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ABSTRACT
Alkaline zinc-air batteries (ZABs) have attracted interest in recent years for their high theoretical energy density and use of low-
cost, abundant zinc metal as the anode. In order to overcome the activation energy barrier of the oxygen reduction reaction
(ORR) and oxygen evolution reaction (OER), noble metals are commonly used. Within this work, transition metal-functionalized
Poly(heptazine imide)s (PHIs) are studied as an alternative and more abundant electrocatalyst, as they offer the homogenous
immobilization of metals within their ordered structure. Introducing Fe and Ni into the PHI network enables the formation
of single and mixed transition metal PHIs, which show reduced overpotentials for ORR and OER. The formation of Ni single
atoms even induces outstanding catalytic activity for the OER during charging of ZAB full cells with performance comparable
to that of RuO2. Furthermore, full cell tests show excellent stability over the course of 250 discharge-charge cycles, making it a
promising system for sustainable energy storage. This work paves the way for the molecular design of a novel material class as an
electrocatalyst for ZAB.
1 Introduction

Around 1800, Alessandro Volta reported the first battery that
converted chemical energy into electric energy [1]. This tech-
nology led to the innovation of further primary batteries such
as the Daniel element, which were used for electric powering
and exhibited high energy densities - until the discovery of the
generator [2]. However, due to the electrification of today’s soci-
ety, such high-energy density battery systems are gaining more
and more importance. In particular, batteries that are portable,
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safe, non-toxic, and ideally based on abundant resources. Among
others, the zinc-air battery (ZAB) is a great candidate for such
requirements, as it utilizes low-cost, highly-available zinc metal
for the anode and is generally regarded as a non-toxic and safe
battery system [3, 4]. Furthermore, they bear a high theoretical
specific energy density of ≈1350 Whkg−1, making them attractive
for applications calling for a long-term steady energy output.
To this day, energy densities of ≈200 Whkg−1 can be reached
in practice, marking the true potential of the ZAB yet to
unfold [3, 5–7].
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Several challenges for designing high-performing rechargeable
ZABs exist, such as Zn dendrite formation or carbonate and oxide
precipitation [3]. This work, however, will focus on the oxygen
reduction reaction (ORR) and oxygen evolution reaction (OER),
which govern the charge and discharge process, as they suffer
from sluggish kinetics and high overpotentials. To overcome this
issue, carbon-supported noble metals like Pt or Pd are employed
[7–9]. As the use of such scarce elements hinders economically
efficient large-scale production, there is a growing need for more
sustainable and available catalyst materials.

Although zinc is generally more abundant, it frequently poses a
local environmental risk by harming biodiversity and ecosystems
through mining and refining processes [10]. Therefore, it is
imperative to place its sustainable use in such battery systems at
the forefront of development efforts. One approach is the design
of rechargeable ZABs, which enable a longer lifetime of battery
cells and a more sustainable use of Zn as a metal.

Rechargeability can be realized by the use of catalysts that
overcome overpotentials for the oxygen evolution reaction at
the cathode side. Generally, catalysts such as RuO2 or IrO2 are
deposited onto the gas diffusion layer (GDL) additionally to the
ORR catalysts. However, as already mentioned, the use of noble
metals contradicts the originalmotivation of a sustainable battery.
Sustainable alternatives for such catalysts are based on carbon,
nitrogen, and earth-abundant transition metals (TM) [11–13].

A promising candidate for the development of new catalyst
materials is poly(heptazine imide) (PHI), a member of the ionic
carbon nitride family [14]. Structurally, ionic PHIs are closely
related to graphitic carbon nitride melon - discovered in 1834 by
Justus von Liebig - and the covalent, metal-free poly(heptazine
imide) [15, 16]. That said, ionic PHIs - or metal PHIs (M-PHIs) -
incorporate metal cations within their structure, which are coun-
terbalanced by negatively charged imide bridges. Those cations
enable the long-range order of M-PHIs, their ionic conductivity,
as well as their tailorable photoelectrochemical properties. A
well-investigated M-PHI is K-PHI with K+ ions integrated in
its structure [17–22]. Those metal cations can be substituted by
other ionic species such as TM, ionic liquids, or protons. For that
reason, M-PHIs bear the nickname “organic zeolites” [17, 23, 24].

Since the K+ ions in K-PHI are well-distributed into the network,
substitutionwith catalytically active TMallows for the generation
of single-atom catalysts, which are a promising class of catalyst
materials for their controllable electronic band structure, highly-
exposed metal centers, and high atom efficiency [25–27]. Intro-
duction of TM can be achieved in a facile aqueous ion-exchange
reaction. This allows for adjusting the desired metal content and
immobilizes the metal within the PHI network by chelating the
effects of N vacancies [14, 26, 28, 29]. As photocatalysts, M-PHIs
have been applied for the aqueous hydrogen evolution reaction
(HER) and oxygen reduction reaction (ORR), organic synthesis
and pollutant degradation, to name a few [30–35]. So far, only
a few publications report the use of M-PHIs as electrocatalysts.
For example, Ye et al. utilized Co-PHI as an electrocatalyst for the
OER toward application in fuel cells [14]. Zhao et al. investigated
the capability of TM doped PHIs for electrochemical nitrogen
reduction reaction by density functional theory calculations, and
found Mo-PHI to be a promising candidate [26].
2 of 11
In this work, Fe- and Ni-functionalized PHIs are utilized as
electrocatalysts in ZAB, substituting Pd and RuO2, respectively.
Since PHIs have not been thoroughly explored for reducing
overpotentials in electrochemical ORR and OER, the effect of dif-
ferent metal loadings as well as Ni/Fe dual-functionalization, on
the overpotential is investigated, both in half-cell measurements
and in ZAB full cells. This work employs the potential of PHIs
as electrocatalysts in ZAB and paves the way for their further
application as noble metal alternatives.

2 Results and Discussion

2.1 Synthesis of K-PHI and Ion Exchange
Reaction

Single TM PHIs were obtained from a three-step synthetic
procedure (Figure S1). In summary, melamine was thermally
polymerized to melon under inert conditions in the first step
[23, 24]. Then, melon was converted to K-PHI via ionothermal
synthesis using KSCN [21]. Crude K-PHI is then thoroughly
washed with deionized water to remove KSCN. During workup,
the formation of solvated K-PHI can be observed (Figure S2).

The obtained K-PHI further serves as the starting material
for the synthesis of single TM M-PHIs (Figure S3). For this
purpose, aqueous ion-exchange reactions were performed with
ferrous chloride (FeCl2⋅4H2O) as Fe2+ source, ferric chloride
(FeCl3⋅6 H2O) as Fe3+ source, and anhydrous nickel chloride
(NiCl2) dissolved in deionized water, respectively [17]. Depending
on whether 10 or 50 mm metal salt solutions were used during
synthesis, the M-PHIs were denoted as M-PHI-10 or M-PHI-50
(Figure S1).

2.2 Bonding Behavior of Single Metals within
the PHI Network

To gain insight into the long-range order of the obtained materi-
als, powder X-ray diffraction (PXRD)measurements were carried
outwithmelon, K-PHI, and theM-PHI-50materials (Figure 1a,b).
It is hypothesized that the integration of TM into the PHI
network could potentially alter the structure of PHIs by changing
coulombic interactions and thus the interlayer spacing of the PHI
sheets by cation intercalation. In melon, a characteristic reflex
can be found at 27.5◦ 2θ, corresponding to the layer stacking of
the melon sheets [36]. Using Bragg’s equation (Section S2.2.1),
this corresponds to an interlayer distance of 3.24 Å. Additionally,
a broad signal observed at ≈13◦ 2θ can be assigned to the in-
plane repeating heptazine units with distances of ≈6.75 Å [21,
36]. Conversion of melon to K-PHI results in a decrease of the
interlayer distances as observed by an increase of diffraction angle
by ≈1◦ 2θ, corresponding to PHI sheet distances of ≈3.14 Å. This
observation underlines the role of K+ as a stacking mediator
and is in good accordance with the literature [23]. Integration
of TM into the PHI network by aqueous ion exchange does not
result in an apparent major change of the PXRD patterns in
the low-angle range. All patterns show a reflex corresponding
to the interlayer stacking, confirming that the PHI network
remains intact after ion exchange. After cation exchange, slight
changes of the interlayer stacking reflex are observed (Figure
Advanced Energy Materials, 2026
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FIGURE 1 (a) PXRD diffractograms of melon, K-PHI, and M-PHI. (b) Excerpt of stacked PXRD of melon, K-PHI, and M-PHI. (c) Absolute molar
metal content and relative metal content of K-PHI and the M-PHIs were determined by ICP-OES. (d) Relative metal content of K-PHI and M-PHI-50
determined by XPS.
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S4a). Generally, the reflex is shifted slightly by 0.05◦ 2θ to lower
angles in comparison to K-PHI. This points to aminor increase in
interlayer distancewhen functionalizingwithFe orNi by≈0.01Å.
What is even more pronounced are the increases in width of the
reflex when more metal is introduced in the structure, pointing
toward a decrease in long-range order, or the peak broadens due
to smaller areas that coherently scatter.

Therefore, the sizes of coherently scattering domains within the
PHImaterials were calculated using the Scherrer equation (Table
S6). Here, the sizes of K-PHI and the M-PHIs are ≈18 nm with
the exception of Fe(II)-PHI-50 with ≈8 nm and Ni-PHI-50 with
≈10 nm (Figure S4b), as already suspected. As the metal ion
solutions are fairly acidic, it could be hypothesized that partial
conversion from K-PHI to H-PHI occurs, resulting in a decrease
of crystallite size as observed by Schlomberg et al. [23]. However,
as hydrated Fe3+ is more acidic than hydrated Fe2+, smaller
crystallites should be observable for Fe(III)-PHI-10, which is
not the case. Therefore, it is more plausible that Fe2+ and Ni2+
at higher concentrations decrease the long-range order of the
material by increased exfoliation of the PHI sheets. Additionally,
the long-range order of the material is also represented in the
relatively low BET surface area compared to porous carbons i.e.,
(Figure S5).

In order to quantify the bulk metal ion content of the M-PHIs,
inductively coupled plasma optical emission spectroscopy (ICP-
OES) was performed (Figure 1c). Since K-PHI was thoroughly
washed prior to the ion exchanges, it can be assumed that no
residual KSCN is present within the material. This is supported
by the absence of KSCN reflexes in the PXRD diffractogram
(Figure 1a). Ion exchange of K-PHI with TM results in a decrease
of K+ content and simultaneously the increase of TM content
(Figure 1c). The weight fraction of the TM lies at ≈1 wt.% for
the M-PHI-10 and at ≈5 wt.% for the M-PHI-50. This shows
that the concentration of the metal solution used for the ion
exchange directly influences the final metal content. This is
further illustrated by the successive ion exchange of K-PHI with
Fe (Figure S6). The multi-valency of the TM hereby plays an
important role, as the release of K+ from thematerial presumably
results in an increase of the overall entropy and is therefore a
Advanced Energy Materials, 2026
driving force for the reaction. By conversion of theweight fraction
to amolar fraction, the amount of K+ released and TM introduced
to the network can be compared (Figure 1c). Here, it can be
observed that the amount of K+ displaced from the PHI network
is higher than the amount of TM cation introduced that would
balance the charge, suggesting that other cations, most likely H+,
are additionally introduced to the network (Section S3.2.1).

To better understand whether the TM is distributed homoge-
nously within the PHI network or if differences can be observed
between bulk and surface metal concentration, XPS measure-
ments were carried out with K-PHI and M-PHI-50, as it is a
surface-sensitivemethod (Figure 1d). In K-PHI, the amount of K+

at the surface is equivalent to the bulk material at ≈13 wt.%. After
the ion exchange, the content of K+ at the surface decreases to
3 wt.% in Fe(III)-PHI-50 and to 4.5 wt.% in Fe(II)-PHI-50 and Ni-
PHI-50. After ion exchange, the TM content amounts to 14 wt.%
in Fe(III)-PHI-50 and to 18 wt.% in Fe(II)-PHI-50 and Ni-PHI-
50. Here, in contrast to the bulk content derived from ICP-OES,
the amount of TM is significantly higher at the PHI surface. This
indicates that the functionalization with TMmainly occurs at the
PHI surface.

To gain insight into the bonding conditions within the PHIs,
Fourier transform infrared spectroscopy (FT-IR) was performed
in addition to XPS measurements (Figure S7a,b). The FT-IR
spectra reveal the typical signals for PHI materials, such as
the out-of-plane heptazine bending at 800 cm−1, the valence
stretching of the heptazine units at 1200–1700 cm−1, as well
as a signal located at 2170 cm−1 belonging to cyanamide
end groups, which are a known structural feature within the
PHI network [22]. Additionally, a slight shift of the signal at
∼800 cm−1 indicates a change in N-M bonding due to ion
exchange [14, 17, 28].

In addition, the XPS spectra of K-PHI and M-PHI were super-
imposed (Figure 2b–d). The K2p signal at 297-291 eV indicates a
decrease of K+ ions at the surface of the PHI after ion exchange.
At 290-286 eV the C═N signal can be found relating to the
heptazine ring (Figure 2b). For K-PHI, the maximum of this
signal lies at 287.9 eV. Here, a slight shift toward higher binding
3 of 11
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FIGURE 2 (a) Scheme describing the chemical structure of an M-PHI layer. (b) Normalized XPS spectra of the C1s and K2p signal of K-PHI, M-
PHI-50, and mixed metal PHIs. (c) Superimposed, normalized XPS spectra of the N1s signal of K-PHI, M PHI-50, and mixed metal PHIs. (d) Close-up
view of (b) and (c), indicating the shift of the photoelectron emission maximum.
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energies is notable for Fe(III)-PHI-50 at 288.4 eV, indicating a
decrease of electron density at the heptazine C caused by the
electron-withdrawing effect of Fe3+ coordinating to heptazine N.
This effect is also observable for Fe(II)-PHI-50 and Ni(II)-PHI-50,
whose signals lie at 288.1 eV, slightly lower than Fe(III)-PHI-
50. Additionally, a C═C signal at 284.8 eV is observed, likely
relating to adventitious carbon, a typical XPS signal caused
by hydrocarbon adsorption at ambient [37]. The presence of
adventitious C is also indicated by the differing C: N ratios of XPS
and combustion analysis (Figure S8).

The N1s signal can be divided into the C─N─C imine region
at binding energies of 402-400 eV and into the N═C heptazine
region at 400-396 eV (Figure 2c). For K-PHI, the maximum in
the N═C region lies at 398.4 eV, while for Fe(III)-PHI-50 it lies
at 398.8 eV, caused by the decrease of electron density at the
heptazine N due to Fe3+ coordination. Less shifting is observable
for Fe(II)-PHI-50 andNi-PHI-50 at 398.6 eV due to lower electron-
withdrawing effects. This observation further strengthens the
different coordination of metals due to their varying oxidation
states and numbers of coordination sites.

As Fe2p and Ni2p spectra are difficult to evaluate due to low
signal-to-noise ratio and complex satellite structure of transition
metals, the oxidation states and bonding environments of themet-
als within the M-PHIs were further studied via X-ray absorption
near edge structure spectroscopy (XANES) and extended X-
ray absorption fine structure spectroscopy (EXAFS), respectively
(Figure 3a–d; Full spectra shown in Figure S9). The position
of the absorption edge in this context gives insights into the
oxidation state and electronic structure of the examined atom. In
addition, the specific chemical environment also has an effect on
the position of the absorption effect; hence, having appropriate
reference materials is of high importance. Therefore, different
reference materials such as Fe foil, FeCl2⋅4H2O, FeCl3⋅6H2O,
and [Fe(tpy)2]Cl2 were chosen, with the latter representing the
coordination environment within the PHI network the closest.

In this context, both Fe(II)-PHI-50 and Fe(III)-PHI-50 show
nearly identical K edge absorption edges at ≈7125 eV, which
4 of 11
compare to those of FeCl3⋅6H2O and the Fe terpyridine com-
plex (Figure 3a). As Fe2+ is present in both FeCl2⋅4H2O and
[Fe(tpy)2]2+ while the K edge of the latter is shifted to higher
energies, the role of the coordination environment close to the
Fe atom is emphasized. Prior studies show that Fe is coordinated
to N moieties within the PHI structure [28]. Therefore, com-
parison to [Fe(tpy)2]2+ as a reference compound is logical. Still,
comparison of the K edge shifts of Fe(II)-PHIs and Fe(III)-PHIs
does not allow for clear differentiation between the Fe2+ and Fe3+
oxidation states. Furthermore, it is possible that Fe2+ is oxidized
to Fe3+ during the aqueous ion exchange or over prolonged
air contact.

EXAFS analysis gives insights into the bonding environment
of the different element edges investigated due to interference
effects of the photoelectron with itself scattered at neighboring
atoms. The FT-EXAFS shows a strong signal, i.e., a high ampli-
tude at distances of coordination spheres that can ideally be
compared with forward calculations of input crystal structures.
Here, we rely on a purely comparative approach with reference
materials without using crystal structures (such as .cif files). This
way, the coordination environment and the absence of metal-
metal bonds can be estimated. In this context, peak positions of
the first coordination shells of the PHIs and [Fe(tpy2)]Cl2 range
around ≈1.3–1.4 Å, which is lower than in the Fe chloride salts
or Fe foil references (Figure 3b). This also suggests the presence
of Fe-N bonds and ensures that no Fe-Fe bonds at ≈2.2 Å are
present due to the spatially separated coordination sites of the PHI
network. All Fe-PHIs show such bonding behavior, emphasizing
the coordination of Fe to theN-moietieswithin the PHI backbone.
Since the intensity of the EXAFS signal at 1.3–1.4 Å of the PHIs
and [Fe(tpy)2]Cl2 is comparable and assuming similar elements
in the vicinity, Fe is likely coordinated by six atoms within the
PHI scaffold. Higher coordination spheres, on the other hand, as
represented by the signal at 2.2 Å for [Fe(tpy)2]Cl2 and at 2.6 Å for
the PHIs, indicate the chemical dissimilarity between the PHIs
and the reference materials and thus the limited comparability.

Here, it should also be noted that additional signals can be
observed at ≈2.5-2.7 Å. Those signals may derive from multiple
Advanced Energy Materials, 2026
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FIGURE 3 Excerpts of (a) K-edge XANES of the Fe absorption edge of Fe references and Fe containing PHI samples. (b) Fourier transformed
EXAFS of Fe references and Fe containing PHI samples. (c) K edge XANES of the Ni absorption edge of Ni references and Ni containing PHI samples.
(d) Fourier transformed EXAFS of Ni references and Ni containing PHI samples (full spectra available in Figure S8).
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scattering within the sample or correlate to higher coordination
shells or a combination of both. Also, the bonding distances
derived from the EXAFS data must not directly correlate to a
certain bonding distance, as structural properties of the materials
have to be considered for that.

For Ni-PHI, the absorption edges of all materials lie at ≈8342 eV
and thus relatively close to each other (Figure 3c). In contrast
to the Fe-PHIs, the position of the absorption edges of Ni-PHI-
10 and Ni-PHI-50 is nearly identical. The Ni-N bond lengths
of [Ni(tpy)2]Cl2 and Ni-PHI-50 lie at ≈1.5 Å as seen in the
EXAFS data (Figure 3d). For Fe(II)/Ni-PHI, two local maxima are
observable at ≈1.3 and 1.6 Å, which could hint that multiple Ni
species are present within the PHI, possibly at negatively charged
imide bridges and at the heptazine or vacant cyanamide groups.
Similar to the Fe-PHIs, no Ni-Ni bond can be observed as in Ni
foil at 2.2 Å, but additional scattering reflexes are observed at
≈2.5-2.7 Å.

2.3 Investigation of Oxygen Reduction and
Oxygen Evolution Activity

To investigate the ORR and OER activities of the PHI materials,
linear sweep voltammetry (LSV) was performed in alkaline
electrolyte on carbon cloth with the addition of a conductive
additive to ensure good charge transport (Figure S10). For this
purpose, impedance spectroscopy and ten LSVs were recorded
in succession for priming of the electrode and to ensure com-
plete wetting of the electrode surface (Figures S11 and S12).
Here, Pd/C served as a reference for the ORR activity and
RuO2 for the OER activity. To compare the activities of the
materials, the onset potential was defined as the potential at
which a current density of 10 mAcm−2 is reached in the tenth
measurement [38].

For the ORR, the benchmark catalyst Pd/C shows an onset
potential of 0.777 mV vs RHE (Figure 4a, Table 1).
Advanced Energy Materials, 2026
K-PHI, Fe(II)-PHI-10, and Fe(III)-PHI-10 show lower onset
potentials at ≈0.696 V. Notably, Ni-PHI-10 has a significantly
lower onset potential at 0.632 V. In contrast, M-PHI-50 does not
reach the current density threshold of 10 mAcm−2, which points
to no ORR activity of PHIs with higher metal loadings. This has
been seen for PHIs in photocatalysis as well, which is why it is
desired to fabricate PHIs with rather lowmetal loadings. Reasons
for that, among others, could be the low intrinsic resistance of
the material, the change of band gap, or the slower kinetics of
the ORR [39]. Although the M-PHIs do not reach the activity
of the state-of-the-art material Pd/C, Fe(II)-PHI-10 exhibits the
most promising activity toward application for the ORR within
a ZAB setup. This result is anticipated, as Fe-N-C catalysts are
also of current research interest due to their ORR activity [40,
41]. Additionally, ORR experiments with K-PHI in Ar saturated
electrolyte confirm that no hydrogen evolution occurs in the
examined potential window (Figure S12). In order to investigate
whether the ORR takes place via the 2e− or 4e−-pathway, RDE
measurements were performed with Fe(II)-PHI-10 and Ni PHI-10
(Figure S13, Table S8). In this context, the obtained results suggest
Fe-doping mediates the 4e−-pathway, while the addition of Ni
promotes the 2e−-pathway.

For the OER, more diverse activities can be observed for the
PHI materials (Figure 4b). To substantiate that the increase in
electrochemical performance results from metal doping instead
of a pure increase in electrochemical surface area, the electric
double-layer capacitance was determined in addition (Figure
S14). With the exception of K-PHI and Fe(II)-PHI-10, all PHI
materials reach the current density threshold of 10 mAcm−2.
Here, the highest activity can be observed for Ni-PHI-10 at an
onset potential of 1.629 V, even reaching higher currents than
the benchmark catalyst RuO2 at higher potentials. Interestingly,
this contrasts the significantly lower onset potential during
the ORR in comparison to K-PHI, Fe(II)-PHI-10, and Fe(III)-
PHI-10. This suggests that Ni-PHI-10 is more affine for OH−

than O2, as the latter is a much weaker ligand. Regarding Fe-
PHIs, generally higher activities are notable for Fe(III)-PHIs in
5 of 11
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FIGURE 4 (a) ORR and (b) OER polarization curves of K-PHI, transition metal doped PHIs, and Pd/C and RuO2 references obtained at a scan
rate of 5 mVs−1. Depicted is the tenth LSV curve.

TABLE 1 Onset potentials of the PHIs for the ORR and OER. The
onset potential is defined as the potential where a current density of
±10 mAcm−2 is reached.

Material

Onset potential vs. RHE [V]

ORR OER

K-PHI 0.693 —
Fe(II)-PHI-10 0.698 —
Fe(II)-PHI-50 — 1.853
Fe(III)-PHI-10 0.690 1.910
Fe(III)-PHI-50 — 1.741
Ni-PHI-10 0.632 1.629
Ni-PHI-50 — 1.690
Fe(II)/Ni-PHI — 1.626
Fe(II)-PHI+Ni — 1.611
Ni-PHI+Fe(II) — 1.626
Pd/C 0.777 —
RuO2 0.677 1.625

 16146840, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202506308, W
iley O

nline L
ibrary on [05/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C
contrast to Fe(II)-PHIs. This indicates Fe3+ as the preferable
oxidation state for lowering overpotentials for the OER. A
possible explanation for this observation is the stronger Lewis
acidity and therefore higher OH− affinity of Fe3+, lowering
the activation barrier due to faster adsorption. For Ni, how-
ever, lower metal concentrations are favorable, similar to the
OER activity of Co-PHI as shown by Ye et al. previously [14].
Conclusively, this highlights Ni-PHI-10 as the most promising
single TM PHI material for application as the OER catalyst in a
ZAB setup.

2.4 Mixed Transition Metal PHI Synthesis and
Characterization

Investigating the ORR and OER activity of M-PHIs revealed that
the introduction of Fe2+ and Ni2+ into the PHI network decreases
overpotentials for the ORR and OER, respectively. Therefore,
mixed-TMPHIswere synthesized, introducing both Fe2+ andNi2+
to the PHI network simultaneously.
6 of 11
The synthetic procedure for obtaining mixed-metal PHIs is based
on the aqueous ion exchanges described previously. Here, two
different approaches were followed for obtaining mixed-metal
PHIs, namely, simultaneous ion exchange and successive ion
exchange. The product of the simultaneous ion exchange is
denoted as Fe(II)/Ni-PHI, and the successively exchanged PHIs
as Fe(II)-PHI+Ni and Ni-PHI+Fe(II), respectively (Figure S1).

Metal content analysis via ICP-OES was conducted for the
mixed-metal PHIs. It can be observed that Fe2+ and Ni2+
are introduced in equal amounts during the simultaneous ion
exchange, yielding metal contents of ≈1 wt.% each in Fe(II)+Ni-
PHI (Figure S15). More diverse results are obtained with the
successively exchanged PHIs. In Fe(II)-PHI+Ni, the amount of
Fe2+ is notably higher than Ni2+ and vice versa; Ni-PHI+Fe(II)
yields higher Ni2+ content. It is important to note that the
Fe(II)-PHI-10 and Ni-PHI-10 intermediate products are sepa-
rate batches from the single-TM materials described previously,
explaining the slight differences in metal content. In addition,
XPS analysis was performed to investigate the surface metal
content of the mixed-metal PHIs (Figures S16 and S17). For
Fe(II)/Ni-PHI, Fe and Ni were exchanged simultaneously. Here,
the content of Fe and Ni lies at 5.3 and 4.8 wt.%, respectively,
while the content of K amounts to 9.7 wt.%. In the starting
material K-PHI, the content of K was found to be 13.1 wt.%,
so the decrease of K content is relatively low. This might be
explained by the formation of metal oxide at the PHI surface
and should be investigated in more detail in the future. In
Fe(II)-PHI+Ni, Fe was introduced in the first step and Ni in
the second step. Here, the Fe and Ni contents amount to 3.4
and 1.8 wt.%, respectively. Less Ni is added to the system
after Fe is added in the first step, which poses the question
if Fe ‘blocks’ the available sites and may create more stable
bonds. This effect, however, is less pronounced in Ni-PHI+Fe(II),
where the final contents of Fe and Ni amount to 2.9 and
2.1 wt.%, respectively. Successive ion exchange, however, reduces
the K content to ≈5.2 w.% in both materials, which is in
accordance with the K content of Fe(II)-PHI-50 and Ni-PHI-50
(Figure 1).

To gain further insight into the PHI composition and uniformity
on a microscopic scale, scanning electron microscopy (SEM) and
transmission electron microscopy (TEM) with energy dispersive
X-ray spectroscopy (EDX) were performed. For this purpose,
Advanced Energy Materials, 2026

om
m

ons L
icense



FIGURE 5 (a-b) SEMmicrographs of Ni-PHI+Fe(II). (c) HRTEMmicrograph of Ni-PHI+Fe(II) with visible lattice fringes indicative of the layered
PHI structure. (d) SAEDpattern ofNi-PHI+Fe(II) shows strong spots at 1 and 3.4 nm−1. (e)HAADF-TEMofNi-PHI+Fe(II) combinedwith (f) STEM-EDX
mapping of C, N, O, K, Fe and Ni indicating homogeneous distribution of the elements.
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K-PHI, Fe(II)-PHI-10, Ni-PHI-10 (Figure S18) and Ni-PHI+Fe(II)
(Figure 5) were investigated. The morphology of Ni-PHI+Fe(II)
appears to be closely packed, with flakes of PHI having a low
surface area (Figure 5a,b). SEM-EDX mapping of Ni-PHI+Fe(II)
indicates that the elements are distributed homogenously within
the material at the microscopic level (Figure S19).

In high-resolution TEM (HRTEM), lattice fringes are clearly
visible, confirming the layered structure of PHIs (Figure 5c).
In this context, however, it must be pointed out that M-PHIs
are susceptible to electron beam damage, leading to rapid loss
of crystallinity under irradiation (Figure S20). Regarding the
parental K-PHI, C, N, O, and K are evenly distributed across the
material as indicated by STEM-EDX mapping (Figure S18a). The
obtained selected area electron diffraction (SAED) pattern shows
that the crystallinity of the material is generally low (Figure S21).
However, Ni-PHI+Fe(II) shows more pronounced diffraction,
although deriving from K-PHI (Figure 5d). This observation,
however, indicates the loss of crystallinity under the harsh
conditions during TEM analysis, which results in sample degra-
dation. Similar to the SEM-EDX mappings of Ni-PHI+Fe(II), the
homogenous distribution of the elements can also be observed at
a smaller scale via STEM-EDX analysis (Figure 5e,f). In Fe(II)-
PHI-10, however, STEM-EDX mapping indicates the formation
of Fe clusters (Figure S18), who show some correlation to the
oxygen distribution. This could indicate the formation of Fe
oxide or hydroxide within the PHI. Investigations of ORR and
OER behavior of Fe2O3 do not indicate significant activity, which
renders the contribution of this oxide species within Fe-PHIs
unlikely (Figure S22).

This poses the question of which role the different Fe species
take as electrocatalytic active species. Another explanation for
the correlation of the Fe and O signal is the interaction of Fe
with the structurally integrated water within the ionic chan-
nels. Regarding Ni(II)-PHI-10, aside from the aforementioned
Advanced Energy Materials, 2026
sharper diffraction patterns, nanostructures are observable in
the HRTEM image, indicating the layered structure of the
PHI network, which degrades rapidly under prolonged irra-
diation. Here, the distribution of C, N, O, as well as K and
Ni, is homogeneous across the sample. For the mixed-metal
Ni-PHI+Fe(II), the distribution of elements is homogeneous
as well. Here, unlike in Fe(II)-PHI-10, no clustering of Fe is
observable.

The ORR and OER activities were investigated by LSV mea-
surements analogous to the single-TM PHIs (Figure 4, Figure
S23). Regarding the ORR, no activity can be observed for all
three mixed-metal PHIs, similar to the M-PHI-50 (Figure 4a).
This suggests that the metal loading at the surface might be
too high, and the ORR is kinetically hindered. For the OER,
however, good activity can be observed for all three materials
(Figure 4b). Here, Ni-PHI+Fe(II) is the superior candidate for
the OER with an onset potential of 1.604 mV, surpassing the
benchmark catalyst RuO2 by ≈20 mV, as also indicated by Tafel
slopes (Figure S24). As the performance even surpasses Ni-PHI-
10, it can be hypothesized that the interaction of Ni and Fe results
in higher catalytic performance.

2.5 Application in a Zinc-Air Full Cell Battery
Setup

After characterization of the M-PHI materials regarding their
structural features as well as their performance for the electro-
catalytic ORR and OER, the materials were employed in a ZAB
full cell (Figure S25).

For this purpose, PHIs and conductive carbon black were drop-
casted onto a gas diffusion layer (GDL) to a catalyst loading
of 1 mgcm−2 to fabricate the air cathode. As an electrolyte, an
aqueous 6 m KOH + 0.25 m Zn2+ solution was used. Prior to
7 of 11
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FIGURE 6 (a) Open circuit voltages of the assembled cells prior to GCPL and potential differences of the OER and OER recorded half-way at ± 5
mAcm−2. For discharge and charge curves, GCPL was performed at current densities of 1, 2, 5 and 10 mAcm−2 for 20 min each. (b) Discharge curves of
M-PHI-10, K-PHI, and the reference materials. (c) Discharge curves of mixed metal Fe(II)/Ni-PHIs, K-PHI, and the reference materials. (d) Voltage and
power density plots. (e) Charge curves of M-PHI-10, K-PHI and the reference materials. (f) Charge curves of Fe(II)/Ni-PHIs, K-PHI, and the reference
materials.
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each test, the open circuit voltages (OCV) of the assembled
batteries were measured. Here, the reference materials reach
a cell voltage of ≈1.33 V vs. Zn/Zn2+. The OCVs of the PHIs
generally lie between 1.22–1.25 V, with Fe(III)-PHI-10 reaching
1.28 V, possibly due to the higher wettability of the electrode
surface by interaction of Fe3+ with the electrolyte (Figure 6a).
All OCVs are lower than the benchmark catalysts Pd/C and
RuO2, which could be related to the lower electric conductiv-
ity of the cathodes due to the semiconducting nature of PHI
materials. Galvanostatic cycling with potential limitation (GCPL)
was performed at current densities of ±1, 2, 5, and 10 mAcm−2

to examine the discharge-charge behavior. The discharge curves
indicate Pd/C as a high-performing catalyst for the discharge
reaction as already indicated in the ORR performance in LSV
measurements (Figure 6b). Generally, the discharge curves of the
full cells containing different PHI materials at the cathode are
comparable (Figure 6b,c). For all full cells, plateauing is achieved
relatively fast. However, especially at higher current densities,
differences due to the cathodes becomemore prominent. Ni-PHI-
10 cathodes yield the lowest plateau voltages, comparable to the
high overpotential observed in the ORR LSV curves. In opposite
to this, the highest voltages are observed for K-PHI cathodes.
However, since the onset potentials of the M-PHI-10 and K-
PHI are comparable, as indicated by the LSV measurements,
fluctuations within the measurements are possible, and the
influence of metal within the PHI on the discharge performance
is relatively low.

The discharge behavior of the tested cells is further characterized
regarding their power density at increasing current densities
(Figure 6d) [38, 42, 43]. The highest power densities are observed
for Fe(II)-PHI+Ni, Ni-PHI-10, K-PHI, and Pd/C cathodes with
8 of 11
∼60 mWcm−2 at current densities of ∼110 mAcm−2. Full cell fail-
ure is observed forNi-PHI-10, K-PHI, and Pd/C cathode at current
densities of≈230mAcm−2.Meanwhile, PHIs decoratedwith Fe2+,
more specifically using Fe(II)-PHI-10 and Ni-PHI+Fe(II) at the
cathode side, yield full cells with lower maximum power and
battery failure at ≈210 mAcm−2. The lowest power density is
observed for full cells containing Fe(III)-PHI-10, underlining the
role of the metal’s oxidation state for the ORR. Regarding the cell
voltage over the course of the experiments, a significant drop in
initial voltage can be observed at current densities of≈5mAcm−2,
where the diffusion of oxygen toward the GDL interface is not
limited.

Regarding the charge curves of the full cells, more diverse results
are observable. Here, the full cell using benchmark catalyst RuO2
readily enters the plateau region at 1 mAcm−2, while slower
plateauing is notable for the use of PHI materials with the excep-
tion of Ni-PHI. Generally, higher charging voltages are observed
for the cells with M-PHI-10 in reference to RuO2 (Figure 6e,f).
Charge voltages competing with the performance of RuO2 are
observable for the three mixed-metal PHIs. This emphasizes
the potential of PHI materials as a noble-metal electrocatalyst
alternative, as they exhibit promising ORR activity without
optimization of the material yet. After charging at 1 mA cm−2,
plateauing occurs relatively fast. Since cells with themixed-metal
PHIs show lower charging voltages than Ni-PHI-10, a synergy
between Fe- and Ni-sites might be possible; however, the origin
of this synergy needs to be better understood in future studies.
At low current densities of 1 mA cm−2, especially cells with Fe-
containing PHIs show the presence of slower electrochemical
processes. It is speculated that this could originate from redox
processes of Fe2+/3+.
Advanced Energy Materials, 2026
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FIGURE 7 Long-term galvanostatic cycling tests of Ni-PHI+Fe(II) performed in a ZAB setup at a current density of±2mAcm−2 over 250 discharge-
charge cycles. Each discharge-charge cycle was performed over 20 min. (a) GCPL curve of the experiment. (b) Close-up of the GCPL curve indicating
the change of maximum charge and discharge potentials over time. (c) Cycles 8-12, and 238-242 superimposed. (d) Close-up view of the first 20 cycles.

 16146840, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aenm

.202506308, W
iley O

nline L
ibrary on [05/02/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C
To gain insight into the long-term stability of the best performing
battery, the Ni-PHI+Fe(II) cell was subjected to a long-term
discharge-charge cycling experiment (Figure 7). For the duration
of the whole measurement, the discharge and charge potentials
show minor fluctuations, yet no significant decrease of battery
performance can be seen, which confirms the battery’s stability
(Figure 7a,b). By comparison of the discharge-charge cycles 8-12,
and 238-242, it can be observed that plateauing occurs quickly
during discharge, and the voltages remain the same (Figure 7c).
During the charging process, however, the plateauing occurs
more slowly toward the end of the experiments. This indicates
that over time, the performance of the ZAB increases as the
charging voltages decrease at the start of the charging process
in later cycles. Initially, the discharge voltage lies at ≈1.21 V
while the charge voltage lies at ≈1.97 V. Over the course of the
first ten cycles, the discharge voltage decreases by ≈14 mV while
the charge voltage increases by ≈8 mV (Figure 7d), indicating
equilibration of the system.

3 Summary and Outlook

The performance of transition metal functionalized
poly(heptazine imides) (M-PHIs) for the electrocatalytic
oxygen reduction reaction (ORR) and oxygen evolution reaction
(OER) for application in a zinc-air battery (ZAB) setup was
investigated in this study. The parental K-PHI was obtained
by a facile two-step oven synthesis. Following aqueous ion
exchange with Fe2+, Fe3+, and Ni2+, M-PHIs with low and
high metal loading were obtained. Investigations by powder
X-ray diffraction, inductively coupled plasma optical emission
spectroscopy, and X-ray photoelectron spectroscopy reveal that
the metal exchange mainly occurs at the PHI surface rather
than the bulk material. Here, Fe-PHI (≈1 wt.% Fe) demonstrated
good performance for the ORR while Ni-PHI (≈1 wt.%) excelled
for the OER, competing with the noble metal catalyst RuO2.
Advanced Energy Materials, 2026
Based on those results, mixed-transition-metal PHIs were
synthesized by simultaneous ion exchange. In a ZAB setup,
mixed-transition-metal PHIs exhibited promising bifunctional
catalyst performance with a potential gap of≈800mV recorded at
current densities of 5 mAcm−2. Long-term cycling tests over 84 h
and 250 discharge-charge cycles at 2 mAcm−2 reveal excellent
cycling stability, marking the presented materials as potential
candidates for long-term applications.

Overall, this study presents M-PHImaterials as scalable, low-cost
electrocatalysts for sustainable energy storage systems. Future
research could focus on optimizing the morphology of the
materials in order to increase the relatively low-surface area
and allow for better contact of active sites and electrolyte. In
addition, due to their low conductivity, PHI/carbon hybrids offer
the potential to combine the well-ordered structure of PHI with
the electric conductivity of carbon, thus potentially increasing the
overall electrocatalytic performance.
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