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o0 > Li-lon  Lithium-ion

Q Na-S Sodium-sulfur
Ni-Cd  Nickel-cadmium

0.001 Ni-MH Nickel-metal hydride
PSH  Pumped hydro
VR Vanadium redox
0.0001 Zn-Br  Zinc-Bromine
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overpotential for ORR
E >1.65 a
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Anode for Zn-air battery
Zn(OH)* + 2e~ € Zn +40H(aq)
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¢ K ®orphology of the synthesized materials was first investigated by (scanning) transmission
electron microscopy (STEM and TEM). The functionalized CNT&ydrowere analyzed and the
results are reported ifrigure 10 The TEM image evidences the presence of nanopatrticles of a few
nanometers, preferentially located towards the end of the nanotubes but also situated inside the
cavity Figure 103 To evaluate the elemental composition of the nanoparticle, EDX analysis is
performed Eigure 10 highlightirg the prevailing presence of Cobalt. The nanoparticles are then
considered to be a residual of the catalysts employed for the synthesis of MWCNTSs that were not
removed due to being enclosed within the nanotubes. Analyzing the trend in the pixel's gray valu
and performing the Fast Fourier Transform (FFT) of the nanotube wall (region A) and the
nanoparticle (region B), it is possible to determine the spacing between the crystalline plains. The
distance between the graphitic layers was 0.34 nm, in agreeméhttive results reported in the
literature [37]. The distance of the lattice fringes in region B is around 0.21 nm, which corresponds

to the cobalt (111) interplane distance [38].
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The EDX mapping allowed us to identify the presence of both Fe and Mn in the nanopatrticles (NPs)
at the surface and in the cavities of the CNWK S Y I LJILJAyYy 3 +f a2 | ff26SR dzi
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TEM images were also acquired on samples after the etching treatment. These samples no longer
present nanoparticles decorating tteNTsurface, confirming the success of the acid treatment

(Figure 13& However, nanoparticles confined within the nanotubes are still detected by the TEM



images Figure 13b. This result confirms the resilience of these inner nanoparticles to the acid

treatment and should be related to the barrier provided by the CNTSs.
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crystalline phases present in the mateddhe XRD diffractograms of the materials before the

etching treatment are reported ifigure 15
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(002) and (101) peaks of carbon and are related to the spacing between the atomic planes of CNTs
[41]. Metatmodified CNTsamples present additional peaks related to the metallic phases. The
nature and intensity of each peak depend on the metallic elements within the sample and their
atomic ratio. NCNTg-e presents a sharp peak at 44.6° associated with alpha iron, a v fesaks
at 35.4° related to F€s, and 30° and 36.5°, corresponding to:@e[42, 43, 44]. In MCNTsVin
several different secondary peaks are present. The identified crystalline phases are alpha
manganese (44.6°), MnO (34.7°, 40.6°, 58.6°) angDM(28.7°, 30.4°, 32.3°, 36°, 60°) [45]. The N
CNTg~aeMn: wereaffected by higher noise if compared to the others so only the main phases could
be identified. The nanopatrticles in this sample were identified as composed of Mn§®sMimd of
alpha iron/manganese. It was not possible to identify pinesence of single metal species and their
alloys since they show a very similar crystalline structure and, thus, a practically identical diffraction

spectrum. Finally, considering-GNTg=eMn; the ratio Fe/Mn (2:1) allowed the preferential

op



formation of a mixed spinel MnE®; whose peaks are located at 30.3° and 35.7° [46]. These peaks
show some kind of asymmetry, with the higkemgle slope presenting some kind lmimp. This

effect was assumed to be caused by the presence gDFehose peak positions are compatible

with the position of thehump. Since iron and manganese were added with a 2:1 atomic ratio,
assuming that the cations interact in the same way with CNTs in the impregnation step, the presence
of a stoichiometric compound and aaly phase allows us to hypothesize the presence of Mn
only phases, though no peaks associated with these phases were diagnosed in the survey. The
presence of MgOsitself is not excluded since the dominant peak at 36° could be hidden by the

mixed spinel one and lesser peaks could be confused with the noise of the measurement.

Materials after the etchingreatment only show the presence of the characteristic diffraction peaks
of CNTs at 26° and 4Figure 16, confirming the removal of the metallic NPs as seen by TEM. These
samples contain a small amount of meba#lsed NPs inside the CNTs. Therefore, the absence of the
diffraction peaks related to these nanoparticles can be justified considering the veanownt of

these phases.

N-CNTs-Fe1Mn1 etched

N-CNTs-Mn etched

N-CNTs-Fe etched
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Samples were also analyzed byay photoemission spectroscopy (XPS) to determine the chemical
species at the surface and the oxidation states. In particular, the C 1s, N 1s, O 1s,avid Bp 2p

regions were acquired.

The C 1s spectrum was deconvoluted into five chemically shifted components relateéti $@ énd

sp’® bonds, alcohol groups {GH), carbonyl groups (C=0), and carboxylic groups (C=OOH). The pi*
pi transition was also included in the fit since CNTs are a graphitic carbon material. The results of
the fitting stage of the different materials are then compdreonsidering the BE and the relative

presence of the species.

Figure 17compares the C 1s region for the two noretalated samplesCNTs hydrand Ndoped
CNTs. Both of them show the most intense peak at 284.3 eV, assowidtes}’ hybridized carbon
atoms, and the peak related to $parbon atoms at around 284.8 eV. These two species are also
present in the same proportion in the two samples around 7678.5 at.% and 7.7 7.8 at.%,
respectively. The C $pomponent in the NCNTs was expected to shift towards higher BE due to
the interaction with N, which is morelectronegative than C (3.04 of N versus 2.55 of C). This effect
is not observed in the XPS data due to the low nitrogen content in the material [47]. The increase in
the BE of the shC for the NCNTs could be related to the introduction of nitrogen in the material.
In fact, N;C (associated with graphitic, pyridinic, and/or pyrrolic nitrogen) is reported to show a BE
in the range 285.2285.7 eV [48]. The presence of this chemical species can motivate the shift of
the sp C towards higher BE. However, the presence of nitrogen is difficditerminefrom the C

1s peak since the-8 component overlaps with the-GH one [49]. Since the BE of th€@& bond

is the most similar to the range of theg bond, this peak will be further identified a<OEI/CGN in

nitrogen-containing materials.

The percentage of alcohol, carbonyl, and carboxylic groups, located respectively at 286.2 eV, 287.7
eV, and 289.0 eV slightly decreases in théMIl's sample probably due to the decomposition of the
oxygenated species during the thermal treatment, and itcanfirmed from the elemental
guantification performed from the XPS results. The atomic fraction of oxygen goes from 4.2 at.% to
3.7 at.%. This decrease is associated with a reduction in the presence of @oygaiming groups

(alcohol, carbonyl, and caolylic) that undergo a proportional reduction.

oy
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A further comparison is carried out between samples containing metals before and after the acid
etching Figure 18. The BE and the percentage presence of each chemical species are also reported

in Table 4 together with the peak parameters for CNTs hydro ardNT's.
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Table 4.BE (in eV) and atomic percentage (%) of carbon chemical species from the analysis of the C 1s XPS region
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The analysis of the N1s spectrum is carried out by identifying four different nitrogen species:
pyridinic, pyrrolic, graphitic, and oxidized nitrogen. The results of the fitting stage of the different

materials are then compared considering the BE and-¢tetive presence of the species.

First, the NdopedCNTsample was analyzed, before and after the etching treatment, to determine
the effect of the acid treatmentHigure 19. For both samples, the N 1s region is separated into four
components at 398.2 eV, 338V, 400.6 eV, and 402.2 eV related to pyridinic, pyrrolic, graphitic
and oxidized N species, respectively. Before the acid treatment, the dominant spesipgridinic

N (4.9 at.%), followed by pyrrolic (27.3 at.%), graphitic (20.5 ate#t) oxidized (7.3 at.%). After

the treatment, a slight decreasof the pyridinic component andn increase of the other ones is
observed. This result can be ascribed to the hydrogenation and protonation of the pyridinic N
species during the acid treatment. It is reported that the hydrogenated pyridinic N shows a BE
similar to the one of pyrrolic N, wiei the protonated one has a BE close to the one of the oxidized
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A € A 3 dzNahile thenresults from the analysiseiy’ ¢ | 6 tT8e FeN and MnN interactions in

single metal atom samples are reported@thpdm S+ wp M8 I WE 3 oFPOseWS 6
components partially overlap with the pyrrolic N species, therefore its identification could be
difficult.
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Table 5.BE (in eV) andtomic percentage (%) of nitrogen chemical species from the analysis of the N 1s XPS region
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To determine the metal specigsesent at the surface of the catalysts, the Fe 2p and Mn 2p regions
gSNB Fylfel SR I O02 NS Singe far &genericknstal Mg/ tHeSspldRistrugtdeN)
is given by the coordination of MeO and M, the fit of the 2p regions of Fe and Mn is limited to
the 2+ and 3+ oxides and, only in the case of Fe, to metallic Ea{)the 2p, peak is analyzed

since it gives the same chemical informatasthe 2p.> one.

CKS ylFfeara A FidedSS aaEms LLINSAI R YS F&0; X0 oknfots ([
ANBZY Gl Ay A YirHagraemant 3it® the XRD resudiBhe amount of metallic iron is very

small in all the samples since XPS ssifacesensitivetechnique and, therefore, it is expected to

be more sensitive to the oxides present in the surface of the nanoparti€lésS S i SOa @S LIN
2Fe:2RBM2N) 020K o61Fa RSGSNXYAYSR o0& 0O2yareOsNAy 3
O2YLRySyiGa Ay GKS Uky3a aidl 31868 FRYHSRIKS DRRWNR
AyaluSIR 2F CShsx GKS O2yUNXIlIa2y 2F (KS LXKI aSa
Fylrfeara 2F GKS &aLISOGNI 2F ayHLlo

Considering the Fe 2p spectrum forOWTsFe C A 3 dzNiBhe maincomponent is E@s, with a

lower amount of FeO. Recalling the XRD measurement of this material, we can correctly identify the
presence of F&s; and FeQs, formed by the coordination of FeO and>Be Since from the XRD
these phases were present in approximately the same amount, the high amoun@f ffresent

can be justified considering the oxidation of the outer layer of alphananopatrticles, that are

exposed to the atmosphere form Fas.

¢ KS ay HLNGCNTMA I8 rgpresehtdd iffigure 22aFor this material, the fit of the signal
gives back the contemporary presence of d@mand MnO. This result can be associated with the
presence of MgOs detected in the XRD. The higher amount of MnO also justifies the presence of

this phase as single crystallites in the XRD. No presence of metallic Mn is detected from the XPS.

¢ KS | yINCNBsRedin: B Hone considering the Fe2p and Mn2p spectra of this material
(Figures 21b and 239bIn this case, all the metallic phases identified in the XRD diffractogram are
found also in the XPS, with the spinel structures being formed by the coordination of respective 2+
and 3+ oxides. A wide presence of a mixed spinel is excluded since theagreant of MnO

detected in the XPS fitting can be directly associated with this phase in the XRD of the material.
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made for NONTsFe on the amount of metallic Fe and>Becan be repeated also in the case of

both bimetallic samples.
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No peaks related to Fe and Mn can be observed in the XPS measurements carried out on the
materials after theetching. Being the metals noticed in etched samples through the TEM/EDX

analysis, we can assert that these elements are present below the detection limit of XPS.
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First, cyclic voltammetries (CVSs) in nitroggaturated electrolyte wergecordedto identify the

redox processes associatedth the samples. The results are presentedrigure 23

] Ox
a) 0,30 1 —— N-CNTs [N
0,25 —— N-CNT-Fe |
-~ 1 N-CNT-Mn
B A=l —— N-CNT-Fe Mn,
0,15
< i N-CNT-Fe,Mn, Ox,
= 0,10 \
% 0]05_‘ e ——
= 0,00 4
c p
g 0,05 _
3 4
O 010+
_0,15_- Red2
-0,20 Red1
-0.25 T T T T T T T T T T T T T T T
-0,2 0,0 0,2 0.4 0,6 0,8 1,0 1.2
Corrected Potential (V vs RHE)
b) 0,30 ——N-CNTs
0,25 - —— N-CNT-Fe etched
I ] N-CNT-Mn_ etched
€ 0,20 -} 5
S - —— N-CNT-Fe Mn, etched
< 0,15 -
=5 - il
o 0,10
2 0,05 4
3] |
e 0,00 4
= 7 —e
g -0,05 —
3 p
O o104 E_’:::“"—’/
0,15 -
0,20
0,25 T T T 1 T y T t T t T ? T . T
-0,2 0,0 02 0,4 06 0,8 10 12

Corrected Potential (V vs RHE)

CAJWaBZ a Ay ay NilddNg I SRT vy lad YMAF € a 0 0 ST 2 NBNTSIS répidrie
as reference

n o

NE S g BREOKIGNE & S LI



The CV for Mloped CNTs is characterized by the absence of redox peaks as expected for a carbon
material b4]. The voltammograms of materials containing Mn, before the etching stigjie 233,

show different reduction and oxidation peaks. These peaks can be univocally ascribed to Mn since
the NNCNFFe sample does nathow any peak. The different peaks were indexed as Redl Red

for the reduction/cathodic peaks, and Oand Ox for the oxidation/anodic ones. Re@nd Red

peaks are attained at around 0.7 V and 0.5 V vs RHE, respectively, whereas the anodic peaks take
place at around 0.65 V (@»and 0.85 V vs RHE (DX he current density of the reduction peaks is
directly proportional to the amount of Mn, but the ratio of the oxidation peaks varies with the

sample composition.

The ongoing reactions associated with each peak can be identified by comparing the obtained
results with theoretical studies and literature. Considering first the thermodynamic stability of
manganese oxides and hydroxides through the Pourbaix diagramdongameseKigure 24 in the
working potential windowwe can correlate the different peaks with the transition from one species

to another. Starting from 1.1 V vs RHE in the cathodic scanning, the peais Resbciated with the
conversion of MpOz to Mn3Os, and its subsequent reductiono manganese hydroxide in
correspondence with the peak Rednce the potential step is inverted the hydroxide is oxidized

back to MnrO4 at peak Oxand then converted into M#Ds at peak Ox

The overall proposed mechanism could be summarized as

VO 0@
DevO § 00 £ 0¢0
YQQ YQQ
Considering the composition of the metal NPs in the-bfised samples, it can be concluded that
Mn in the MnFeO;s spinel is very stable and, therefore, the current densities observed for the N
CNTFeMn; are very small. The oxidation peak at 0.9 V seems to be related to the presence of
MnzQOs since it is the main component in the®NTMn sample. This suggests that the Mions in

this structure tend to oxidize and form M®:.
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The different subpeaks present in correspNoﬁdIche with €@fer to the same reaction, the
conversion of MeOs to Mn203z, though they occur at different potential values. This could be related
to the presence of both inner and outer metallic nanoparticles. The-€@fined manganese oxide
particles are facile to form lower oxidatiestate species compared to exterior palés, thus the
manganese oxides encapsulated inside the CNTs are oxidized at relatively higher potential
compared to outer ones F. The bwer potential subpeaks @xan then be associated with outer

nanoparticles while the higher potential one is associated with inner nanoparticles.

The comparison between samples before and after the etching treatntégtfe 23b underlines
that the acid effectively removed exposed nanoparticles from the CNTSs, thus eliminating the RedOx
peaks of the metals and their oxides. No signals related to SACs or the nanoparticles within the CNTs

can be identified.



The CVs in oxygen oxygsaturated electrolytesare reported inFigure 25 In the presence of
oxygen, a sharp reduction peak is present at potential values arouBdM¥8 RHE. The comparison
of the voltammograms ipresence and absence okygen allows us tattribute this peak to the

reduction of oxygen.

CAdemBE a AYyaREEMSYSRTF AIIvYlad YMA L £ & | 0 0SS T2 NBNTSIs répirie
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N-CNFTMn and NCNTFeMnsamples also show the redox peaks identified above in absence of
oxygen. It has to be highlighted that the peaks associated WitllOH) are not observed in
presence of oxygen since it oxidizes the material and, therefore, the formation of the hydroxide is

not favored in this mediabp).



