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The need for the wider adoption of next-generation energy storage systems due to the usage of renewable energy encourages the
development of alternatives to the lithium-ion battery (LIB) technology. Rechargeable zinc—air battery (RZAB) could meet this
objective as affordable, safe, and material abundant alternative if suitable non-Pt group metal (PGM) air electrode bifunctional
catalyst for oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) is developed. Herein, we investigate three binary
transition metal (TM) combinations (Fe/Co, Fe/Mn, Fe/Cu) for the polymer-derived ceramics (PDCs)-based bifunctional catalyst
fabrication. Dicyandiamide (DCDA) was used as a nitrogen source for the dual TM-containing PDC material modification. The
highest electrocatalytic activity towards the ORR/OER in 0.1 and 1.0 M KOH was witnessed in the case of Fe/Co-containing material
(Fe/Co-PDC-N, ORR/OER potential gap in 0.1 M KOH of 0.87 V), which was also the most promising non-PGM catalyst in the
RZAB configuration. Fe/Co-PDC-N showed the maximum power density of 142mW cm™2, 46h lifetime for 10 mA cm™
charge—discharge cycling and 97% depth of discharge (DoD). Comparative RZAB measurements were performed with the commer-
cial Pt-Ru/C catalyst drawing attention to the performance enhancement implemented by the RZAB cell design modifications.
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1. Introduction

Rechargeable zinc—air battery (RZAB) could be a viable alter-
native for lithium-ion battery (LIB) in electric vehicles (EVs),
portable electronics and renewable energy devices due to their
potential to provide a clean and sustainable next generation
energy storage system [1]. The need for the latter is especially
important for EVs if the production ban on fossil-fuel vehicles

in 2035 is implemented [2, 3]. The advantages of RZAB over
LIB are cost-effectiveness, safety and higher theoretical energy
density (1353 Wh ngn_1 [1]), whereas the latter making them
more energy-efficient [1, 4]. The working principle of RZAB
relies on the bifunctional electrocatalytic activity for oxygen
reduction reaction (ORR) and oxygen evolution reaction
(OER) of the air electrode and for which an alternative is
needed to phase out expensive and rare Pt-group metal
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(PGM)-based electrocatalysts (e.g., Pt/C, Pt-Ru/C, IrO,, RuO,)
[5, 6].

The RZAB air electrode catalyst material should catalyse
the ORR via direct 4e” or 2 X 2¢” reaction pathway with the
final product of HO™. Moreover, the 2e” ORR route should be
avoided due to the lower energy efficiency and final product of
highly reactive HO, ", which could harm the RZAB compo-
nents. The OER reaction pathway in RZAB is opposite to the
4e” pathway of the ORR, converting HO™ ions to H,O and O,
while releasing the electrons [1, 4].

A viable alternative to PGM catalysts are the non-precious
metal catalysts (NPMCs), which are based on the nanocarbon
support materials with high specific surface area (e.g., carbon
nanotubes [CNTs], graphene-based carbons, conducting poly-
mers, etc.) [7, 8,9, 10]. To achieve a high bifunctional activity
towards oxygen reactions, the heteroatom doping (e.g., N, S)
with accompanying transition metal (TM, e.g., Fe, Co) is a
crucial addition [4, 5]. Most importantly, this approach pro-
vides highly active and desired N-coordinated TM centres
(M-Ny) [11, 12, 13], while also the doping of nanocarbons
with nitrogen species (e.g., pyridinic-N, pyrrolic-N, graphitic-
N) itself is beneficial for ORR/OER in alkaline environment.
Specifically, the described N-based active sites help to modulate
the electronic properties of carbon to promote the adsorption
of O, molecule and the breaking of O=0 bond [14]. In recent
years, the focus has been turned to the double TM (e.g., Fe/Co)
and N co-doped nanocarbons [15, 16, 17], which could surpass
the ORR/OER activity of a single TM-containing (e.g.,
Fe-N-C) catalysts [18, 19, 20, 21] and with atomically dis-
persed dual atom sites can have a potential for industrial scale
catalyst production [22].

In several investigations, the affordable and easily available
nitrogen source dicyandiamide (DCDA) has been used for the
N-functionalisation of TM-containing nanocarbons, and the
obtained catalysts have shown promising results for
ORR/OER in alkaline environment [23, 24]. DCDA-derived
various single TM (e.g., Fe, Cu, Mn, Co) and binary Fe/Co
containing NPMCs have been already investigated at the
RZAB air electrode [20, 24], but there is currently no informa-
tion available for the air electrode performance comparing
various double TM combinations within a single investigation
(Fe/Co, Fe/Cu, Fe/Mn) to determine the superior TM combi-
nation for this specific catalyst application. Furthermore,
polymer-derived ceramics (PDCs) subclass silicon oxycarbide
(SiOC), which have good chemical and thermal stability, super-
ior oxidation and corrosion resistance in harsh conditions,
have already been shown to be a suitable NPMC backbone
for renewable energy applications, for example, RZAB [25,
26] and fuel cells [23, 27]. Therefore, SiOC is an excellent
candidate for N-doped binary TM air electrode catalyst
fabrication.

In addition to the bifunctional activity of NPMC at the air
electrode towards the ORR/OER, other RZAB components
(e.g., Zn anode, electrolyte) can have a significant effect on
the cell performance. For example, conventional alkaline elec-
trolytes in RZAB suffer from zincate precipitation and carbon-
ation, affecting their charge—discharge lifespan [4].
Furthermore, the parasitic reactions with the Zn electrode
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include anodic hydrogen evolution reaction (HER) and subse-
quent H, release into the cell [28, 29], Zn passivation [30, 31]
and corrosion [32]. All these problems should be considered
and possibly mitigated as much as possible to enable the air
electrode ORR/OER performance-dependent RZAB system.

In the present investigation, the binary TM and N co-
doped PDC-based NPMCs for liquid RZAB were prepared
using DCDA and Fe/Co, Fe/Cu, Fe/Mn combinations for the
first time within one work. The preliminary electrocatalyst
ORR/OER activity evaluation was performed in the 0.1 and
1.0 M KOH solution, while the RZAB testing with commercial
Pt-Ru/C catalyst for comparison was performed in a RZAB cell
configuration with a modified design (electrolyte chamber ven-
tilation, more efficient Zn electrode utilisation). The Pt-Ru/C
data for the original cell version was also published together
with the possible explanations for the observed benefits intro-
duced by the RZAB cell modifications.

2. Materials and Methods

2.1. Material Preparation. The procedure for preparing binary
TM-containing PDC-based catalyst precursor materials was
obtained from a recent report [33]. Poly(methyl phenyl silses-
quioxane) (H44, Wacker Chemie AG), silicon resin poly(-
methylsilsesquioxane) (MK, Wacker Chemie AG), graphite
(IMERYL Graphite & Carbon), azodicarboxamide (Azo, Sig-
ma-Aldrich), (3-Aminopropyl)triethoxysilane (APTES),
xylene (Sigma—Aldrich), imidazole (Imi, Alfa Aesar), copper(-
II) 2,4-pentanedionate (CuAc, 98%, abcr GmbH), iron(II) acet-
ylacetonate (FeAc, 95%, abcr GmbH), manganese(II)
acetylacetonate (MnAc, Sigma Aldrich), cobalt(II) acetylaceto-
nate (CoAc, Sigma Aldrich) were used for the precursor cata-
lyst material preparation as shown in Table SI in the
Supporting Information. The chemicals were mixed and sub-
jected to pyrolysis under a N, atmosphere, then crushed man-
ually and finally ball-milled (PM 400, Retsch) at 350 rpm to
produce a fine powder according to already reported route [33].
The sieved fraction (particle sizes <100 pm) was used for the
catalyst preparation and these materials are denoted by the pair
of TMs followed by “PDC” (Table S1).

The N functionalisation of the four different PDC materials
(Table S1) was adapted from a recent work [33]. DCDA (99%,
Sigma—Aldrich) was employed as a N source as in the report by
Canuto de Almeida e Silva et al. [23] with few alterations (e.g.,
solvent, pyrolysis temperature). In brief, 1:20 weight ratio of
PDC:DCDA mixture was dispersed in methanol (99.9%,
Thermo Scientific Chemicals) via sonication for 2h followed
by evaporation of the methanol at 60°C. The dry mixture was
pyrolysed in N, environment using the tube furnace with a
ceramic tube (RHTC 80-230/15, Nabertherm) and heating
rate of 5°Cmin~" until 900°C, followed by the dwelling time
of 2 h at the latter temperature. For the optimisation, carboni-
sation at 800°C was also used. The obtained materials have —-N
in their designation, for example, Fe/Co-PDC-based catalyst is
named Fe/Co-PDC-N after N functionalisation [23].

2.2. Physical Characterisation. Micro-Raman spectra were
recorded in the back-scattering geometry on an inVia
Renishaw spectrometer in conjugation with a confocal
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microscope (Leica Microsystems CMS GmbH), 50X objective
and an argon ion laser operated at 514.5 nm. To avoid thermal
decomposition of the sample, the laser power density was mini-
mised by decreasing the laser power and defocusing. All sam-
ples were suspended in 2-propanol and drop-coated on silicon
substrates. The first-order Raman spectra of the catalysts was
normalised to the intensity of the G band. The spectrum pro-
cessing involved a baseline correction and multiple-peak fitting
procedure using the PeakAnalyser software in OriginPro 9. In
the curve-fitting procedure, all parameters (peak position,
height and width) were adjusted to attain the smallest value
of the chi-square. The Raman spectra were fitted following
the five-peak Voigt-shaped band model where G peak
(~1590 cm™) corresponds to the stretching vibrations of the
sp” carbon atoms in the ideal graphitic lattice; D1 (~1350 cm™")
to defect-activated breathing mode of aromatic rings; D2
(~1620 cm™") disordered graphitic lattice (surface graphene
layers, E, ;-symmetry); D3 (1490 cm™") to amorphous carbon
and D4 (1210 cm™) to disordered graphitic lattice [34]. The
defects in the as-synthesised catalysts were evaluated using the
Ini/(Ig + Ip,) ratio (integrated areas under the bands).

The surface morphology of the samples was analysed using
scanning electron microscopy (SEM) with a Helios Nanolab
600 (FEI) microscope operated at 10kV. The elemental com-
position was determined using an INCA Energy Dispersive X-
ray Spectrometer (EDX, Oxford Instruments) coupled to the
same microscope, which was operated at an accelerating volt-
age of 15kV.

Scanning transmission electron microscopy (STEM) was
conducted using a Titan Themis 200 (FEI) microscope at
200 kV. Simultaneously, bright-field (BF) and high-angle annu-
lar dark-field (HAADF) images were collected from the same
locations on the sample. Elemental distribution in the samples
was studied using EDX in STEM mode, employing a Super-X
EDX system (FEI/Bruker) coupled to the STEM and recorded
using Esprit software. For STEM analysis, the sample suspen-
sion in isopropanol was drop-cast onto holey carbon-coated
copper TEM grids (or gold grid for copper-containing sample).

X-ray photoelectron spectroscopy (XPS) studies were per-
formed with an SCIENTA SES-100 spectrometer using 200 eV
pass energy with glassy carbon plates coated with the catalyst
ink prepared in 2-propanol. The electron take-off angle was
90°. The non-monochromatic Mg K,, X-ray source (1253.6 eV)
was used in the case of Fe/Mn-PDC-N and Fe/Co-PDC-N
samples, while Al K, X-ray source was used for the Fe/Cu-
PDC-N. The pressure inside the analysis chamber was below
10~° mbar during data collection. The raw data were processed
using Casa XPS software (version 2.3.17) and involved removal
of X-ray satellites, peak fitting using the Gauss—Lorentz hybrid
line shapes and combination of linear and Shirley backgrounds.

The N, adsorption—desorption measurements and X-ray
diffraction (XRD) analyses were performed using the experi-
mental setup and conditions reported in an earlier study [18].

2.3. Electrochemical Characterisation

2.3.1. Half-Cell Studies in KOH Solutions. The rotating disc
electrode (RDE) and cyclic voltammetry (CV) experiments
were performed in a 3-electrode configuration using Autolab

potentiostat PGSTAT302N (Metrohm Autolab, The Nether-
lands), Nova 2.1 software, EDI101 rotator and CTV101 (Radi-
ometer) speed control unit. The investigations were conducted
in Ar-saturated (99.999 %, Linde) or O,-saturated (99.999 %,
Linde) 0.1 and 1.0 M KOH (p.a. quality, Merck) with saturated
calomel electrode (SCE) as the reference electrode and Pt-wire
as a counter electrode. All the reported potentials are converted
to the reversible hydrogen electrode (RHE) calculated using the
equation: Erpg = Escg+0.241 +0.059 X pH. Polished and
ultrasonically cleaned [35] glassy carbon (GC, A =0.196 cm?)
electrodes (GC-20SS, Tokai Carbon, Japan) served as the work-
ing electrode covered with the NPMC ink with a loading of
0.2 mg cm™ 2. The catalyst ink was prepared by 1 h sonication of
5 mg catalyst in 750 uL 2-propanol (99.8 %, Honeywell Riedel-
de Haén) and 12.5 uL. 5% Nafion (Ion Power Inc.) solution. The
Pt-Ru/C catalyst (40 wt% Pt, 20 wt% Ru on 50% compressed
carbon clack, HiSPEC 10300, Thermo Scientific) was coated on
the GC electrode with 20 pgp, cm ™ loading, Polarisation curves
for ORR and OER were recorded in the cathodic and anodic
directions, respectively, and corrected for iR-drop similarly to
the previous investigation [24]. The electrochemical double
layer capacitance (Cq) was calculated at different potential
scan rates () of 10-60mVs™" in the non-faradaic region
and potential window of 200 mV using the equation [36]:

A
CdIZ—J, (1)
14

where Aj is the average value of cathodic (j.) and anodic (j,)
current density (Aj=0.5 X (j, — j.)) determined on the CV
curve measured at 0.915V vs. RHE.

2.3.2. RZAB Measurements. An in-house built liquid electro-
lyte RZAB setup from previous investigations [24, 37, 38] was
modified for the present work with following additions. Firstly,
the freshly polished Zn-foil (99.9%, Auto-plaza, 0.2 mm thick)
electrode was pierced with a 4 mm diameter hole punch, which
enables electrolyte contact on both sides of the Zn-foil increas-
ing the total Zn electrode area to 6.04 cm” and total electrolyte
volume to ca. 4mL. The weight of the corresponding Zn-foil
outlined with rubber O-rings available for electrolyte contact
was 0.431 g. Secondly, the electrolyte compartments (con-
nected by 4mm diameter hole) at both sides of the Zn-foil
were vented to the MilliQ water filled airlock with polytetra-
fluoroethylene (PTFE) tubes to prevent possible gas overpres-
sure during the battery operation. The air electrode with
0.79 cm” active geometric area was prepared according to the
previous investigations [24, 37, 38] using Sigracet BB39 gas
diffusion layer (GDL) coated with the catalyst ink prepared
as the mixture of catalyst powder, water, ethanol, and 5%
Nafion solution. The final NPMC and Pt-Ru/C catalyst loading
at the air electrode was 1.8 and 1.2 mgcm™>, respectively. The
final catalyst loading after drop-casting and drying in the oven
was confirmed by microwave plasma atomic emission spec-
trometry (MP-AES) analysis. An aqueous solution of
6M KOH+0.2M Zn(CH;COO),-2H,O (Fisher Scientific,
98%) was used as the electrolyte.
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FiGUre 1: (a) Raman spectra and calculated Ip;/(Ig+Ip,) ratios for unmodified double TM-containing PDC materials and their DCDA
functionalised derivatives (-N), (b) XRD patterns for Fe/Co-PDC(-N) catalysts and XRD peak positions for C (graphite; PDF 04-013-0293),

FeCo (Fey.33C0q.¢7» PDF 04-021-8467), Fe (PDF 01-081-8775).

The discharge and charge polarisation curves for the RZAB
were recorded in galvanostatic mode with a scan rate of —10
and 10 mA min ™", respectively. In addition, the primary battery
voltage drop during the total discharge over time was measured
using a current density of 20 mA cm ™. The RZAB testing was
performed by continuous charge—discharge cycling with
~10mA cm ™~ for 0.5h and+10mA cm ™ for another 0.5h
resulting in 1h total one cycle length. The cut-off voltage for
RZAB tests was below 0.2 V and over 3.5V for discharging and
charging experiments, respectively. The RZAB cell was breath-
ing to the open atmosphere during all types of measurements.
The used and reported current density values for RZAB experi-
ments have been calculated with respect to the active geometric
area of the air electrode.

3. Results and Discussion

3.1. Physical Characterisation of the Catalysts. Raman spec-
troscopy analysis was performed to investigate the influence of
nitrogen functionalisation with DCDA via pyrolysis on the
carbon structure in the PDC samples (Figure 1la). This route
is known to introduce new carbon material (e.g., CNTs) if TM
nanoparticles (NPs) are present in the precursor mixture [39,
40, 41]. To investigate the degree of graphitisation, the I,/
(Ig+Ip,) ratios were used for more accurate assessment (Figure
S1). The precursor PDCs exhibited rather various I/ (Ig+Ip,)
ratios of 0.9—1.6 depending on the pair of used TMs and after N
functionalisation very similar ratios of 1.4-1.5 were observed.
High I, /(Ig+Ip,) ratio and significant broadening of D1 band
indicate the presence of defective graphitic carbon structures
due to the functionalisation procedure [34]. This observation
indicates the possibility for rather similar new carbon material
(e.g., CNTs) formation among all the PDC materials during the

high-temperature decomposition of DCDA. The N,
adsorption—desorption measurements were conducted to eval-
uate the influence of N modification on PDC materials in more
detail (Figure S2). In the case of double TM-containing PDC
materials, the very similar Brunauer—Emmett-Teller (BET)
surface area (Spgy) values around 60 m” g_1 were calculated
before and after the DCDA functionalisation except for Fe/Cu-
PDC (72m* g”') and Fe/Cu-PDC-N (128 m* g~'). The latter
result is similar to the zeolitic imidazolate framework-8 (ZIF-8)
modified binary TM-containing PDC materials from earlier
report (130-140 m* g_l) [33], while the values around
60m” g~ for other catalysts are also higher than the ones
previously reported for DCDA functionalised single TM-
containing PDC materials [23].

For the determination of crystalline phases in the catalysts,
the XRD analyses were performed with double TM-containing
PDC materials before and after the functionalisation with
DCDA (Figures 1b, S3). The N doping has no distinctly recog-
nisable effect on the crystalline composition of the materials. As
a common component, the graphitic carbon is observed with
the most intense XRD peak at 26.5° in every diffractogram
familiar from previous studies of similarly prepared PDC cat-
alysts [23, 33]. Therefore, this peak exceeds the shown intensity
scale maximum, so that all the other reflections can be well
noticed in the XRD patterns. In the case of Fe/Co materials,
only the peaks of FeCo alloy and Fe NPs are observed indicat-
ing the presence of both types of NPs. In the case of Fe/Cu and
Fe/Mn materials, the peaks of crystalline TM oxides are also
observed in addition to the both types of NPs, single TM and
TM alloys.

The surface morphology and bulk composition of the pre-
cursor and N-modified PDC materials were further investi-
gated using SEM and EDX methods. The structure and
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FIGURE 2: SEM micrographs with different magnifications of (a) Fe/Co-PDC-N, (b) Fe/Cu-PDC-N, (c) Fe/Mn-PDC-N catalysts.

composition of the precursor PDC materials (Figures S4, S5;
Table S2) is in accordance with the data reported for single and
double TM-containing PDC powders reported in early [23]
and more recent [33] studies, respectively. Modification of
binary TM-containing PDCs with DCDA has no observable
influence at the ~ 100 um scale (Figure S4), while the formation
of CNTs is clearly observed for Fe/Co-PDC-N and Fe/Mn-
PDC-N catalysts at the higher magnifications (Figure 2a—c).
This is supported by the observed Ip,/(Ig+Ip,) ratio of
1.4-1.5 obtained by Raman spectroscopy (Figure 1a). Further-
more, a considerable increase in the N content is observed
(Tables 1, S2) as expected similarly to the single TM-containing
PDC material modification with DCDA in an earlier investiga-
tion [23], which in turn confirms the successful N-functiona-
lization. Fe/Co-PDC-N exhibits the highest N content
(4.63 wt%), while the amount of all TMs in the samples is rather
uniform (~1.3-1.6 wt%) among 3 N-modified PDC catalysts
(Table 1). During the precursor mixing and functionalisation
procedures, the contaminants of Ca and K have been also

introduced into the PDC catalysts, while these elements are
not known to affect the ORR and OER performance of the
NPMC materials.

STEM images and STEM-EDX mappings were acquired to
investigate the nature of the TMs embedded into the PDC
materials functionalised with N using DCDA (Figures 3, S6,
S§7). STEM images showed the presence of TM NPs of various
sizes (~10-200 nm) within the catalyst materials (Figure 3a,c)
and at the ends of CNTs for Fe/Co-PDC-N (Figure 3a) as TM
NPs are known to catalyse the CNT growth [42]. Furthermore,
the TM NPs are covered with graphitic carbon layers
(Figure 3a,c, highest magnification) very similarly to the ones
in Fe, Co, and N co-doped graphene-coated alumina nanofi-
bers prepared in our earlier investigation using DCDA as an N
source [24]. The nature of the TM NPs was further evaluated
using the STEM-EDX elemental mapping (Figure 3b), which
indicated the presence of TM alloy NPs (Figure S6). The signal
from the covering carbon layers are similarly registered for
both, Fe/Co and Fe/Mn alloy NPs, while the ratio of metals
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TasLe 1: Bulk elemental composition of different double TM containing and N-doped PDC materials determined from the EDX analysis (wt

%).

Catalyst material C N o Si Ca K Fe Co Cu Mn
Fe/Co-PDC-N 65.94 4.63 14.94 11.48 0.33 0.10 1.28 1.29 0 0
Fe/Cu-PDC-N 64.59 2.59 16.64 11.56 1.47 0.20 1.41 0 1.57 0
Fe/Mn-PDC-N 66.71 2.25 14.39 13.12 0.35 0.10 1.48 0 0 1.59

FiGure 3: Bright-field (BF) STEM images with different magnification for (a) Fe/Co-PDC-N, (c) Fe/Cu-PDC-N. (b) BF and high-angle
annular dark field (HAADF) STEM images with EDX elemental maps for Fe/Co-PDC-N catalyst.

in NPs aligns well with the XRD results (Figures 1b, S3). The
Fe/Co NPs have 1/3 ratio of the corresponding TMs, while
Fe/Mn have Fe as the major component.

The absence of strong O signal from these TM NP sites
shows most likely the low amount or absence of TM oxides
within the TM NPs (Figure 3b). The well-scattered O signal can

result from uniformly distributed metal oxides according to
EDX analyses (Figure S3) and from O in the PDC backbone
(SiOC). Additionally, the EDX mapping revealed the rather
uniform presence of both TM and N signals in the catalyst
material (Figures 3b, S7). This could indicate the existence of
the dispersed TM sites and possibly dual TM sites, which are
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FIGURE 4: (a, ¢, e) XPS survey spectra and (insets) high-resolution XPS spectra in the Fe2p and (a) Co2p, (c) Mn2p, (e) Cu2p region with
deconvoluted peaks, (b, d, f) high-resolution XPS spectra in the N1s region with deconvoluted peaks and (insets) relative content (%) of
various N species for different double TM-containing and N-doped PDC materials.

TaLE 2: Surface elemental composition (at%) of different double TM containing and N-doped PDC materials determined from the XPS data

shown in Figure 4.

Catalyst Si C N Ca Fe Cu Co Mn
Fe/Co-PDC-N 7.34 734 5.32 13.18 0.36 0.29 0 0.13 0
Fe/Cu-PDC-N 4.58 78.83 1.97 12.87 0.65 0.16 0.94 0 0
Fe/Mn-PDC-N 3.12 85.85 2.84 7.39 0.30 0.20 0 0 0.32

highly desirable from ORR electrocatalysis point of view [20,
43, 44].

The surface composition and atomic bonding configura-
tion of the as-prepared catalyst materials were further investi-
gated using the XPS technique (Figure 4, Table 2). XPS revealed
the presence of the same elements (Figure 4a,c,e) as identified
by EDX analysis (Table 1), similar to previous investigations of
mono- and bimetallic PDC catalyst materials [23, 27, 33]. From
the active sites responsible for ORR and OER electrocatalysis,
the most important components are the N and the binary TMs.

The N1s spectra of the catalysts were deconvoluted to seven
species similarly as in the previous investigations of TM and N
functionalised NPMCs [18, 24, 45, 46]. Imine (~397.4 eV), pyr-
idinic (~398.2 eV), M-N, (~399.6 eV), pyrrolic (~400.3 eV), gra-
phitic (~401.7 eV), bulk N—H (~403 .4 eV), and N-oxide (~405.4
eV). The relative content (%) of each N functionality is given in
the insets to Figure 4b,d,f. Among all 3 N-modified binary TM-
containing PDC materials, the pyridinic N shows similar high
relative content of 32%—38%, which is often considered as the
most active N species for ORR and OER electrocatalysis

according to several investigations [14, 47]. Fe/Mn-PDC-N
shows the highest relative amount of pyrrolic N and M-N,,
which are also considered favourable for the high electrocatalytic
activity of both oxygen reactions, while M-Ny is especially
important due to the possible origin from N coordinated to
atomically dispersed single or dual TM sites [12, 20, 48, 49,
50]. Although, it should be considered that due to the close
XPS peak overlapping, the pyridinic N and pyrrolic N can also
include the contribution from the M-N, sites and vice versa [51].
Furthermore, the graphitic N with relatively low content of
2%-5% among three materials could lower the ORR onset and
half-wave potentials, while increasing HO,™ yield in alkaline
media [52]. It should be noted that the total amount of N is
2.7 and 1.9 times higher in Fe/Co-PDC-N catalyst compared to
the Fe/Cu-PDC-N and Fe/Mn-PDC-N materials, respectively.
This trend is in accordance with the EDX data (Table 1) and
results in the total amount of all N components being signifi-
cantly higher in the Fe/Co catalyst providing the possibility for a
much larger total amount of N-based active sites for ORR and
OER compared to the other binary TM materials.
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FiGure 5: Combined RDE voltammetry curves for oxygen reduction and evolution reaction on different (a) precursor PDC material, (b) N-
functionalised PDC catalyst and Pt-Ru/C-coated electrodes in O,-saturated 0.1 M KOH solution (v =10 mV s 1) at 1900 rpm, NPMC loading

0.2mgcm ™2, Pt-Ru/C loading 20 pgp; cm ™.

The deconvolution of TM 2p spectra is complicated due to
the low amount of TMs and high noise in the XPS spectra.
However, it can be assumed from the insets to Figure 4a,c,e,
that all TMs are rather in an oxidised state than in zero-valent
metallic form. TMs in oxidised state are characteristic to the M-
Ny centres, where they can be coordinated by N [53, 54]. It
should be noted that in addition to M-N, centres, the oxidised
TM can be present in the TM oxides as confirmed by XRD
analyses (Figure S3), which are considered beneficial for high
OER activity according to the literature [8, 55].

3.2. RDE and CV Studies in KOH Solutions. The preliminary
characterisation of the ORR (Figure S8) and OER performance
was conducted via half-cell studies using the RDE technique in
the O,-saturated 0.1 M KOH electrolyte at 1900 rpm. The ORR
route of the metal-free and double TM-containing precursor
PDC materials followed the 2e™ reduction pathway from ca. 0.5
to 0.3V vs. RHE and increased towards 4e~ (or 2X2e™) at
lower potentials from 0.3 to —0.2 V (Figure 5a, Table 3). This
kind of electrocatalytic behaviour is inherent to the metal-free
and single TM-containing PDC materials without additional N
functionalisation as documented in several previous studies
[23, 25, 26]. Modification with N using DCDA considerably
increased the ORR activity of the catalysts (Figure 5b, Table 3)
as expected according to the previous work with single TM-
containing PDCs [23]. The highest electrocatalytic activity
towards the ORR among three binary TM combinations is
observed in the case of Fe/Co-containing catalyst material
(Fe/Co-PDC-N, E,;;;=0.76 V). Although, it should be noted
that the E;/, value for Pt-Ru/C (0.80V, similar to previous
reports [24, 25]) is not reached. As a general observation
over different reaction environments and N sources, the gas
diffusion electrode half-cell studies in acidic conditions at
160°C in our recent investigation also revealed the Fe/Co com-
bination showing the highest ORR activity over Fe/Mn and

TasLe 3: The ORR half-wave potential at -3 mA cm™? (B, ), the
OER potential at the current density of 10 mA cm™? (Ej=10) and the
ORR/OER potential gap (AE=E;_1 — Ey,) values for Pt-Ru/C and
different PDC-based catalyst-coated GC electrodes obtained in this
study (Figure 5) and from the literature [25, 27].

Catalyst Eyp (V) E;_10 (V) AE (V)
Pt-Ru/C 0.80 1.69 0.89
Fe/Co-PDC 0.33 1.69 1.36
Fe/Co-PDC-N 0.76 1.63 0.87
Fe/Mn-PDC 0.37 1.84 1.48
Fe/Mn-PDC-N 0.67 1.73 1.06
Fe/Cu-PDC 0.31 — —
Fe/Cu-PDC-N 0.63 — —
5 wt%-Ni/PDC [25] 0.62 1.61 0.99
Ni/SiOC [27] 0.73 1.62 0.89

Fe/Cu in the case of ZIF-8 modified binary TM-containing
PDC material [33].

To investigate the ORR kinetics and pathway for Fe/Co-
PDC-N catalyst in more detail, the RDE voltammetry curves
at various rotation rates (o) were recorded and the
Koutecky—Levich (K-L) plots were constructed (Figure 6).
The K-L analysis shows that the ORR proceeds under the
diffusion control at E<-0.1V and in the mixed kinetic-
diffusion conditions at E>-0.1 V. The K-L equation (see
Equation S1) [56] with the values of constants corresponding
to 0.1 M KOH [57] was used to calculate the electron transfer
number (1) from the slopes of the K-L lines. The n value is
gradually approaching 4 at more negative potentials referring
to the 2 X 2¢™ reaction pathway. Furthermore, the chronoam-
perometric (CA) ORR stability testing at 0.6 V vs. RHE at
960 rpm was performed for Fe/Co-PDC-N and Fe/Mn-PDC-
N catalysts (Figure S10) according to the previously published
procedure [24]. The CA test showed the superiority of

95US017 SUOLULLIOD SAITE.D 3{cedl|dde au Ag peusenob afe Sapie VO ‘8sN JO Sajni 1o} Akeiqi T 8uluO AS|IA LD (SUOIPUOD-PUE-SWIB D" A3 1M Afeid]1BU1|UO//SUNY) SUONIPUOD PUe SWB | 8U) 885 *[G202/0T/22] U0 ARiqITauIiuO ABIM “UBLISD Z)oywPH "a Ul LUed Wney "N-4n o wniuez yasia Aq 998252y/4/SSTT 0T/I0p/Lod™Aa| 1w Akeiq 1 pui|uo//sdny wouy pepeojumod ‘T ‘G20z ‘Bl



10

Fe/Co-PDC-N as the ORR catalyst over Fe/Mn-PDC-N and
also over similar Fe/Co-NGr-3 (19% decline in current) from
previous investigation [24].

The OER activity of the double TM-containing precursor
PDC materials (Figure 5a, Table 3) is quite considerable
(Fe/Co-PDC is on par with Pt-Ru/C at 10 mA cm™?), which
is also consistent with the previous reports on single TM-based
PDC catalysts [25, 27]. However, very low activity is observed
in the case of TM-free PDC material indicating the importance
of TM species (e.g., TM oxides, Figure S3) to provide high OER
performance in the PDCs. After the functionalisation with N
(Figure 5b, Table 3), the increase in the OER activity is
observed, which can be expected as the N species with the
coordination to TM (e.g., M-Ny) and without (e.g., pyridinic)
have been reported to be responsible for high OER perfor-
mance [5, 47].

For the combined evaluation of the catalysts ORR and OER
activity in one numerical value, the ORR/OER potential gap
(AE) can be used, which is the difference between the E,/,
(determined for ORR at =3 mA c¢m™2) and E;j_ 1o (determined
for OER at 10 mA cm ™) values [24, 25]. In the present work,
the AE for the catalysts were optimised towards the lower
values by comparing the binary TM catalysts modified with
DCDA at two different pyrolysis temperatures (Figure S8). The
optimised pyrolysis temperatures were found as 800°C for
Fe/Cu-PDC-N and Fe/Mn-PDC-N, while Fe/Co-PDC-N
exhibited lower AE value when prepared at 900°C. Therefore,
these were the carbonisation temperatures used for the prepa-
ration of specific catalysts in the present investigation
(Figure 5b, Table 3). The lowest AE value of 0.87 V is obtained
in the case of Fe/Co-PDC-N, which is very similar to the AE
value of Pt-Ru/C and to the ones in previous studies for PDC-
based Ni/SiOC [27] and also to Fe, Co, and N co-doped
graphene-coated alumina nanofibers prepared using DCDA
(AE=0.85-0.88 V) [24]. Additional ORR and OER experi-
ments with Fe/Co-PDC-N and Fe/Co-PDC-N catalysts in
1.0M KOH were performed (Figure S9). The E,;, value in
1.0M KOH is determined at —2mA cm™> due the ca. 33%
lower diffusion-limiting current compared to 0.1 M KOH
caused by the lower O, solubility [58, 59]. Still, the lower E;,
value of 0.60 V was found for Fe/Co-PDC-N compared to 0.1
M KOH (0.76 V). The superior E;_ 1, value of 1.58 V in 1.0 M
KOH was witnessed indicating to the more favourable OER
kinetics in highly alkaline conditions. Despite the latter, the
moderate AE value of 0.98 V was calculated in 1.0 M KOH.
Increasing the catalyst loading to 0.4 mg cm ™ had surprisingly
negative effect on the OER/ORR performance indicating that
0.2mgcm > is the sufficient loading for this type of
measurement.

In addition to the evaluation of the AE value, the electro-
chemical double-layer capacitance (Cy) can be estimated to
assess the suitability of one catalyst over another for the
RZAB air electrode application (Figures 7, S11, S12) [60, 61].
The binary TM-containing PDC materials before the N func-
tionalisation exhibit the Cy values of ca. 2.0mF cm™? for
Fe/Mn and Fe/Co combinations, while lower Cy; value of
1.2mFcm ™ is obtained for Fe/Cu material. These values are
in good agreement with the 1.5 mF cm™ reported in an earlier

International Journal of Energy Research

study for 5 wt%-Ni/PDC [25]. After the functionalisation with
N using DCDA, the Cy values have increased by ~ 70% for all
the catalysts with Fe/Mn-PDC-N showing the highest
value (3.3 mFcm™?), which is followed by Fe/Co-PDC-N
(3.0mF cm™2). The increase in the Cy value is most likely
due to the new high specific surface area nanocarbon material
formation (e.g., CNTs) during the carbonisation with DCDA as
evidenced by different physicochemical characterisation tech-
niques (Section 3.1) and indicates that Fe/Co- and Fe/Mn-
based materials could host higher amount of electroactive sites
for ORR/OER compared to the Fe/Cu-PDC-N catalyst [24, 25].

3.3. RZAB Testing. In this work, the in-house built liquid
electrolyte RZAB setup was modified with electrolyte contact
to the both sides of Zn-foil and electrolyte compartment venti-
lation tubes (Section 2.3.2) compared to the previous RZAB cell
version used in our earlier investigations [24, 37, 38]. These
modifications were firstly evaluated with a commercial Pt-Ru/
C air electrode. The solid black line (Pt-Ru/C) in Figures 8, S13
stands for the data obtained with the modified RZAB unit cell,
and the grey dashed line (Pt-Ru/C*) to the original non-
modified version of the cell. Firstly, the open circuit voltage
(OCV) value (1.48V, Table 4) is increased compared to the
original cell (1.45V, Pt-Ru/C* [24, 38]). According to the dis-
charge polarisation curve (Figure 8a), the cut-off point at ca.
200 mA cm™? is avoided and additionally higher cell voltage is
recorded at lower current densities (inset to Figure 8a) with the
modified RZAB configuration. Among the N-doped binary
TM-containing PDC materials, the Fe/Co-PDC-N air electrode
catalyst exhibits the highest voltage throughout the polarisation
curve, which is in accordance with the ORR half-cell study
results in 0.1 M KOH (Figure 5b, Table 3). Corresponding
tendencies are also carried forward to the calculated power
curves (Figure 8b), where the maximum power density
(Ppmay) values of 154 and 142 mW cm™? for Pt-Ru/C and
Fe/Co-PDC-N, respectively, are obtained (Table 4).

The total discharge experiment at constant —20 mA cm™
(Figure 8c) shows once again the superiority of the modified
RZAB cell configuration very likely due to the more favourable
consumption of the Zn-foil on both sides and at the edges of
4 mm hole in the foil. The evaluation of the total discharge data
was performed according to the method published by Parker
et al. [68], taking into consideration the total amount of Zn-foil
available for the electrolyte contact (Table 4). The Pt-Ru/C air
electrode exhibited the highest mean cell discharge voltage
(McdV), while all N-doped double TM-containing PDC mate-
rials showed superior specific capacity (SC), specific energy
(SE) and depth of discharge (DoD). The optimal material is
considered to be Fe/Co-PDC-N due to the high capacities, DoD
(97%) and the McdV is the second one from Pt-Ru/C (e.g., 11th
hour in the inset to Figure 8c). The high DoD values in the
modified cell compared to the original design could be also
favoured by the 2 times higher electrolyte volume as Zn-foil
passivation is also influenced by the critical zincate concentra-
tion and ZnO solubility in the electrolyte according to the
recent work by Fuchs et al. [69]. The recharge polarisation
curves were recorded at least 15 min after the total discharge
experiment at constant —20 mA cm ™ (Figure 8c) and the

2
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FiGure 6: (a) RDE polarisation curves (v=10mV sV at (1) 360, (2) 610, (3) 960, (4) 1900, (5) 3100, (6) 4600 rpm for O, reduction on Fe/Co-
PDC-N catalyst-coated GC electrodes in O,-saturated 0.1 M KOH, catalyst loading 0.2 mg cm ™2, (b) Koutecky—Levich plots derived from the
corresponding RDE polarisation curves in Figure 6a, the inset shows the potential dependence of the electron transfer number (n).

obtained recharge curves are presented in Figure 8d. According
to this experiment, the rechargeability of Fe/Co-PDC-N is
more beneficial due to the lower voltage compared to Pt-Ru/
C at higher j values than 75 mA cm ™.

The charge—discharge cycling was performed using the
current density of 10mA cm™ and total one-cycle duration
of 1h and the superiority of the modified RZAB cell configu-
ration was once more witnessed as the lifespan of Pt-Ru/C air
electrode containing cell increased 10 times from 6 h (Fig. S13a)
to 57 h (Figure 8e, Table 4). In accordance, similar lifespan of
ca. 5.5 h before the 1st mechanical recharge was also measured
for Pt-Ru/C using 5 mA cm™ and total one cycle length of
10 min in an earlier report with the original RZAB setup [38].
In addition to the higher electrolyte volume and more accessi-
ble Zn-foil, the 10 times increase in the lifespan of the cell could
also be due to the added ventilation to the electrolyte chambers.
More specifically, during charging O, evolves from the air
electrode and discharging can be accompanied by H, evolution
at the Zn-foil, which can both cause overpressure or gas bubble
formation in the electrolyte compartment [28, 70].

The charge—discharge voltage gap (£) and the correspond-
ing energy utilisation efficiency (i.e., round-trip efficiency, ¢)
are two parameters to describe the RZAB performance changes
through the cycling lifespan (Figure S13) [24, 62]. During the
second cycle (Figures 8e, S13b), the N-doped double TM-
containing PDC air electrodes follow the same activity order
towards the OER as observed in 0.1 M KOH (Figure 5b,
Table 3), while Pt-Ru/C is superior to all of them. In the case
of discharge voltage (ORR), only the superiority of Pt-Ru/C can
be distinguished. At the 16th hour (Figures 8e, S13c), the
ORR/OER behaviour of PDC materials resembles more closely
the one of Pt-Ru/C (similar £ and ¢ values) evidencing the
superiority in the long-term cycling durability of the N-doped
double TM-containing PDCs. The better durability of the PDC
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FIGURE 7: Cy values and the dependence of scan rate on the average
value of cathodic and anodic current density (Aj) at 0.915V from
the CVs recorded in Ar-saturated 0.1 M KOH solution shown in
Figure S11. Unmodified double TM-containing PDC materials
(dotted line) and their N-doped derivatives (solid line).

materials could be influenced by the higher oxidation and cor-
rosion resistance of SiOC backbone compared to the com-
pressed carbon black-based Pt-Ru/C with potential carbon
corrosion. During the 31st hour (Figures 8e, S13d), the differ-
ence between Pt-Ru/C and Fe/Co-PDC-N air electrode perfor-
mance is almost indistinguishable (similar & and e values),
while the Fe/Mn- and Fe/Cu-based catalysts exhibit slightly
and considerably lower RZAB performance, respectively. The
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TasLe 4: Comparison of RZAB characteristics for different (binary) TM-based NPMC air electrodes from this work (Figure 8) and the
literature, open circuit voltage (OCV, V) maximum discharge polarisation curve power density (P, mW cm™), charge—discharge cycling
stability cycles or time@j (CycStab, mA cm™?), specific capacity (SC, mAh an_l), specific energy (SE, mWh an_l), and depth of discharge

(DoD, %).

Catalyst oCv Prnax CycStab scP SE® DoD" Ref.
Pt-Ru/C 1.48 154 57 h@10 691 794 84 This work
Fe/Co-PDC-N 1.55 142 46 h@10 797 895 97 This work
Fe/Cu-PDC-N 1.54 124 34 h@10 821 908 100 This work
Fe/Mn-PDC-N 1.52 138 88 h@10 761 829 93 This work
Ni/PDC 1.24 59 65 h@5* — — — [25]
H.ANi 1.48 110 50 h@2 — — — [26]
Fe/Co-NGr-3 1.39 149 16 h@5* — — — [24]
FeCoN-PDF-T,-2 1.53 258 25 h@10 — — — [20]
FePc||CNTs||NiCo (CP) 1.37 220 700 cycles@10 — — — [62]
FeCo@MNC 1.41 115 24 h@20 — — — [63]
FeCo/N-CNFs 1.45 356 100 h@10 — — — [64]
FeCoTpp-900-2:IrO, 1.41 128 72 h@5 — — — [65]
Co3Ni;-NC 1.38 123 5000 cycles — — — [61]
FeCu-NC@XC-72 1.48 191 360 h@1 — — — [66]
Cu-Fe@CNTs/NC 1.48 167 1000 cycles@2 — — — [60]
FeCo-N,-CN-30 1.41 150 44 h@10 — — — [67]

“Determined until the first electrolyte change or mechanical recharge.
PThese values are calculated according to the route from Parker et al. [68].

superiority of the Fe/Co-PDC-N catalyst over its PDC deriva-
tives is consistent with the ORR/OER half-cell and CA stability
testing results obtained in 0.1 M KOH (Table 3, Figure S10) and
could be mainly attributed to the highest N content found by
the EDX and XPS methods (Tables 1 and 2) and the superiority
of Fe co-doping with Co compared to Mn and Cu. Similarly,
the Fe/Co combination showed higher ORR activity compared

to Fe/Mn and Fe/Cu in the case of ZIF-8-modified binary TM-
containing PDC materials tested at gas diffusion electrode with
concentrated H;PO, electrolyte at 160°C [33] indicating the
superiority of Fe/Co over wide pH and temperature ranges.
The PDC-based mono TM-containing catalysts have been
previously applied at the RZAB air electrode in several inves-
tigations, which are also included in Table 4 for comparison
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[25, 26]. The RZAB performance data obtained in the present
work is superior to both previous investigations, although it
should be noted that the specific conditions for the RZAB
testing and setup can have a tremendous impact on the battery
characteristics as observed herein for comparative Pt-Ru/C and
Pt-Ru/C* experiments (Figures 8, S13a). Therefore, also the
RZAB testing results with various types of more active
NPMC air electrodes superior to the data presented within
the present work can be found (Table 4) [5, 20, 62, 71]. Despite
the latter, this investigation is an important step forward for the
development of applicable (double) TM and N co-doped PDC-
based catalysts for the RZAB air electrode and simultaneously
advancing the RZAB cell design and characterisation
techniques.

4. Conclusions

In the present report, three binary TM combinations (Fe/Co,
Fe/Mn, Fe/Cu) were investigated for the preparation of PDCs
subclass SiOC-based bifunctional electrocatalysts for the RZAB
air electrode. Modification with DCDA was used to introduce
nitrogen moieties into the catalyst materials via pyrolysis at
comparative temperatures of 800 and 900°C. The highest
bifunctional activity towards the oxygen reactions was
observed in the case of Fe/Co-containing material Fe/Co-
PDC-N, which showed the AE value of 0.87V in 0.1 M
KOH. The E;_, value for Fe/Co-PDC-N in 1.0 M KOH was
1.58 V. The superiority of Fe/Co-PDC-N over its Fe/Mn and
Fe/Cu counterparts was attributed to the specific TM and the
highest N content according to the EDX and XPS studies pro-
viding the highest amount of ORR/OER active N species (e.g.,
M-Nj, pyridinic, pyrrolic, etc.). Fe/Co-PDC-N performance in
the RZAB was also the closest to the one of commercial Pt-Ru/
C compared to two other binary TM-containing NPMCs.
Fe/Co-PDC-N air electrode equipped RZAB discharge polar-
isation curve showed the P, of 142 mW cm ™2, 46 h lifetime
for 10mA cm™ charge—discharge cycling, and 97% depth of
discharge. Pt-Ru/C air electrode containing RZAB exhibited
Prax Of 142mWcm™2, 57h lifetime for 10 mA cm™>2
charge—discharge cycling, and 84% depth of discharge. Further-
more, in the present investigation, two RZAB design modifica-
tions were introduced, which favoured the RZAB performance.
The modifications were electrolyte compartment ventilation
and electrolyte access to both sides of the Zn foil.
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