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Metal Centers Drive Selectivity of Electrocatalytic Oxygen
Reduction Reaction Promoted by Tetrapyrazinoporphyrazine
Complexes

Fabrizio Sordello,* Emanuele Azzi, Francesco Pellegrino, Annamaria Deagostino,
and Polyssena Renzi*

Fuel cells represent a promising technology for the future decarbonization of
the mobility sector. However, the efficient use of H2 and O2 to produce
electricity still requires noble metal catalysts such as platinum and ruthenium.
In particular, the Oxygen Reduction Reaction (ORR) is complex and limiting
due to its mechanism, which involves the transfer of four electrons and four
protons to produce water. The search for alternative catalysts exhibiting high
selectivity is progressing at a rapid pace. In this context, this group previously
unveiled a homogeneous catalyst based on titanium-centered
tetrapyrazinoporphyrazines (TPyzPz) for the ORR, noting a certain modularity
in the selectivity toward either a two- or four-electron reduction reaction. In
this study, the influence of different metal centers (magnesium (Mg), cobalt
(Co), copper (Cu), and zinc (Zn)) and various substituents is investigated on
the tetrapyrazinoporphyrazine ring. The findings indicate a strong
dependence of activity and selectivity on these modifications. Notably, cobalt
and copper catalysts exhibit a selectivity greater than 90% toward H2O
production in the ORR. However, alterations to the macrocycle structure
significantly affected the reactivity of these catalysts. These new insights
highlighted the importance of careful structural design in the development of
the next generation of ORR catalysts.

1. Introduction

Among the challenges facing humanity, the search for clean, in-
expensive, and environmentally friendly energy sources and vec-
tors is gaining increasing attention due to the ever-growing de-
mand for energy.[1] In this context, fuel cells may represent a
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promising alternative to fossil fuels,
as they are able to convert chemical
energy into electrical energy through
electrochemical reactions.[2] Key to
the operation of these devices is the
optimization of the oxygen reduction
reaction (ORR) at the fuel cell cath-
ode. Among the approaches pursued
to improve the ORR and to direct this
process toward a four-electron reduction
of molecular oxygen (O2) to water (H2O),
the use of catalysts has proved to be the
most effective[3] and in line with the 9th
principle of green chemistry.[4] Despite
the performance of platinum in catalyz-
ing the four-electron process, the cost of
this metal is very high[5] and its storage
is limited.[3] Moreover, given the slow
kinetics of the ORR process,[6] finding
an alternative catalyst to platinum may
represent a challenge. In addition to
transition metal oxides,[7] phosphides,[8]

nitrides,[9] carbides,[10] and sulfides[11,12]

transition metal/nitrogen-doped car-
bon materials,[13] inspired to bio-based
structures, such as metal-containing

porphyrins,[14] corroles and phtalocyanines,[15] have emerged as
a promising alternative.[16] Besides being less expensive than no-
ble metals, their activity can be easily modified by tuning not
only the central metal site, but also tailoring the coordination
environment[17] or introducing groups able to orientate the oxy-
gen in close proximity to the metal center.[16a,18] Pyrolysis and
heteroatom doping of the material can be also undertaken.[19]

Besides these macrocycles, the aza-analog of phthalocyanines,
namely tetrapyrazinoporphyrazines (TPyzPzs) are attracting at-
tention, finding many applications as catalysts, pigments, pho-
toactivators, and electronic components also in electrochemi-
cal devices.[20] Nevertheless, the usage of TPyzPzs as ORR cat-
alysts is still limited to simple structures adsorbed on glassy car-
bon electrodes or supported on nanotubes and complexed with
metals such as iron (Fe (II)), cobalt (Co (II)), or zirconium (Zr
(IV)).[21] In order to contribute to the achievement of the 6th
and 7th sustainable development goals (clean water and sanita-
tion / affordable and green energy), our group has recently un-
veiled homogeneous titanium (Ti)-based TPyzPzs as alternative
electrocatalysts in the ORR process.[22] It is noteworthy that the
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straightforward alteration of the Ti-precursor quantities during
the synthesis of the complex enabled us to modify the ORR se-
lectivity, directing it toward the two- or four-electron reduction
reaction. To further extend the application of tetrakis-2,3-[5,6-
di-R8-pyrazino]porphyrazines as sustainable and efficient ORR
electrocatalysts, we have synthesized and evaluated a series of
substituted TPyzPzs exploring both the influence of different
non-noble transition metals (M = Mg, Cu, Co, and Zn) and sub-
stituents (e.g., phenyl, 4-methoxyphenyl and 4-bromophenyl, 2-
pyridyl groups) on the macrocycle framework. In regard to the se-
lection of the metal center, Co,[23] Cu,[24] and Zn[25] complexes are
well documented to be active ORR electrocatalysts. Magnesium,
despite being less prevalent in such applications,[26] has been
demonstrated to possess an appropriate affinity for oxygenated
species, as evidenced by the pivotal role of Mg-based cofactors in
numerous enzymes.[27]

2. Experimental Section

2.1. Synthesis of Metal Complexes

As reported in the Supporting Information, metal-based com-
plexes of tetrakis-2,3-[5,6-di-R8 pyrazino]porphyrazine] 3a-e-M
were obtained either by cyclotetramerization of the starting ma-
terial 1a-e at high temperature or by complexation of the corre-
sponding ligand 2a-e (see Scheme 1).

Substituted 2,3-dicyano-1,4-pyrazines 1a-e were synthesized
following a modified procedure reported by Mørkved from di-
aminomaleonitrile and a suitable 𝛼-diketone in acetic acid as
the solvent.[28] The synthesis of magnesium (3a-Mg) and cop-
per (3a-e-Cu) complexes was achieved through the cyclotetramer-
ization of the corresponding starting material 1a-e, conducted
in the presence of magnesium amylate or metallic copper pow-
der. In contrast, the formation of cobalt (3a, c-e-Co) and zinc
(3a-Zn) complexes was accomplished through the complexation
of suitable macrocycles 2a-e. The latter were synthesized from
1a–e by autocyclotetramerization at high temperatures employ-
ing 1,8-diazabiciclo[5.4.0]undec-7-ene (DBU) as a catalyst. After
Soxhlet purification the ligand was reacted with cobalt or zinc ac-
etate in refluxing pyridine in order to obtain the corresponding
complex. Following purification, the resulting greenish/bluish
solids from all metal complexes 3a-e-M were collected by cen-
trifugation and dried under vacuum until reaching a constant
weight.

2.2. Electrochemical Characterization

Cyclic voltammetry (CV) experiments were carried out at room
temperature with a standard electrochemical setup, composed of
a computer-controlled potentiostat, AUTOLAB PGSTAT12. The
electrochemical cell was a three-electrode cell with:

• Electrodes: glassy carbon disc 5 mm diameter (working elec-
trode), rotating ring-disc electrode (RRDE) with platinum
(Pt) disc 5 mm diameter and Pt ring (working electrode in
RRDE experiments), glassy carbon rod (counter electrode),
Ag/AgCl/NEt4Cl 0.1 m in acetonitrile (reference electrode).

Since a non-aqueous electrolyte was employed, the redox cou-
ple ferrocene/ferrocenium was used as an additional refer-
ence. In the conditions employed, 0.40 m H2SO4 in DMSO,
the latter redox couple resulted to be 465 mV more positive
than the reference electrode.

• Electrolyte: 0.40 m H2SO4 in DMSO.
• Scan Rates: 10, 50, 100, and 200 mV s−1.
• N2 or O2 atmosphere, with a continuous gas flow of 100 mL

min−1.

Bulk electrolyzes were performed on a glassy carbon plate elec-
trode with an active surface of 10 cm2. Prior to each measure-
ment, the electrolyte (0.4 m H2SO4 in DMSO) containing the
metal complex 3a-e-M, at a concentration of 1 mm, was saturated
with O2. During the electrolysis, the potential was kept constant
at −0.3 V versus Ag/AgCl for 8 h while the solution was stirred
and purged with O2.

Rotating ring disk electrode (RRDE) experiments were per-
formed with the addition of a Metrohm RRDE rotator and a
Metrohm RRDE tip (RRDE Pt-Pt) with a 5 mm diameter Pt disc
and a Pt ring as working electrode. Ag/AgCl/KCl (3 m) and a Pt
sheet were employed as the reference electrode and the counter
electrode, respectively. The measurements were executed by cy-
cling the electrode potential between 0.4 V and −1.25 V versus
Ag/AgCl with a scan rate of 100 mV s−1. The ring potential was
adjusted to 1.2 V versus Ag/AgCl in O2 atmosphere. Rotation
rates of 0, 100, 200, 400, 800, 1600, and 3200 rpm were applied
while the gas flow was stopped.

RRDE experiments were reported in the Supporting Informa-
tion. The same RRDE experiment was performed on a solution
containing the reversible redox couple [Fe(CN)6]4−/[Fe(CN)6]3−

to determine the collection efficiency (CE) of the experimen-
tal setup (Figure S1, Supporting Information).[29] The cou-
ple [Fe(CN)6]4−/[Fe(CN)6]3− readily oxidizes/reduces with 100%
faradaic efficiency, therefore CE can be obtained as:

CE = −
irnr

idnd
(1)

where ir and id are the ring and disc currents, respectively, and
nr and nd are the electron transferred in disc and ring reactions,
respectively. For [Fe(CN)6]4−/[Fe(CN)6]3− nr = nd = 1. With this
configuration, a CE value of 0.296 (Figure S2, Supporting Infor-
mation) is obtained. The fraction of electrons transferred to O2
to form hydrogen peroxide (H2O2) was calculated as:

fraction of electrons transferred to form H2O2 = −
ir

id CE
(2)

in the potential range +0.10 / −0.30 V versus Ag/AgCl, to avoid
the contribution to ORR of the disc electrode itself.

3. Results and Discussion

In order to assess the activation potential of the simplest com-
plexes 3a-M (M = Mg, Cu, Co, and Zn), which lack substituents
on the periphery of the TPyzPzs core structure, and to explore
the influence of the metal center on the ORR process, CV mea-
surements were carried out both under N2 and O2 atmosphere.
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Scheme 1. Top: reaction scheme for the synthesis of metal-based complexes of tetrakis-2,3-[5,6-di-R8 pyrazino]porphyrazine] 3a-e-M – R = a) H, b) Ph,
c) 4-MeOPh, d) 4-BrPh, e) 2-Py; M = Mg, Cu, Co, Zn, and Ti. Bottom: summary of the structures of metal complexes 3a-e-M tested in the Oxygen
Reduction Reaction.

To detect ORR activity, larger cathodic currents than those un-
der N2 flow should be observed below 0.25 V (vs Ag/AgCl) un-
der O2. Moreover, blank experiments must be carried out being
the glassy carbon electrodes itself able to reduce molecular O2 to
H2O2. Consequently, in order for a complex to be considered a
catalyst for the ORR, it must also exhibit a greater current yield

under O2 atmosphere than that observed in the blank experiment
and this reduction should take place at a potential more positive
than −0.5 V versus Ag/AgCl, where the working electrode itself
starts the reduction of O2.

As shown Figure 1, no activity in ORR was observed for com-
plexes 3a-Mg and 3a-Zn. In fact, their CVs in O2 atmosphere
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Figure 1. CVs in 0.40 m H2SO4 in DMSO under O2 atmosphere for com-
plexes 3a-M (M = Mg, Cu, Co, and Zn). For comparison, the blank exper-
iment (electrolyte without any complex) is also reported.

exhibited no additional features compared with the blank exper-
iment. Conversely, the introduction of cobalt (3a-Co) and copper
(3a-Cu) led to a markedly different behavior in the complex activ-
ity. For complex 3a-Cu, we observed the reversible oxidation and
reduction of the couple Cu(I)/Cu(II) at ≈0.4 V versus Ag/AgCl
(Figure 1, blue line). Furthermore, the onset of the ORR current
at 100÷150 mV was found to be more positive than in the blank,
although its current density was only ≈5 μA larger than in the
blank. When cobalt was employed, complex 3a-Co exhibited a
40 μA cathodic current peak 200 mV more positive than the cur-
rent peak observed in the blank (Figure 1, green line). It is note-
worthy that the current peak at −0.6 V versus Ag/AgCl, which is
observed in the blank as well as in all other complexes 3a-M, is
less intense in the presence of 3a-Co. This is due to the depletion
of O2 in the electrolyte in the presence of 3a-Co, which is already
active in the ORR at less cathodic potentials.

In order to gain insights into the selectivity of the O2 re-
duction to H2O or H2O2 for the copper and cobalt complexes,
RRDE experiments were conducted. During the measurement,
the potential of the disk electrode was scanned while keeping
the ring electrode at the oxidation potential of H2O2. During the
ORR the reduction products, H2O or H2O2, diffuse at the ring
electrode where no signal is observed when H2O is produced,
while a signal is obtained in the presence of H2O2 when it is
oxidized back to O2. Moreover, the RRDE rotation controls the
mass transport of the species from the disc to the ring elec-
trode. The recovery efficiency at the ring electrode was evalu-
ated with a standard measurement with the reversible redox
couple [Fe(CN)6]4−/[Fe(CN)6]3−. The aforementioned RRDE mea-
surements demonstrated that both 3a-Co and 3a-Cu can reduce
O2 mainly to H2O with yields >90%, while less than 5% of the
transferred electrons concur to H2O2 production (Figures S4 and
S5, Supporting Information). It is noteworthy that in the pres-
ence of ligand 2a, the nature of the metal center exerts a sig-
nificant influence on the selectivity of the reduction products.
While the titanyl (TiO2+) complexes, previously reported by our
group,[22] produced respectively H2O2 (≈80% of the transferred
electrons and 90% selectivity as observed in complex 3a-Ti) or
similar amounts of H2O2 e H2O (≈30% of the electrons were
transferred to H2O2, with 45% selectivity as observed in the pres-

Table 1. Charge transferred and TON for the bulk electrolyzes performed
on complexes 3a-M (M = Mg, Cu, Co, and Zn).

Complex Charge transferred
[C]

TONa)

3a-Mg −2.5 < 1

3a-Cu −7.3 1.3

3a-Co −37.5 6.6

3a-Zn −2.2 < 1
a)

TON values were calculated considering the number of electrons transferred (n)
for each molecule of O2 reduced as n = 3.9, based on RRDE evidences.

ence of an excess of titanium tert-butoxide), complexes 3a-Co
and 3a-Cu produced H2O with selectivity above 90%. CV evi-
dences were confirmed by bulk electrolysis at controlled potential
(Table 1). While the charge transferred to 3a-Mg and 3a-Zn was
limited at 2.5 and 2.2 C, respectively, 3a-Co and 3a-Cu showed
a charge transfer of 37.5 C and 7.3 C, respectively. Subsequently,
the turnover number (TON) value was calculated based on the re-
duction products and the quantity of O2 reduced by each complex.
The average number of electrons transferred to an O2 molecule
was determined to be 3.9 from the RRDE experiments (see Sup-
porting Information), with H2O identified as the primary reduc-
tion product. Based on the aforementioned evidence, the TON of
3a-Co and 3a-Cu was determined to be 6.6 and 1.3, respectively
(Table 1). Because both values are >1, even though by a small
margin in the case of 3a-Cu, we demonstrated the catalytic activ-
ity of 3a-Co and 3a-Cu toward ORR. The TON value measured for
3a-Co is even larger than the Ti-complexes previously reported,
for which we assessed TON values of 4.5 and 4.4, respectively.[22]

Conversely, for 3a-Mg and 3a-Zn the TON was less than 1, even
employing for its assessment the lowest possible value of elec-
trons transferred, i.e., n = 2. Therefore, in accordance with CV
results, 3a-Mg and 3a-Zn do not shows any measurable activity
in ORR.

In order to study the influence of substituents on the macro-
cycle framework, we synthesized differently substituted Cu-
and Co-complexes (Scheme 1). In the case of Cu-based com-
plexes 3b-e-Cu, the introduction of phenyl (complex 3b-Cu) or
4-methoxy substituted phenyl (complex 3c-Cu) substituents on
the macrocycle framework was not beneficial for the ORR activity
(Figure 2a,b). While the deactivating effect was less marked in the
presence of 4-bromo substituted phenyl rings (complex 3d-Cu)
and 2-pyridyl groups (complex 3e-Cu), showing a lower current
density (Figure 2c,d), complexes 3d-Cu and 3e-Cu resulted to be
less efficient than not substituted 3a-Cu and the Ti-complexes,
previously published by our group.[22]

On the compounds 3d-Cu and 3e-Cu, which showed activity
toward ORR, we performed RRDE experiment to determine the
selectivity in the reduction products. For complex 3e-Cu, bear-
ing 2-pyridyl substituents, the 45 ± 5% of the electrons trans-
ferred concurred to H2O2 formation, which will therefore be the
more abundant product of reduction with 62 ± 8% yield, while
H2O yield will be limited to 38 ± 8% (Figure S7, Supporting
Information). Conversely, the presence of 4-bromo substituted
phenyl rings on the macrocycle 3d-Cu reduced to 35 ± 5% the
amount of electrons contributing to H2O2 formation, with more
similar yields for the two reduction products compared with
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Figure 2. CVs in 0.40 m H2SO4 in DMSO under N2 and O2 atmosphere for complexes: a) 3b-Cu, b) 3c-Cu, c) 3d-Cu, d) 3e-Cu.

3e-Cu: 52 ± 8% yield for H2O2 and 48 ± 8% for H2O (Figure S6,
Supporting Information). Considering these results, in the case
of Cu complexes, the ligand is able to direct the selectivity toward
the ORR products, in fact, without substituent H2O is produced,
whereas 2-pyridyl and, even more importantly, 4-bromo phenyl
substituents promote the concomitant production of H2O and
H2O2.

In the case of Co-based complexes 3c-e-Co, no activity toward
ORR was evidenced from CV results, where no significant dif-
ferences between the voltammetry in N2- and O2-saturated elec-
trolyte between 0 and −0.75 V versus Ag/AgCl was observed
(Figure 3). Differently from copper, for which we observed weak
activity with certain substituted ligands, Co-complexes behave
very similarly to TiO2+ complexes, for which the unsubstituted

Figure 3. CV in 0.40 m H2SO4 in DMSO under N2 and O2 atmosphere for complexes: a) 3c-Co, b) 3d-Co, c) 3e-Co.
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complexes 3a-Co resulted to be very active, while no activity was
detected upon introduction of substituents on the macrocycle.

4. Conclusion

In the present work, we reported the synthesis and the applica-
tion of a series of TPyzPz complexes bearing four different metal
centers (Mg, Zn, Co, and Cu) and five different substitution pat-
terns on the macrocycle framework. Our results demonstrated a
significant dependence of the activity and the selectivity of the
ORR process on these modifications. As observed in the case
of TiO2+ complexes, the introduction of substituents was found
to be detrimental to the ORR activity, resulting in inactive com-
pounds when the macrocycle was complexed with cobalt. In con-
trast, less reactive complexes were obtained when the TPyzPz was
coordinated with copper and 4-bromo phenyl (3d-Cu) or 2-pyridyl
(3e-Cu) substituents were appended on the macrocycle periph-
ery. As evidenced by the enhanced currents observed in CV ex-
periments, the unsubstituted ligand exhibited the most optimal
performance for ORR catalysis when coordinated with copper or
cobalt. The metal played a pivotal role in determining the activ-
ity, durability, and selectivity toward ORR products. If the 3a-Co,
3a-Cu, and 3a-TiO2+ complexes were found to be active in the re-
duction of O2, the 3a-Mg and 3a-Zn complexes were found to be
inactive. The durability was found to be maximized by the 3a-Co
complex, which demonstrated the largest TON in bulk electroly-
sis, followed by the previously reported 3a-TiO2+ and 3a-Cu com-
plexes. It is noteworthy that the Co- and Cu-based catalysts exhib-
ited a selectivity exceeding 90% toward H2O production, whereas
the 3a-TiO2+ catalyst predominantly produced H2O2. These find-
ings demonstrate that the activity and selectivity of the ORR can
be tuned by varying the metal and the structure of the ligand,
with the potential to switch from a selectivity greater than 90%
for H2O, for the unsubstituted copper and cobalt complexes, to a
selectivity greater than 90% for H2O2 for the unsubstituted titanyl
complex. These results highlight the significance of meticulous
structural design in the development of new ORR catalysts.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors thank Fondazione Cassa Di Risparmio Di Torino
(Grant/Award Number: 2021. AI717.U809/RF = 2021.0684) for fi-
nancial support. This research had received funding from the Project
CH4.0 under the MUR program “Dipartimenti di Eccellenza 2023–2027”
(CUP: D13C22003520001).

Open access publishing facilitated by Universita degli Studi di Torino,
as part of the Wiley - CRUI-CARE agreement.

Conflict of Interest
The authors declare no conflict of interest.

Data Availability Statement
The data that support the findings of this study are available in the sup-
plementary material of this article.

Keywords
cobalt, copper, electrochemistry, metal complexes, oxygen reduction reac-
tion (ORR), tetrapyrazinoporphyrazines

Received: May 28, 2024
Revised: September 16, 2024

Published online:

[1] E. Masood, J. Tollefson, A. Irwin, Nature 2022, 612, 16.
[2] S. Wang, S. P. Jiang, Natl. Sci. Rev. 2017, 4, 163.
[3] W. Xia, A. Mahmood, Z. Liang, R. Zou, S. Guo, Angew. Chem., Int. Ed.

2016, 55, 2650.
[4] https://www.acs.org/greenchemistry/principles/12-principles-of-

green-chemistry.html.
[5] https://tradingeconomics.com/commodity/platinum (accessed:

May 2024).
[6] A. Kulkarni, S. Siahrostami, A. Patel, J. K. Nørskov, Chem. Rev. 2018,

118, 2302.
[7] Y. Wang, J. Li, Z. Wei, J. Mater. Chem. A 2018, 6, 8194.
[8] a) A. Valizadeh, M. M. Najafpour, New J. Chem. 2020, 44, 19630; b)

C.-J. Huang, H.-M. Xu, T.-Y. Shuai, Q.-N. Zhan, Z.-J. Zhang, G.-R. Li,
Appl. Catal. B 2023, 325, 122313; c) T. Aziz, M. A. Haque, S. Saha, B.
Mondal, S. Jain, A. Dutta, Energy Fuels 2023, 37, 18291.

[9] Y. Yuan, J. Wang, S. Adimi, H. Shen, T. Thomas, R. Ma, J. P. Attfield,
M. Yang, Nat. Mater. 2020, 19, 282.

[10] Y. Yu, J. Zhou, Z. Sun, Adv. Funct. Mater. 2020, 30, 2000570.
[11] a) R. He, X. Huang, L. Feng, Energy Fuels 2022, 36, 6675; b) L. Lin,

Z. Ding, G. Karkera, T. Diemant, M. V. Kante, D. Agrawal, H. Hahn,
J. Aghassi-Hagmann, M. Fichtner, B. Breitung, S. Schweidler, Small
Struct. 2023, 4, 2300012.

[12] Y. Zhao, D. P. Adiyeri Saseendran, C. Huang, C. A. Triana, W. R.
Marks, H. Chen, H. Zhao, G. R. Patzke, Chem. Rev. 2023, 123,
6257.

[13] a) J. Wang, H. Zhong, J. Yang, H. Li, P. Tang, Y. Feng, D. Li, J. Ener.
Chem. 2023, 82, 547; b) Y. Qin, C. Guo, Z. Ou, C. Xu, Q. Lan, R.
Jin, Y. Liu, Y. Niu, Q. Xu, Y. Si, H. Li, J. Energy Chem. 2023, 80,
542.

[14] a) X. Li, P. Li, J. Yang, L. Xie, N. Wang, H. Lei, C. Zhang, W. Zhang,
Y.-M. Lee, W. Zhang, S. Fukuzumi, W. Nam, R. Cao, J. Energy Chem.
2023, 76, 617; b) P. T. Smith, Y. Kim, B. P. Benke, K. Kim, C. J.
Chang, Angew. Chem., Int. Ed. 2020, 59, 4902; c) B. Lv, X. Li, K.
Guo, J. Ma, Y. Wang, H. Lei, F. Wang, X. Jin, Q. Zhang, W. Zhang,
R. Long, Y. Xiong, U.-P. Apfel, R. Cao, Angew. Chem., Int. Ed. 2021, 60,
12742.

[15] a) R. Jasinski, Nature 1964, 201, 1212; b) W. Zhang, W. Lai, R. Cao,
Chem. Rev. 2017, 117, 3717; c) J. H. Zagal, S. Griveau, J. F. Silva, T.
Nyokong, F. Bedioui, Coord. Chem. Rev. 2010, 254, 2755; d) J. Zagal,
M. Páez, A. A. Tanaka, J. R. dos Santos, C. A. Linkous, J. Electroanal.
Chem. 1992, 339, 13.

[16] a) Y. Cao, Y. Mou, J. Zhang, R. Zhang, Z. Liang, Mater. Today Catal.
2024, 4, 100044; b) S. Yang, Y. Yu, X. Gao, Z. Zhang, F. Wang, Chem.
Soc. Rev. 2021, 50, 12985.

[17] a) B. D. Matson, C. T. Carver, A. Von Ruden, J. Y. Yang, S. Raugei, J. M.
Mayer, Chem. Commun. 2012, 48, 11100; b) B. Sun, Z. Ou, S. Yang,
D. Meng, G. Lu, Y. Fang, K. M. Kadish, Dalton Trans. 2014, 43, 10809.

[18] Y. Zhou, Y.-F. Xing, J. Wen, H.-B. Ma, F.-B. Wang, X.-H. Xia, Sci. Bull.
2019, 64, 1158.

[19] a) C. Zúñiga, C. Candia-Onfray, R. Venegas, K. Muñoz, J. Urra, M.
Sánchez-Arenillas, J. F. Marco, J. H. Zagal, F. J. Recio, Electrochem.
Commun. 2019, 102, 78; b) Y. Zhang, S. Zhu, X. Wang, Z. Jin, J. Ge,
C. Liu, W. Xing, J. Electroanal. Chem. 2023, 943, 117506.

Adv. Sustainable Syst. 2024, 2400373 2400373 (6 of 7) © 2024 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

 23667486, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adsu.202400373 by U

niversity D
egli Studi D

i, W
iley O

nline L
ibrary on [27/09/2024]. 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

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advsustainsys.com
https://www.acs.org/greenchemistry/principles/12-principles-of-green-chemistry.html
https://www.acs.org/greenchemistry/principles/12-principles-of-green-chemistry.html
https://tradingeconomics.com/commodity/platinum


www.advancedsciencenews.com www.advsustainsys.com

[20] a) V. Novakova, M. P. Donzello, C. Ercolani, P. Zimcik, P. A. Stuzhin,
Coord. Chem. Rev. 2018, 361, 1; b) M. P. Donzello, C. Ercolani, V.
Novakova, P. Zimcik, P. A. Stuzhin, Coord. Chem. Rev. 2016, 309, 107.

[21] a) Z. Xu, H. Li, G. Cao, Q. Zhang, K. Li, X. Zhao, J. Mol. Catal. A: Chem.
2011, 335, 89; b) T. Hayashi, A. Ishihara, T. Nagai, M. Arao, H. Imai,
Y. Kohno, K. Matsuzawa, S. Mitsushima, K. Ota, Electrochem. Acta.
2016, 209, 1.

[22] F. Sordello, P.-N. Prantsidou-Georgiadou, E. Azzi, Y. Tschauder, D.
Formenti, F. Pellegrino, P. Renzi, Appl. Organomet. Chem. 2023, 37,
e7116.

[23] a) J. Yang, P. Li, X. Li, L. Xie, N. Wang, H. Lei, C. Zhang, W. Zhang,
Y.-M. Lee, W. Zhang, R. Cao, S. Fukuzumi, W. Nam, Angew. Chem.,
Int. Ed. 2022, 61, e202208143; b) H. Lei, Q. Zhang, Z. Liang, H. Guo,
Y. Wang, H. Lv, X. Li, W. Zhang, U.-P. Apfel, R. Cao, Angew. Chem.,
Int. Ed. 2022, 61, e202201104; c) A. Friedman, L. Landau, S. Gonen,
Z. Gross, L. Elbaz, ACS Catal. 2018, 8, 5024; d) Y. Gao, H. Lei, Z. Bao,
X. Liu, L. Qin, Z. Yin, H. Li, S. Huang, W. Zhang, R. Cao, Phys. Chem.
Chem. Phys. 2023, 25, 4604.

[24] a) S. Gentil, J. K. Molloy, M. Carrière, G. Gellon, C. Philouze, D. Serre,
F. Thomas, A. Le Goff, Inorg. Chem. 2021, 60, 6922; b) M. Langerman,
D. G. H. Hetterscheid, Angew. Chem., Int. Ed. 2019, 58, 12974; c) A.
Ali, D. Prakash, P. Majumder, S. Ghosh, A. Dutta, ACS Catal. 2021,
11, 5934.

[25] Q. M. Junaid, D. K. Singh, V. Ganesan, S. Sabiah, Inorg. Chim. Acta
2022, 534, 120822.

[26] S. Liu, Z. Li, C. Wang, W. Tao, M. Huang, M. Zuo, Y. Yang, K.
Yang, L. Zhang, S. Chen, P. Xu, Q. Chen, Nat. Commun. 2020, 11,
938.

[27] J. A. Cowan, BioMetals 2002, 15, 225.
[28] a) M. P. Donzello, Z. Ou, D. Dini, M. Meneghetti, C. Ercolani, K. M.

Kadish, Inorg. Chem. 2004, 43, 8637; b) M. P. Donzello, Z. Ou, F.
Monacelli, G. Ricciardi, C. Rizzoli, C. Ercolani, K. M. Kadish, Inorg.
Chem. 2004, 43, 8626; c) E. H. Mørkved, H. Ossletten, H. Kjøsen, O.
Bjørlo, J. Prakt. Chem. 2000, 342, 83.

[29] U. A. Paulus, T. J. Schmidt, H. A. Gasteiger, R. J. Behm, J. Electroanal.
Chem. 2001, 495, 134.

Adv. Sustainable Syst. 2024, 2400373 2400373 (7 of 7) © 2024 The Author(s). Advanced Sustainable Systems published by Wiley-VCH GmbH

 23667486, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/adsu.202400373 by U

niversity D
egli Studi D

i, W
iley O

nline L
ibrary on [27/09/2024]. 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

om
m

ons L
icense

http://www.advancedsciencenews.com
http://www.advsustainsys.com

