to consider the direct quantification

provided for the C 1s signal and assume the quantity of cyanide N 1s is approximately equal

to the actual CN amount in the material. This approach will be adopted when discussing

quantfication carried out for powder3.he K:Feratio is too large as well: 6.6 instead of 4.

More potassium is found in regards to nitrogen (K:N = 1:0.8B)ually, sincepotassiums a

light element, is highly possible that the sensitivity factor is wroeglynated, avappens

quite often withNa.

Table6 - KsFe(CN) XPSquantification table

Peak name Eg/eV Area/cps-eV Sens. Fact. Norm. Area Quant./at.%

C Is K4Fe(CN)6 284.72 4125222 16.8 245.5489 37.81 42.07
C1ls -CH2- 2835 464.6359 16.796 27.66348 426

Fe 2p Fe 2+ 708.44 8035.377 312.15 25.74171 3.96 435
Fe 2p 707.34 780.7931 311.88 2.503473 0.39

N 1s-CN 397.6 4995.043 31.08 160.7157 2475 2475
K2p 292.85 12499.46 66.769 187.2046 2883 2883

48



4.3.1.2 KFe(CN)

As they contain the same elementssF&CN}0 s sur vey verpsimilarrou m i s
KsFe(CN}0 § even though KFe(CN)} should not contain any coordination watétong
with the expected elements, oxygen was detected as pvebablypresent asarboxylate

from fatty acidgadventitious carbon from diffusigqumps)

Figure27s hows N 1s06s s p elear-€CNusinglet 9. 2eVpvasarother s a
reported kg value[69].
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Figure 27 - KsFe(CN)}N 1s XPS detailed spectrum
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Figure 28- KsFe(CN)C 1s XPS detailespectrum

The C 1s spectrurfFigure 28)was fitted setting two singlets, just as withH&(CN}: the -
CN signal and an unknown carbon species. The resulgrayde285.4 eV for the former and
286.5 eV for the latter signal. TRE N 6 s valHe is again in contrast with the one given by

Vannerberg, 283.9 eVsuch discrepancy was a leading factor in suspecting some differential

charging to happen during the measurement. When such phenomenum occurs, different areas

of the surface have a dating equilibrium charge during-Ray irradiation. Another reported
value for C 1s-CN is 284.3 eV[69]. 286.5 eV falls well in the organic oxidized carbon

chemical shift range.

Figure 29displays Fe 2psignal The main sigal consisted of at leastvo componentsone at
710.5 eV, and the other at 708.7 e€ano et al[69] found 709.8 eV for F& and 707.9 eV

for Fd', while Oku[73] reported 709.9 + 0.2 eV for fteand 708.3 + 0.1 eV for EeThe

peak at 710.5 eVs therefore assigned to 'Fewhereas the one at 708.7 eV af Felue to
inevitable F& reduction after exposure to-2ays[73]. Computation of three peaksovided

a better fitting than with only two of them and it is common practice to fit iron signals with
more peaks (satellites), so thiggher & peak (at 711.9 eV) could still be attributed td"Fe

The same considerations made in regards to-abim coupling and to chargbroadening
effects in the case of /Re(CN}0s Fe 2p <coul d be ¢8@anfe2mpven

signal is a very broad signal indeed.
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Figure 29 - KsFe(CN}Fe 2p XPS detailed spectrum
K 2p spectrumwill not be shownfor it is extremely similato the one for Kin KsFe(CN}.
The resultinges valuesare 293.4 eV for K 29p and 296.1 eV for K 2. Vannerberg reports
291.9 eV for K 2p2 though[63]. Other vdues include 292.3 e69].

A quantification table is provided in Tabl. Again, Fe:N (1:5.2) is satisityg, along with
K:N (1:1.3).K:Feis quite good this time3(9).C:Feis again overestimated (8.1:N ratio is
1.55. Yet the overall results match way better with the stoichiometric compound formula than

in the previous measurement.

Table7 - KsFe(CN)} XPSquantification table

Peak name Eg/eV Area/cps-eV Sens. Fact. Norm. Area Quant./at.%

C 1s K3Fe(CN)6 285.39 5083.485 16.792 302.7325 40.51 4935
C1s -CH2- 286.46 1043.724 15.8 66.05846 8.84

Fe 2p Fe 2+ 708.73 2316.681 311.94 7.426663 0.99 5.01
Fe 2p Fe 3+ main 710.46 5909.271 259.72 22.7522 3.04

Fe 2p Fe 3+ 711.92 1908.914 259.61 7.352891 0.98

N 1s-CN 398.11 6085.361 31.08 195.7967 26.2 26.2
K2p 293.38 9705.345 66.816 145.2548 19.44 19.44

51



4.3.1.3 NaFe(CN)(NO)

As stated inthe experimental section, BJee(CNy( NO) ] 6 s spectrum was
without and with flood gun. The latter spectra were recorded to understand if differential
charging phenomena were occurring. But since both sets of spectexryagmilarin regards

of shape of peaks and chemical shiitly spectrawithout flood gunwill be shown A table
comparing the resulting bonding energies from both measurements will be provided as well.

Quantification tables from both measurements will also beidecl.

Figure 30i s t he s ampl e 0BErerysexpected glemenp cart e rassigmad no
impurities are detected.
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Figure 30 - Nao[Fe(CN)NO] XPS survey spectrum
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Figure 31 - Nao[Fe(CN)NO] N 1s XPS detailed spectrum

The N 1s spectrumF{gure 31} clearly shows two signals: th€N high intensity signal at
397.2 and theNO signal at 402.7 eV. Oku et 4¥4] report 398.8 eV for the former and
402.9 eV for the latter. A more recent article reports 397.5 eWCOiNrand 402.5 eV forNO
[30].

Figure 32shows the C 1s peakt 284.1 eV, whose intensity is related to both cyanide and
adventitious carbarit must be noted that this fitting was made by setting twsiplespeaks,
-CN and adventitious carbonwhich was not deconvoluted@herefore, even in the case of
nitroprusside, these two specipsght be overlapped. Oku et a[74] came to the same

conclusion.
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Figure 32 - Nay[Fe(CN):NO] C 1sXPS detailed spectrum

Fe 2p spectrum is displayed kigure 33 The fitting was achievedith two doubletsSome
unfitted intensity on the higher binding energy side of the F@ Ppak can be still seen
though- charge broadening effects probably remain even with iron nitroprusBiagdting
binding energies for Fe 2ppeakare 709.9 eV for Feand 707.9 eVWhile the main pealt
709.9 eVcan be attributed to Egthe identity of the second peak is less cladile Oku et.

al [74] suggest it is related ta possibledegradation product such as [FeN)s]* - either
hydrated or not due toX-Ray irradiation. NO would be reduced to NO, whidls desorbed
in UHV. Cano et al[30] found two extra peakis muchsmaller than those obtaid in Figue

33 - corresponding to higbpin Fé-(NC)« (at 709.1 eV)and to F& (at 707.3 eV). Thse
speciesarethought to be produced by-Ray irradiation under ewentional conditionsafter
decomposition of the nitroprusside building blof30]. The peak at 707.9 eV may be
probably associated to 'Fesince 707.9 eV is too high for metallic Fe, whiishusually found
between 706.7 eV and 707.2 ¢¥1]. Yet, it is not possible to state which compound that
peak is exactly representative of. Othey \Ealues for the Fe 2p nitroprusside peak are:
709.5 eV[62], 710.1 eV[30] and 710.6 e\f74]. Nevertleless, these higher binding energy
values than thee related to [FECN)s]* hint to lower electron density on the'Fatom in

nitroprusside.
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Figure 33 - Nao[Fe(CN):NO] Fe 2p XPS detailed spectrum

sharp singlet at 1070.6 eV is detected for Na 1s signiigimre 34 which corresporsito

Na’. The value is in good correspondence with 1070.%te&/pnlyEs foundin literature[30].
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Figure 34 - Na[Fe(CN):NO] Na 1s XPS detailed spectrum
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Figure 35- Nay[Fe(CN):NO] O 1s XPS detailed spectruia KLL (grey peak) and O 1s (red peak) are shown

A Na KLL Auger lines overlaps with the O 1s sign&igure 35. It was not possible to

overcome this, since switching to MdJsvould provide an oxygen KL Auger line at 745 eV

[51], causing interference with the Fe 2p % peak. Since Fe 2p was prioatiee® 1s, Al

KOwas stil

used.

The O

1s6

exper.i

to nitrosyl group. A value for nitrosyl reported in literature is 531.63%).

ment al

A quantification table without and with flood gun are represented’ahles 8 and 9

respectively Flood gun does not change significantly the binding energies (T&plevhich

makes comparison between quantitative results more reliBidemost strikinglifference in

bi

respect to previous quantitative analyses lies in the cyanide approximate C:N 1:1 ratio (1:1.08

in the untreated sample and 1:0.94 with flood gamce adventitious carbon was supposed to
be contributing to the C 1s signallitrosyl group NO ratio also matches good (1:0.8 for
untreated sample and 1:1.3 with flood gunf-éX5.7 for untreated sample and 6.3 with flood

gun) is again slightly overestimated . iRe (CN and NO) is a bibverestimated for the

untreated sample (6.7), yet well mad for the flood gun measuremé¢éi3). The amount of

Na is overesmated both in regards to C {15 in untreated sample and 1:1.4 with flood gun
instead ofdeally 1:2.5) and to N (1:1.7 in untreated sample and 1.4 with flood gun instead of

ideally 1:3). This also happened before with the quantitative analysis of K. This persistent

overestimation could be due to these alkali metal being\ugight.
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Table8 - no flood gurNa[Fe(CN):NO] XPSquantification table

Peak name Ep/eV Area/cps-eV Sens. Fact. Norm. Area Quant./at.%
Cls_11 Cls 284.1 2580.487 16.788 153.7102 2822 2822
Cls_11 Peak2 286.1 0 16.792 0 0

Fe2p_ 12 Fe2p3 709.94 5165.962 312.21 16.54643 3.04 493
Fe2p_12 Fe 2pl 707.89 3211.742 312,12 10.28992 1.89

Nls_ 14 NIsCN 397.19 5148.592 31.096 165.5709 3039 3326
N ls_14 N 1sNO 402.69 485.6767 31.116 15.60858 2.87

Nals_15 Nals 1070.57 20265.69 193.58 104.6868 19.22 19.22
Ols 16 O1ls 534.52 3472.279 52.585 66.03175 12.12 14.38
O 1s_16 Na(KL1L23) 53096 646.3146 52.539 12.30161 2.26

Table9 - flood gun Ng[Fe(CN)NO] XPSquantification table

Peak name Eg/eV Area/cps-eV Sens. Fact. Norm. Area Quant./at.%
Cls_ 11 Cls 284.09 2911.017 16.788 173.3987 30.16 30.16
Cls 11 Peak?2 286.39 0 16.804 0 0

Fe2p 12 Fe2p3 709.91 5495415 312.21 17.60166 3.06 4.75
Fe2p 12 Fe2pl 707.46 3030.582 311.88 9.717017 1.69

Nl1s 14 Nls 397.2 5047.624 31.096 162.3239 28.24 2991
N ls_14 N 1sNO 4025 299.4411 31.116 9.623381 1.67

Nals_15 Nals 1070.75 24185.85 193.45 125.0225 21.75 21.75
Ols_16 Ols 534 .67 3415.857 52.585 64.95878 11.3 13.43
O 1s_16 Na(KL1L23) 531.37 643.3273 52.508 12.25199 2.13

In Table10, comparison betwedhe binding energies is provided. NGN will not be
represented since it was charge corrected to 397.2 eV in both measurements, as stated.

Table1071 Eg comparisorfor Nao[Fe(CN):NO] signals between measurements without and with ftpod

C 1s-CN Fe 212 | Fe 2p2 N 1s-NO Na 1s 0O 1s-NO

nitroprusside

No flood gun | 284.1 709.9 707.9 402.7 1070.6 531.0
(eV)
Flood gun | 284.1 709.9 707.5 402.5 1070.8 531.4
(eV)

As alreadystated, yidging from thebinding energieslood gun measurement did not altke
results. In conclusion, no differential charging happens with powders and analysis of chemical
shift just needs to take into accouwmarging on the sample due to the fact that they are not

totally conductive pther factors and several reference results
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4.3.2 MnFeAO02

Figure 36shows the survey spectrum for MnFeA®¥ery expected element is presantd no

impurities were detected.
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Figure 36 - MnFeA02 XPS survey spectrum

Mn valence states are deemed difficult to distinguish with XPS [@&la [76]. Therefore,
choice of suitable references is a crucial step when dealing with the interpretation of such
spectra. Wang et. dl76] deposited a composite structure of MnHCF and MWrabd
investigated the material with XPS. They fitted the Mm2peak with three singlets
belonging to MA (at 640.8 eV), M (641.5 eV) and MY (642.4 eV). Since a Mnsalt was

the only source of Mn for the synthesis of our material, Mn 2p specfiguré) was fitted

with two doublets and the presence of WMwas excludedAgarwal et. a[[77] detected two
peaksin the Mn 2p spectrum for a Prussian BiudnHCF nanocomposite: they attributed

the peak at 641.3 eV to Mrand the other one at 643.6 eV to'Mn

Mn 2ps2 main peak was found at 641.8 eV and the minor peak at 646(BigMe 37) The
main peak was consequently attributed to"'Momly and no specific chemical interpretation
was given to the minor peak, yet itg B too high to belong to some Mn As Mn'
coordinated to nitrogen would be 4 id a highspin environment, the minor peaks could
easily belong to a satellitg addition, MA' would fit perfectly in the basic hexacyanoferrate
formula as NaMH[Fe'(CN)g], assuring charge neutrality.
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Figure 3817 MnFeA02 Fe 2p, XPS detailed spectrum
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The Fe 2p»> belonging to this sample was fitted with one singfég@re 39. The resulting &
was found at 708.3 eV, a typical value fo' Bpecies. Wang et. §f6] found 708.5 eV as
chemical shift for Fe 2@ and attributed it to Fe

Figure 39 bows the N 1s spectrum. Since charge correction was performed on N 1s main
peak (397.6 eV), which is attributénl cyanide, the identity dhe minor peakat 401.2 eV)s
unknown up tknow. Similar binding energies are usually attributed to ammonium salts or to

amine functionalitie§51].

The C 1s spectrurgFigure 40) &0 presented an extra peak at higher binding energies (287.9
eV). This value is, even in this case, attributed to organic cgdfidn The main peak, at
284.5 eV was attributed to cyanide, yet the chemical shift is very close to the one related to

adventitious carbon which may becontributingto the signal.
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Figure 391 MnFeA02 N 1s XPS detailed spectrum
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Figure41i MnFeA02 O 1s XPS detailed spectruorganic oxygen compounds (grey), iron oxides (pink), water
(dark grey), Na KLL Auger lines (blue)

The O 1s signal iglisplayed inFigure 41 This spectrum could be deemed as representative
for every powder O 1s spectrum recorded in this work (apart from reference compounds). The

Na KLL are present every time the counterion for the synthesized powder *is Na
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Nevertheless, three species containing oxygen are detected: carbotarthing compounds
at 531.7 eMi 531.9 eV (probably from fatty acids contamination), iron oxides at 52918 eV
530.0 eV and coordination water at 533.11e%33.3 eV.

Tablellis the gantification table for the sampléin:Fe ratio is 1.86, a larger value than the
one found with AES(Section 3.1.2) Na:Fe ratio is 1.5, slightly higher than 1.3, yet
acceptableTo estimate the Fe:N ratio, only the amount of nitrogen from the cyassdmed

peak will be taken into account: the resulting value is 1:6.38, a value very close to the

theoretical stoichiometry for this class of compounds.

Table1l1li MnFeAO2XPSquantification table

Peak name Eg/eV Area/cps-eV Sens. Fact. Norm. Area Quant./at.%
C1s Peak 1 284.52 4243 392 16.78 252.8839 56.45 60.93
Cls Peak 2 287.92 337.2437 16.807 20.06567 4.48

N 1s Peak 1 397.61 3110.147 31.08 100.0691 22.34 23.79
N 1s Peak 2 401.21 201.9939 31.116 6.491641 1.45

Na Is Peak 1 1071.74 4570.468 193.71 23.59426 5.27 5.27
Fe 2p3 Peak 1 708.7 2001.094 205.55 9.735079 2.17 35
Fe 2p3 Peak 2 707.59 1225.537 205.51 5.963191 1.33

Mn 2p Doublet 1 641.82 6515.976 25822 2523371 5.63 6.52
Mn 2p Doublet 2 646.38 1026.852 258.52 3.971902 0.89

4.33 MnFeAQ3

In the survey spectrum for MnFeAdBigure 42)Si was also detected as shown by the
presence of Si 2s and Si 2p peaks. This impurnight possibly come from bits of glass
broken during centrifugation steps, which are necessary to purify the product.
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Figure 4317 MnFeA03 Mn 2p XPS detailed spectrum

Figure 43 dsplays the Mn 2p spectrum. It was fitted with two doublets like MnFeAO02. The
Mn 22 main peak was found at 641.8 eV, while the minor one at 645.6 e givien
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interpretation was the same as MnFeAOQ2: the main peak was attributed'taridithe minor

peak could possibly be a satellite.

The Fe 2p> signal(Figure 44)was fitted with one single peak, whose\las found at 708.4
eV. The interpretation was straightforward: the oxidation state of Fe in the compound can be
attributed to be Fe

The N 1s and C 1s signals did not present any extra peaks, in contrast with MnFeAQ?2.
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Figure 44 - MnFeA03 Fe 2, XPS detailed spectrum

A quantification table is provided (Tabl®). Mn:Fe ratio is 1.23which is veryclose to the
AES provided valueFe:N ratio is 1:5.95, a very satisfactory value. Na:Fe ratio is 1.5, which
is lower than the one obtained with AES ymausible. The overall results from this

quantification match very well with the provided sne
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Tablel12 7 MnFeA03XPSquantification table

Peak name Eg/eV Area/cps-eV Sens. Fact. Norm. Area Quant./at.%

Cls_11 Peak 1 284.53 4040.378 16.78 240.7853 58.58 58.58

Cl1s_11 Peak 2 285.59 0 16.792 0 0

Mn 2p_ 13 Doublet 1 641.76 4961.307 258.39 19.20077 4.67 5.27

Mn 2p 13 Doublet 2 645.61 638.7283 258.47 2471103 0.6

N 1Is_ 15 Peak 1 397.6 3247921 31.08 104.502 2542 2542

Nals_ 16 Peak 1 1071.77 5143.345 193.71 26.55164 6.46 6.46

Fe2p3 12 Peak 1 708.37 3609.701 205.69 17.5488 4.27 4.27
4.3.4TiFe01

Survey spectrum for TiFeOl is displayed kigure 45 Again, every expected element is
present Traces othlorinewere detected, yet this can be very probably an impurity from the

synthesis mixture, which contained HCI (Section 3.1.2)
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Figure4571 TiFe0l1 XPS survey spectrum
Figure 46 dsplays the Ti 2p spectrunThe starting parameters of the fitting includéslo
doublets, yet only a doublet could be deconvoluted. B¥IETi 2ps2 was 458.8 eVVValues
reported in literature were 458.8 ¢¥8], 458.9 eV[14] and 458.4 e\[79]. These first two

values were both attributed to'Tiyet the last one was not given emerpretatiorby authors

65



Due to the striking similarity of the obtained value with the ones from literature, the oxidation

stateof Ti in this powder was assumed to b& Ti
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Fe 2p. (Figure 47) vas fitted with a single peak, located at 708.4 eV. This was attributed to
Fé'. Other binding energies for TIHCF from literature included 709.1 eV) (&ed 710.7 eV
(Fe'") [78], 708.7 eV (F¥) [14] and 708.6 eV (F§ and 713.3 eV (H¥) [79].

Surprisingly, the N 1s sign@Figure 48)presented two extra highbmding energy peaks: the

first at 399.1 eV and the second at 402.1 eV. Again, organic nitrogen falls in this range of
binding energies and it is difficult to identify with certainty the corresponding species.
Interesting enough, 399.2 eV is the chemical species reported for PhCN (Ph = Phenyl). In the
next sections, extra peaks will be neither shown nor discussed evew drthpreserit they

will be the subject of a specific section (Section 4.3.11).
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Figure48i TiFeO1l N 1s XPS detailed spectrum

Figure 49displays the C 1s signal, which has three extra ped#icated at 286.2 eV, 287.7

eV and 289.0 eVAside from amine functionalities, these chemical shifts often correspond to
carbon bonded to oxygdbl], e.g.: ethers, carboxylcarbonates. The main peak, attributed
to cyanide, was found at 284.6 eNevertheless, it must be noticed that the compound was
obtained from an organic Ti salt as precursdherefore, there could badditionalorganic

matter that coulde oxidized or contribute to the overall signaks for the case of N 1s,
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additional peaks in the C 1s will not be shown or discussed anyinttrey will be in a
separate section (Sectidr8.13).
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Figure491 TiFe0l C 1s XPS detailed spectrum

Table 13 provides quantification for the sampl&i:Fe ratio is 0.78, again very close to the
reported value. Na:Fe is 1.2, a higher but plausible valbe. Fe:N ratio is 1:5.54
acceptable and still quite representative of the theoretical stoichiometry.

The results are well matching with the reported ones.

Tablel13 - TiFe01XPSquantification table

Peak name Eg/eV Area/cps-eV Sens. Fact. Norm. Area Quant./at.%
Cls_11 Peak 1 284.59 3419.033 16.78 203.7565 454 55.7
Cls_11 Peak2 286.17 412.8587 16.804 24.56907 5.47

Cls_11 Peak 3 287.66 199.1801 16.816 11.84468 2.64

Cls 11 Peak4 289.04 165.4765 16.819 9.838667 2.19

N 1s_ 15 Peak | 397.6 3593.253 31.08 115.613 25.76 30.35
N Is_ 15 Peak2 399.09 405.68 31.097 13.04563 2.91

N 1s_15 Peak 3 402.1 235.1024 31.133 7.551548 1.68

Nals 16 Peak 1 1072.02 4906.169 193.65 25.33433 5.65 5.65
Nals_ 16 Peak 2 1073.26 0 193.78 0 0

Ti2p_19 Doublet 1 458.8 2268.567 138.85 16.33767 3.64 3.64
Ti2p_19 Doublet 2 457.49 0 138.86 0 0

Fe 2p3 13 Peak 1 708.39 4293.43 205.69 20.8728 4.65 4.65
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4.3.5TiFe02

The survey spectrum for TiFe02 will not be shown sincevery similarto the one obtained
for TiFe01.Figure 50 Bowsthe Ti 2p spectrum. The Ti 2p Es is located at 458.7 eV
being very close to the binding energy of Tg2m TiFe01, Tiis supposed to be Tieven in

this case.
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Figure 5071 TiFe02 Ti 2p XPS detailed spectrum

Fe 2p2 (Figure 51) pak was found at 708.5 eV. Againjstattributed to F&

69



6.70 F T

6.22 -

5.74 -

Intensity / kCounts

712

710

708 706
Binding Energy / eV

Ao,

Ay

TARYARYWS

R(E)

AW V'Vvvv

4% T V‘v

LS AR ARVA VA VV\/\/VVV"VW \JV "

Figure5171 TiFe02 Fe 2p» XPS detailed spectrum

Quantificationresults are shown inable14. No reported AES stoichiometry is provided for

TiFe02, therefore the following values cannot be compared to other experimental results.

Ti:Fe ratio is 1.02, which is plausible. The amount of Ti seems to be higher than th Ti&es

case. The Na:Fe ratio is 0.9 and this result is acceptable. Fe:N is 1:5.56, practically the same

amount as in the other TiFe powder. These results are likely to be representative of the

material.

Tablel14 7 TiFe02XPSquantification table
Peak name Ep/eV Area/cps-eV Sens. Fact. Norm. Area Quant./at.%
Cls_11 Peak 1 284.66 3109.741 16.78 185.3243 50.14 62.81
Cls_11 Peak 2 286.33 498 .48 16.804 29.66437 8.03
Cls 11 Peak 3 288.34 288.0663 16.807 17.13966 4.64
N 1s_15 Peak | 397.6 2606.256 31.08 83.85638 2269 253
N Is_ 15 Peak?2 399.07 300.2365 31.097 9.654837 2.61
Nals_16 Peak 1 1071.98 2599.832 193.65 13.42493 3.63 3.63
Ti2p_ 19 Doublet | 458.69 2147.383 138.85 15.46493 4.18 4.18
Fe2p3_ 13 Peak | 708.46 3103.978 205.69 15.0902 4.08 4.08
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4.3.6 CuFeA

The survey spectrum for CuFeA is showrFigure 52 Every expected element is detected,
as well as a sulphur impurity (S 2p peakhis may be a residue of sulphates, for one of the

used precursor was CusO

Figure 52 - CuFeAXPS survey spectrum

Figure 53 bows Cu 2p2 spectrum.The interpretationof the spectrum did not present
difficulties: the peak at 935.0 eV belswp CU' and the one at 932.5 eV to 'CCU' has a
well-known shakeup satellite[80], which appears here at 943.4 eV. This satellite will be
taken intoaccount forthe quantification calculationsCu is most probably produced by
reduction happening while exposed to UHBA]. Since Cliand CUi peaks have a similar
intensity,it could be argued that €is not only a reduction product, but also a species present
right from the start. A calibration curve could be helpful in determining possible initial
guantities, yet this was not done in this wolka et. al[82], who synthesized CuHCF
nanoflakes, reported 937.2 eV as Er Cu' and 946.2 eV for Cl satellite. Other
expeimental binding energy values from literature include 933.0 eV)(&ud 385.7 eV

(Cu") [83]. The obtained values are very low in comparison to the cited ones.
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