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G R A P H I C A L  A B S T R A C T  

Outstanding performance of multifunctional electrocatalysts based on Pd nanoparticles and highly dispersed transition metals on C3N4/super-activated carbon 
composites towards the OER, HER and ORR explored by experimental and DFT calculations.  
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A B S T R A C T   

In the present work, multifunctional electrocatalysts formed by palladium nanoparticles (Pd NPs) loaded on Fe or 
Cu-containing composite supports, based on carbon nitride (C3N4) and super-activated carbon with a high 
porosity development (SBET 3180 m2/g, VDR 1.57 cm3/g, and VT 1.65 cm3/g), were synthesised. The presence of 
Fe or Cu sites favoured the formation of Pd NPs with small average particle size and a very narrow size distri
bution, which agreed with Density Functional Theory (DFT) calculations showing that the interaction of Pd 
clusters with C3N4 flakes is weaker than with Cu- or Fe-C3N4 sites. The electroactivity was also dependent on the 
composition and, as suggested by preliminary DFT calculations, the Pd-Cu catalyst showed lower overpotential 
for hydrogen evolution reaction (HER) while bifunctional oxygen reduction reaction/ oxygen evolution reaction 
(ORR/OER) behaviour was superior in Pd-Fe sample. The Pd-Fe electrocatalyst was studied in a zinc-air battery 
(ZAB) for 10 h, showing a performance similar to a commercial Pt/C + RuO2 catalyst with a high content of 
precious metal. This study demonstrates the synergistic effect between Pd species and transition metals and 
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shows that transition metals anchored on C3N4-based composite materials promote the electroactivity of Pd NPs 
in HER, ORR and OER due to the interaction between both species.   

1. Introduction 

The development of new cost-effective materials for electrocatalytic 
applications remains an important bottleneck to achieving a carbon- 
emission-free and sustainable energy model. Fuel cells (FC) and elec
trolysers (EC) are emerging as potential devices to produce and consume 
green hydrogen on a large scale [1]. However, the dependence of 
renewable energies on discontinuous sources (solar, wind, hydropower, 
etc.) demands more flexible systems able to couple conversion and 
storage of energy. Due to the limitations of Li-ion batteries in terms of 
storage timescale and amount of power stored [2], hydrogen ion bat
teries (regenerative fuel cells (RFC)) and metal-air flow batteries, 
especially zinc-air (ZABs) in basic medium, have emerged as the most 
promising alternatives [3–5]. 

Oxygen reduction reaction (ORR) occurs at the cathode of FC or RFC 
in fuel cell mode and during the discharge process of metal-air batteries. 
To obtain high activities, catalysts based on elevated contents of Pt 
supported on carbon materials are required to overcome the sluggish 
kinetics of ORR, while much lower contents of Pt (0.05 mg Pt cm− 2) are 
required for hydrogen oxidation reaction (HOR) occurring in the anode 
[6–8]. When the RFC device works in the electrolysis mode, hydrogen 
evolution reaction (HER) takes place in the cathode and oxygen evolu
tion reaction (OER) in the anode, which also occurs in the charging 
process of metal-air batteries. Catalysts based on Pt and metals of the Pt- 
group (Ru, Rh, Ir and Pd) are considered as the materials with lower 
overpotential for HER, but the high prices and the scarcity of these 
metals limit accomplishing a large-scale application [9,10]. On the other 
hand, OER is limited by the oxidation of carbon supports and the 
deactivation of the catalysts after some cycles due to metal leaching 
[11]. Furthermore, bifunctional catalysts required in RFC and metal-air 
batteries also need active metal phases towards the ORR [4,5]. 

The scarcity and high cost of Pt motivate the search for alternative 
catalysts such as metal-free and non-noble metal-based catalysts 
[12,13]. Even though great achievements have been reported with these 
alternative electrocatalysts, they do not meet the requirements in terms 
of activity and stability. Against this background, Pd, which has similar 
properties to Pt, and a historically lower cost than Pt, is a very promising 
alternative active phase for electrocatalysis. However, the increasing 
cost of Pd in the last years has boosted the research community to focus 
on achieving maximum atomic efficiency by designing advanced elec
trocatalysts with tailored properties and active phase engineering 
[14–18]. 

Materials based on Pd NPs have shown great performance for the 
reactions mentioned above in an alkaline medium [19–23]. However, 
the Department of Energy (DOE) of the U.S. states that electrodes for FCs 
should not exceed the 0.125 mg cm− 2 loading of Pt group metals (PGM) 
[24]. To minimise the amount of noble metal used and promote catalytic 
performance, strategies such as alloying with other metals or reducing 
the active phase size have been widely used in the last years in hetero
geneous catalysis [25–28]. Following these strategies, it has been 
recently reported that Fe–N–C sites can act as nucleation and growth 
centres for Pd NPs [29]. The reduction of the size of the NPs can origi
nate higher activities or even different selectivity [30–32]. Also, alloying 
noble metals with transition metals alters the electronic properties due 
to the modification of the chemical environment [29]. 

As for the support, carbon nitride (C3N4) has recently received great 
attention for many catalytic/electrocatalytic processes [33]. It is well- 
known that C3N4 itself is not electrocatalytically active [34], but suit
able engineering of metal-C3N4 sites has resulted in materials with 
excellent performance in electrocatalytic processes. In this sense, C3N4 
contains multiple N sites, which serve as strong metal anchoring sites, 

which is particularly important in attaining highly dispersed metal 
species [33,35–37]. 

However, the low surface of C3N4, together with its layered stacked 
structure, limits somehow the potential anchoring effect. That can be 
circumvented by combining C3N4 with carbon materials forming hy
brids or composite materials to enhance textural properties [13,38–40]. 
The materials developed in this study are formed by domains of amor
phous C3N4 which are loaded on the activated carbon with well- 
developed porosity. Such activated carbon serves as a platform for the 
efficient formation of C3N4 domains so that maximum availability of the 
N-anchoring sites is achieved. 

The highly dispersed metal sites afford high atomic efficiency, and 
they normally possess superior catalytic performance due to their min
imal size. In the present study, C3N4 did not only serve to achieve highly 
dispersed transition metals (M− C3N4), but M− C3N4 sites also favoured 
the formation of small and well-dispersed Pd NPs. However, the benefits 
of C3N4 are not limited to such strong metal-support interaction, but also 
to the good electron donation and acceptance ability of the pyridinic 
nitrogen present in the C3N4 structure, which is also a key aspect in 
catalytic/electrocatalytic processes [41]. 

Motivated by the interesting results achieved in our previous studies 
[13,42], in this work, we designed multifunctional electrocatalysts 
based on a very low content of noble metals by exploring the synergistic 
effect between highly dispersed Fe or Cu species, anchored on composite 
materials based on C3N4 and an activated carbon with high porosity 
development (BET surface area > 3000 m2 g− 1), and Pd NPs. We also 
provide some additional fundamental insights about the synergy be
tween Pd and a non-noble transition metal that modifies the catalytic 
activity. Furthermore, besides the important modifications of the cata
lytic activity, covering the highly dispersed Fe-Nx sites with Pd NPs is 
demonstrated to be a very interesting strategy to prevent Fe leaching 
and extend the durability of these electrocatalysts in ORR. The activated 
carbon allowed to maximise the availability of surface Lewis basic sites 
of C3N4, which ensures the presence of homogeneous and highly 
dispersed transition metal active sites. Then, Pd NPs were synthesised 
over the composite materials and the physicochemical properties and 
catalytic activity of the resulting electrocatalysts were studied. 
Furthermore, DFT calculations were applied to obtain some insights into 
the interaction and performance of the transition metal - Pd NP sites. It 
should be noted that, to the best of our knowledge, transition metals 
anchored on carbon-based materials have not been studied before to 
promote the electroactivity of Pd NPs in HER, ORR and OER. 

2. Experimental 

2.1. Materials 

Information on the materials used in the synthesis is detailed in the 
supporting information. 

2.2. M− C3N4/KUA And Pd/M− C3N4/KUA synthesis 

The support (activated carbon denoted as KUA) was prepared by 
chemical activation of anthracite with KOH and following the procedure 
described elsewhere [43]. The experimental steps followed for the 
preparation of M− C3N4/KUA and Pd/M− C3N4/KUA are explained in 
the supporting information. 

2.3. Physicochemical characterisation 

The as-synthesised materials were characterised by means of several 
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physicochemical characterisation techniques. All the information as 
well as error estimates can be found in the supporting information. 

2.4. Density functional theory (DFT) calculations 

Density functional theory (DFT) simulations were carried out to 
support the observed experimental results. The details about DFT sim
ulations are included in the supporting information. 

2.5. Electrochemical characterisation 

Electrochemical characterisation of the samples was performed by 
cyclic voltammetry in a three-electrode cell. The electrochemical 
behaviour of the developed electrocatalysts for the ORR, HER and OER 
was assessed. Zinc-air battery (ZAB) experiments were also performed, 
using the device shown in Figure S1. All the experimental details and 
error estimated are included in the supporting information. 

3. Results and discussion 

3.1. Characterisation of the samples 

The nitrogen and metals (i.e., Pd, Fe, and Cu) content was obtained 
from EA and ICP, respectively (Table 1). Although C3N4/KUA and 
M− C3N4/KUA samples were prepared with the same amount of 
dicyandiamide, the final content of N in the composite material was 
higher for those M− C3N4/KUA samples than for the metal-free coun
terpart, which can be explained by the fact that the synthesis of C3N4 can 
be favoured in presence of transition metals [44]. The atomic N/M ratio 
derived from EA and ICP characterisation was 7.9 and 6.5 for Cu-C3N4/ 
KUA and Fe-C3N4/KUA, respectively. 

XRD patterns of the synthesised samples are included in Fig. 1a. The 
figure also includes the diffractogram of bare C3N4 for comparison 
purposes. C3N4 presented an intense peak centred at 27◦ due to the 
reflection from the plane (002) of graphitic carbon nitride (g-C3N4) and 
a small peak at 13◦ that corresponds to the (100) plane [38,45]. These 
contributions were not observed in the as-prepared samples, which 
means that no large sheets of C3N4 were obtained but amorphous C3N4- 
type nanodomains may have been formed inside the abundant porosity 
of the activated carbon. M− C3N4/KUA samples did not present 
diffraction peaks assignable to the metal species. The diffractogram of 
Cu-C3N4/KUA did not show peaks related to the presence of Cu species, 
which suggested that Cu-C3N4/KUA may not contain NPs larger than 2 
nm, but smaller nanoparticles or single atoms, which was confirmed by 
TEM analysis (vide infra). For Fe-C3N4/KUA sample, a small peak at 
36.0◦ may be related to Fe atoms forming some iron oxide nanoparticles 
[38,46,47]. Small peaks at 40.1◦, 48.0◦ and 68.8◦ in Pd/C3N4/KUA 
sample can be associated with the (111), (200) and (220) reflections 
from Pd particles, respectively, indicating that Pd NPs were detected in 
that sample [48]. Interestingly, these small peaks were not observed in 

Pd/M− C3N4/KUA samples. The absence of those signals in Pd/ 
M− C3N4/KUA samples confirmed that an important decrease of the Pd 
NPs size took place due to the presence of Fe or Cu, indicating that a 
better dispersion of Pd species was achieved when those transition 
metals were present in the materials (results confirmed by TEM, vide 
infra). 

The morphology of the developed samples was analysed by FESEM. 
As can be seen in Fig. 1b and Fig. S3, the samples correspond to low 
crystallinity activated carbon materials and no significant differences 
can be observed between KUA and the catalysts prepared. This fact can 
be related to the formation of small and well-distributed C3N4 domains. 

TPR-H2 experiments are presented in Fig. 1c. The results show 
interesting differences among the materials. Interestingly, the amount of 
H2 consumed by the samples containing Pd is more than 10 times higher 
than the amount of Pd loaded in the materials (considering that it is as 
Pd2+). This means that, after Pd reduction, the metal species are cata
lysing H2 dissociation and further reaction with the carbon surface, as 
has been previously reported elsewhere [49]. While Pd/C3N4/KUA 
showed a broad hydrogen consumption peak due to the wide particle 
size distribution (vide infra), Pd/M− C3N4/KUA samples presented a 
more localised and narrow hydrogen consumption that proves the 
effective interaction between Pd and M− C3N4 species. 

The results of nitrogen adsorption–desorption isotherms are included 
in Fig. 1d and Table 1 summarises the porous texture data of all the 
samples. The microporous character of the samples was observed since 
the adsorption isotherms are of Type I. The pristine activated carbon 
presents excellent textural properties with a SBET over 3000 m2 g− 1. The 
presence of domains of C3N4 slightly decreases the surface area but the 
highly dispersed transition metals have an almost negligible effect in the 
apparent surface area. The incorporation of 1 wt% of Pd slightly 
decreased the SBET and VDR. Interestingly, the textural properties of Pd/ 
C3N4/KUA and Pd/M− C3N4/KUA samples were very similar (Table 1), 
and the excellent textural properties of pristine KUA activated carbon 
were preserved due to the good dispersion of both C3N4 domains and Pd 
NPs. 

N 1 s XPS spectra are shown in Fig. S4. Three contributions can be 
distinguished in the N 1 s XPS spectrum of bare C3N4. The first peak 
centred at 398.6 eV is related to the presence of sp2 nitrogen atoms of the 
triazine and heptazine rings in the C3N4 structure. The peak located at ~ 
399.8 eV is attributed to the nitrogen atoms that bond the heptazine 
units and terminal amine groups. The peak centred at 401.0 eV is 
assigned to quaternary or positively charged nitrogen atoms. Such 
contribution usually appears in N 1 s spectra because of the X-ray irra
diation [45,50]. As can be seen in Fig. S4, M− C3N4/KUA and Pd/ 
M− C3N4/KUA samples showed the same contributions as C3N4. 
Nevertheless, some differences were seen, especially for the peak cen
tred at ~ 399.8 eV. The contribution of this peak to the spectra was 
slightly higher when metals are present. This is coherent with the 
presence of M− N bonds, which present a contribution at ~ 399.5 eV 
[51] that may be overlapping with the central peak. 

Fig. 1e contains the XPS spectra of Fe, Cu, and Pd, registered for the 
different catalysts. Fe 2p3/2 spectra were deconvoluted with a multiplet 
of 4 peaks (according to Grosvenor et al. [52]) corresponding to Fe3+, 
centred at 709.8, 710.7, 711.4, and 712.3 eV. Also, a satellite peak ap
pears at 715 eV [52]. Neither Fe2+ (located at 709.6 eV and 53.7 eV for 
2p and 3p regions, respectively) nor Fe0 (located at 706.7 and 53.0 eV 
for 2p and 3p regions, respectively) were observed for Fe-C3N4/KUA 
and Pd/Fe-C3N4/KUA. That indicated that the iron species present in 
the catalysts have the same oxidation state as in the metal precursor used 
in the synthesis. That result is coherent with the Ellingham diagram of 
iron and considering the carbonisation temperature used in the presence 
of carbon [53]. Nevertheless, Cu-C3N4/KUA showed a considerable 
percentage of reduced copper. The Cu 2p3/2 spectra can be deconvoluted 
in two contributions [54–56]. The first peak corresponds to Cu+ (or Cu0) 
and the second contribution at 934.7 eV is associated with Cu2+. 
Interestingly, when Pd NPs are loaded (Pd/Cu-C3N4/KUA sample), the 

Table 1 
Nitrogen content (%N (at.%) EA), metallic content (%M ICP (wt%)), and textural 
properties.  

Catalyst % N 
(at. %) 
EA 

%M ICP (wt 
%)* 

SBET 

(m2/ 
g) 

VDR (cm3/ 
g) 

VT 

(cm3/ 
g) 

KUA – – 3180  1.57  1.65 
C3N4/KUA 1.6 – 3090  1.52  1.57 
Cu-C3N4/KUA 2.3 1.5 / - 3000  1.49  1.54 
Fe-C3N4/KUA 1.9 1.3 / - 3030  1.52  1.57 
Pd/C3N4/KUA 1.7 - / 1.0 2830  1.21  1.46 
Pd/Cu-C3N4/ 

KUA 
2.3 1.4 / 0.8 2830  1.21  1.43 

Pd/Fe-C3N4/ 
KUA 

2.0 1.1 / 0.9 2870  1.25  1.51  

* Fe or Cu / Pd. 
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relative proportion of Cu2+ increases from 32 % to 42 %. That may be 
due to the possible electron transfer from Cu to Pd caused by the higher 
electronegativity of Pd. Pd 3d spectra were deconvoluted with the 
contribution of Pd0 (335.8 eV), Pd2+-N (337.0 eV) and Pd2+ as Pd 
(O2CCH3)2 (338.2 eV) [26,27,57–59]. In Fig. 1e, it can be observed that 
when Pd NPs are prepared directly over C3N4/KUA, an important 
amount of Pd remains as Pd2+ even though the molar ratio of Pd:NaBH4 
used in the synthesis was 1:5. It has been reported that N atoms can 
stabilise the Pd2+ species [26], therefore some Pd2+ species may have 
been stabilised on the basic Lewis sites of the C3N4. On the other hand, 
Pd/M− C3N4/KUA samples present a higher percentage of Pd0 

compared to Pd/C3N4/KUA, because the interaction of Pd atoms with 
the basic sites is probably weaker. Furthermore, in Pd/Cu-C3N4/KUA 
sample, the possible electron transfer from Cu to Pd could also be 
responsible for the larger proportion of reduced Pd species present in 

Pd/Cu-C3N4/KUA compared to Pd/C3N4/KUA. The different electronic 
properties of Pd species in the samples and the presence of oxidised Cu 
species may be related to the interaction between the Pd NPs and the 
transition metal in the samples. 

TEM micrographs are included in Fig. 2. TEM images for Cu-C3N4/ 
KUA and Fe-C3N4/KUA (Fig. 2b,c) did not show metal nanoparticles. 
However, small black dots were observed in the Pd-containing electro
catalysts (Fig. 2d-f), which are attributed to the presence of Pd NPs in 
those samples. The average NP size determined for Pd/C3N4/KUA was 
4.7 ± 1.5 nm. Such relatively small average NP size can be related to the 
effect of N basic sites of C3N4 and the high porosity of KUA (SBET 3180 
m2/g, VDR 1.57 cm3/g, and VT 1.65 cm3/g). However, as can be seen in 
the histogram for the NP size distribution of Fig. 2d, the size distribution 
determined in sample Pd/C3N4/KUA was wider and NPs with sizes up 
to ~ 9 nm were formed. Interestingly, the average Pd nanoparticle size 

Fig. 1. (a) XRD diffractograms of M− C3N4/KUA and Pd/M− C3N4/KUA samples compared to bare C3N4, (b) FESEM image of KUA, (c) TPR-H2 profiles, (d) N2 
adsorption–desorption isotherms, and (e) Fe 2p, Cu 2p, and Pd 3d XPS spectra of the samples. 
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of Pd/Cu-C3N4/KUA and Pd/Fe-C3N4/KUA was much smaller (1.7 ±
0.5 nm and 2.9 ± 1.1 nm, respectively), which might suggest that, 
during the synthesis, Pd atoms may have experienced a strong interac
tion with the highly dispersed transition metals anchored to C3N4, 
especially with Cu. The TEM results are in quite good agreement with 
the XRD observations. 

3.2. Computational calculations 

In order to obtain some insights about the important differences 
observed experimentally when synthesising Pd NPs over C3N4/KUA or 
M− C3N4/KUA, the stabilisation of an 8-atom Pd cluster when inter
acting with a C3N4 macromolecule was studied by DFT calculations. The 
optimised structure of the Pd(8) cluster is shown in Fig. S2a and agrees 
with that proposed by Nava et al [60]. The interaction of Pd(8) with the 
C3N4 macromolecule is produced by 2 Pd atoms bonding 2 N atoms from 
different heptazine units. The third heptazine leans slightly down, pre
cluding a major coordination with the basic central nitrogen atoms 
(Fig. S2b). The interaction energy calculated for Pd(8)-C3N4 was − 3.1 
eV. Interestingly, the interaction energies calculated for Pd(8)Cu-C3N4 
and Pd(8)Fe-C3N4 were substantially more intense (-4.9 eV and − 5.1 
eV, respectively). These results completely agree with the particle size 
distribution observed experimentally, which has been strongly influ
enced by the presence of highly dispersed Fe or Cu, allowing a smaller 
particle size with a narrower distribution. The results suggest that, 
although Pd nanoparticles are known to perform with high activity to
wards HER and oxygen reactions, the preparation of these catalysts may 
be limited by the low anchoring energy due to the small interaction with 
the support. Therefore, this is an example on how these limitations can 

be overcome by boosting the interaction using highly dispersed transi
tion metals-Nx sites. 

3.3. Electrochemical characterization of electrocatalysts for ORR, HER 
and OER 

CV experiments are shown in Fig. S5. All the samples showed the 
typical rectangular profiles of porous carbon materials. The samples 
containing C3N4 showed a more rectangular profile due to its electrical 
conductivity as has been reported in previous works[13,42]. Due to the 
large value of the double layer charge, faradaic processes corresponding 
to metals were not clearly observed. 

The results for the ORR characterisation are displayed in Fig. 3 and 
Table 2. It was observed that Pd-free M− C3N4/KUA samples themselves 
presented high activities with EONSET potentials close to 0.9 V vs. RHE. 
The selectivity towards the formation of H2O was limited at a number of 
electrons transferred of 3.70 for Cu-C3N4/KUA and 3.57 for Fe-C3N4/ 
KUA. Even though a small XRD contribution corresponding to iron 
oxide could be detected in Fe-C3N4/KUA, the electrocatalytic activity 
displayed by that sample is mainly related to Fe-Nx sites instead of iron 
oxide nanoparticles. This is because the activity towards the ORR for a 
material based on iron oxide over KUA (also ~ 1 wt% of Fe) has already 
been studied in previous works [13], showing a completely different 
performance (Eonset of 0.81 V and 2.9 the number of electrons trans
ferred at 0.65 V). On the other hand, Pd/C3N4/KUA displayed better 
selectivity towards the 4-electron pathway (a number of electrons 
transferred of 3.75). The limited selectivity may be related to the low 
metal loading, allowing at high overpotentials some carbon or C3N4 sites 
to perform through a 2-electron pathway. Interestingly, both Pd/ 

Fig. 2. TEM images and particle size distribution of (a) KUA (b) Cu-C3N4/KUA, (c) Fe-C3N4/KUA, (d) Pd/C3N4/KUA, (e) Pd/Cu-C3N4/KUA and (f) Pd/Fe-C3N4/ 
KUA samples. 
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M− C3N4/KUA samples not only maintained the high activities of 
M− C3N4 sites (for Pd/Fe-C3N4/KUA even increased), but also the 
selectivity increased compared to Pd/C3N4/KUA, showing, therefore, a 
synergistic effect towards the ORR (Fig. 3d and Table 2). Tafel slope 
plots (Fig. 3c) revealed that the kinetic region of the reaction might be 
controlled by the M− C3N4 sites since the slope values calculated were 
similar for the respective M− C3N4/KUA and Pd/M− C3N4/KUA 
samples. 

Fig. 4a shows the LSV curves registered for HER using the studied 
samples and the commercial Pt/C catalyst. As can be seen, the activity of 
both Fe-C3N4/KUA and Cu-C3N4/KUA was poor, which is probably due 

to the low metal content in the samples. The superior behaviour of Fe 
sites towards HER was observed comparing the performance of both 
samples, which is in agreement with the results previously reported 
elsewhere [61–63]. As for the Pd-containing electrocatalysts, Pd/Fe- 
C3N4/KUA and Pd/C3N4/KUA have very similar behaviour (Fig. 4a 
and Table 2), regardless of the different average NP size. In addition, the 
calculated Tafel slope is higher for Pd/Fe-C3N4/KUA sample (Fig. S6a), 
suggesting that Fe sites might not be playing an important role, and the 
reaction seems to be determined by Pd species which have a high elec
trocatalytic activity for this reaction. On the contrary, the presence of Cu 
species results in a decrease in the EONSET value of almost 50 mV, 

Fig. 3. (a,b) LSV curves and (c) Tafel plots and (d) number of electrons transferred for M− C3N4/KUA and Pd/M− C3N4/KUA samples at 5 mV/s and 1600 rpm in an 
O2-saturated 0.1 M KOH solution compared to commercial Pt/C catalyst. 

Table 2 
Parameters obtained from LSV curves for ORR, OER and HER.  

Catalyst EONSET ORR / E1/ 

2 (V) 
Tafel slope ORR 
(mV dec-1) 

n 
(at E =
0.65 V) 

EONSET OER 

(V) 
Tafel slope OER 
(mV dec-1)  Bifunctional index 

(V) 

EONSET HER 

(mV) 
Tafel slope HER 
(mV dec-1) 

20 % Pt/C 0.97 / 0.85 − 59 3.97 – – – − 36 − 26 
RuO2 – – – 1.57 226 – – – 
Cu-C3N4/ 

KUA 
0.88/ 0.77 − 41 3.70 1.70 217 0.82 − 383 − 258 

Fe-C3N4/KUA 0.88 / 0.73 − 50 3.57 1.69 190 0.81 − 358 − 240 
Pd/C3N4/ 

KUA 
0.86 / 0.72 − 48 3.75 1.65 218 0.79 − 193 − 91 

Pd/Cu-C3N4/ 
KUA 

0.87 / 0.75 − 41 3.83 1.65 127 0.78 − 145 − 77 

Pd/Fe-C3N4/ 
KUA 

0.89 / 0.74 − 50 3.82 1.56 128 0.67 − 194 − 114 

*EONSET potentials are at jORR = -0.05 mA cm− 2; jOER = 10 mA cm− 2; jHER = -10 mA cm− 2. 
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reaching an excellent overpotential (Fig. 4a and Table 2). The observed 
activity might be a result of the decrease in the average size of Pd NPs in 
the presence of Cu sites although some additional effects should not be 
ruled out. For instance, Pd-Cu bimetallic catalysts have been reported as 
exceptional active phases towards the HER [19,21–23]. In these in
vestigations, a similar modification in the Tafel slope, indicating a better 
electron transfer in Pd-Cu/C samples than in Pd/C catalysts, was also 
observed. The lowest value of the Tafel slope calculated for Pd/Cu- 
C3N4/KUA indicates that a different mechanism might be occurring in 
this sample compared to the other catalysts and that the electron 
transfer is superior in this material (Fig. S6a). Finally, mass activity 
(Fig. 4c) and TOF (Fig. S6b) showed that the current produced per gram 
(mass activity) or per mole (TOF) of PMG was superior in Pd/Cu-C3N4/ 
KUA than in the commercial Pt/C electrocatalyst in all the potential 
range studied because of the better atomic efficiency reached. 

Long-term durability in HER was evaluated for the best sample (Pd/ 
Cu-C3N4/KUA) by performing a 20 h chronoamperometric test 

(Fig. S7). After the stability test, the sample showed lower activity. This 
catalytic activity decay was mainly related to metal leaching as no sig
nificant changes were observed between the fresh and used electrodes 
by TEM or FESEM (Fig. S7b-c). The amount of metal detected by ICP in 
the used electrode revealed a 19 and 27 % loss of Pd and Cu, respec
tively, which indicates that bimetallic corrosion may be taking place. 
The long-term durability may be improved by high-temperature treat
ment for better anchoring of Cu sites before introducing Pd. 

OER was also evaluated in 1 M KOH solution (Fig. 4b). For this re
action, M− C3N4/KUA samples presented very similar performance, 
although the Tafel slope was lower for Fe-C3N4/KUA sample, indicating 
better electron transfer. For Pd samples, notwithstanding that the EONSET 
value was equivalent for Pd/C3N4/KUA and Pd/Cu-C3N4/KUA sam
ples, the Tafel slope was significantly lower than for the sample with Cu 
sites, allowing a lower overpotential for higher currents. For Pd/Fe- 
C3N4/KUA sample, an impressive change of 100 mV in the EONSET 
was observed. Such an enhancement cannot be attributed to the 

Fig. 4. (a-b) LSV curves for HER and OER, (c) mass activity for HER and (d) OER Tafel plots for M− C3N4/KUA and Pd/M− C3N4/KUA samples at 5 mV/s in N2- 
saturated 1 M KOH solution compared to commercial Pt/C and RuO2 catalysts. 
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available Pd surface sites in Pd/Fe-C3N4/KUA (i.e., Pd/Fe-C3N4/KUA 
had larger Pd NPs than Pd/Cu-C3N4/KUA and hence a lower propor
tion of Pd surface sites). Since Pd and Fe catalysts showed poor activities 
separately, a synergistic effect due to a Pd-Fe interaction is observed in 
Pd/Fe-C3N4/KUA. Interestingly, although Pd/M− C3N4/KUA samples 
showed very different activity, the Tafel slope calculated for these 
samples is equivalent and close to 120 mV dec-1. That may indicate that, 
for the OER, Pd-Fe and Pd-Cu sites are probably carrying out the reac
tion via similar mechanisms through the formation of species in the 
surface of the active phase, which are rather different from that for Pd/ 
C3N4/KUA sample (Tafel slope 218 mV dec-1) [64]. 

In order to compare the performance of Pd/Fe-C3N4/KUA with those 
published in the literature, a table has been included in the supporting 
information (Table S1). The catalytic performance towards the ORR is 
interesting compared to the commercial Pd/C (10 wt% of Pd), and very 
interesting for the OER, where the performance is comparable to other 
electrocatalysts with much higher metal content. 

The current increase observed for gas evolution reactions (HER and 
OER) for these catalysts was not as sharp as that observed for other 
materials with similar EONSET in these reactions [19–23] or for Pt/C in 
HER (Fig. 4a). However, the current drop seen in the LSV curves for 
ORR, as well as the Tafel slope values, were comparable to Pt/C. For the 
ORR, micropores themselves may act as nanoreactors that promote the 
reaction rate due to an increase in the O2 concentration near the active 
sites [65,66]. However, for gas evolution reactions, the opposite effect 
might be occurring, and the generated gas is probably detained in the 
micropores due to the high adsorption potential and might result in 
higher overpotentials. This is a factor that would not affect non-porous 
materials such as carbon blacks. 

HER, ORR and OER were also studied by DFT calculations. In order 
to speed up the calculations, the clusters consisted of a single Pd-atom 
(Fig. S8 and Fig. S9) what makes the calculations preliminary and 
qualitative but can be useful for comparison purposes among the ma
terials. Energy diagrams are shown in Fig. S10. It can be observed that 
the presence of Fe or Cu strongly modifies the energy diagrams because 
of the major electron density in the Pd atom. Some of the reaction in
termediates as the HO* for ORR or H* for HER showed higher stabili
sation in presence of Cu or Fe. A detailed description of the diagrams is 
included in the Supporting Information. Periodic calculations for the 
catalytic activity should be performed for higher accuracy, but the re
sults obtained suggest important alterations in the catalytic activity, 
which agree with the changes observed experimentally, especially for 
HER and OER. 

3.4. Application in ZAB 

From the ORR and OER results, Pd/Fe-C3N4/KUA electrocatalyst 
was selected for the ZAB tests since it displayed the best performance 
and bifunctional character, (i.e., lower bifunctional index; See Table 2). 
It was shown that Pd NPs improve the selectivity in the ORR towards the 
desired 4-electron path and, for the OER, an important synergistic effect 
exists between both elements obtaining a superior performance than the 
other catalysts. 

Fig. 5 depicts the ZAB charge–discharge measurements for 250 cy
cles (Fig. 5a) and the galvanostatic discharge experiments (Fig. 5b) for 
the ZABs built with Pd/Fe-C3N4/KUA and commercial Pt/C mixed 
50:50 in weight with RuO2 as oxygen-reactions electrocatalysts. The 
charge–discharge experiment showed that, during the first 10 h, the 
sample reached a performance similar to that of the Pt/C + RuO2 
catalyst towards the ORR. In fact, the cell potential at the discharge was 
equivalent at t = 10 h (Table 3). In addition, the selected sample showed 
low and stable overpotential in the charging process compared to the Pt/ 
C + RuO2 catalyst. After 25 h, both electrocatalysts showed constant 
potentials at the discharge. It can be observed that the cell voltage for 
the ZAB containing Pd/Fe-C3N4/KUA increased slowly with time in the 
charge process, which is probably because of active phase loss. The cell 

potential (Vcharge – Vdischarge) from 10 h to 25 h increased in 80 mV for 
the ZAB containing Pd/Fe-C3N4/KUA and 30 mV for ZAB containing Pt/ 
C + RuO2. The results are remarkable considering the big difference in 
PMG content between these two electrodes studied. 

Problems related to the oxidation of the carbon support and the 
consequent loss of conductivity of the carbon material cannot be ruled 
out. Working on these conditions of continuous potential tuning, carbon 
materials can be oxidised and further gasified with a reactivity that will 
increase with the potential [67,68]. Since electrodes based on carbon 
materials for metal-air batteries are limited by the oxidation of the 
carbon material, among other factors, the interesting durability 
observed for the carbon material used in this work can be explained 
considering the presence of N-containing species since it is known that 
they may increase the stability potential window [69]. In this specific 
case, the C3N4 domains may grow on or over reactive edge sites and 
defects of the activated carbon thus improving the electrochemical 
stability [70,71]. 

The values obtained of specific capacity from the galvanostatic 
discharge tests were 750 and 740 mAh gZn

-1 for ZABs containing Pd/Fe- 
C3N4/KUA and Pt/C + RuO2, respectively. The experiment showed 
that the voltage of the cell for the Pd/Fe-C3N4/KUA sample and the 
commercial catalyst was equivalent, and even higher for the Pd/Fe- 
C3N4/KUA during the last part of the test (Fig. 5b). That indicates 
that the Pd-Fe catalyst prepared presents a high stability for oxygen 

Fig. 5. (a) Charge-discharge experiments of 250 cycles (3 min charge / 3 min 
discharge) at 1 mA cm− 2 and (b) long-time galvanostatic discharge curve at 5 
mA cm− 2 (6 M KOH + 0.2 M Zn(O2CCH3)2 solution). 

Table 3 
Parameters obtained from zinc-air battery tests.   

Cell voltage (V)  

Catalyst Discharge 
(After 10 
h) 

Charge 
(After 
10 h) 

Discharge 
(After 25 
h) 

Charge 
(After 25 
h) 

Specific 
capacity 
(mAh gZn

-1 ) 

Pd/Fe- 
C3N4/ 
KUA  

1.20  2.16  1.19  2.23 750 

Pt/C +
RuO2  

1.20  2.05  1.20  2.08 740  
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reduction reaction. In Fig. S11 it can be observed that the maximum 
power density for ZAB containing Pd/Fe-C3N4/KUA is centred at lower 
current densities than that of Pt/C (46 and 110 mA cm− 2, respectively). 
This might explain the comparable performance in the capacity test at 5 
mA cm− 2 for both electrocatalysts. The performance is remarkable 
considering the low amount of metal employed in comparison to the 
commercial catalysts. 

To deepen into the stability of Pd/Fe-C3N4/KUA sample for the 
discharge process (ORR), a durability test was performed with the RRDE 
electrode (Fig. S12), and the result was compared with that of Fe-C3N4/ 
KUA sample. The sample with Pd presented excellent stability while Fe- 
C3N4/KUA lost activity and the number of electrons transferred 
decreased until 3.43 at 0.65 V. Pd/Fe-C3N4/KUA electrode after 200 
cycles was analysed by XPS, ICP, FESEM and TEM (Fig. S12c-e). No 
significant modifications in the morphology were observed and Pd 
species were mostly present as Pd2+ after stability test. Interestingly, the 
amount of Pd detected by ICP in the used electrode was equivalent to the 
fresh sample while Fe presented just 18 % of leaching, which might 
correspond to weakly anchored Fe species not interacting with the C3N4 
domains, as the activity was highly preserved. Therefore, these results 
suggest that covering the Fe-Nx sites with Pd NPs may be a very inter
esting strategy for boosting the durability of these materials towards the 
ORR. 

4. Conclusions 

Electrocatalysts based on Pd NPs and highly dispersed Cu or Fe sites 
on C3N4/super-activated carbon composites were prepared by 
following a simple and reproducible protocol. It was observed that the 
properties of the Pd NPs were dependent on the composition of the 
support. Very small and well-dispersed Pd NPs were detected in Pd/ 
M− C3N4/KUA samples, which was corroborated by XRD measurements 
and agreed with the higher stabilisation energies calculated by DFT for a 
Pd(8) cluster interacting with M− C3N4 flakes. 

Regarding the electroactivity, the selectivity of Pd NPs for the ORR 
was found to be excellent towards the 4-electron pathway and the high 
activity was maintained when supported on Fe or Cu-containing C3N4/ 
KUA. Moreover, Pd/Cu-C3N4/KUA sample showed excellent perfor
mance for HER, with an overpotential lower than 150 mV that may be 
related to the decrease of the Pd particle size and the presence of highly 
active PdCu-C3N4 sites. On the other hand, Pd/Fe-C3N4/KUA showed 
superior activity for the OER. 

Taking into account the good bifunctionality of Pd/Fe-C3N4/KUA 
for ORR and OER, that sample was selected as the electrocatalyst to 
be tested in the ZAB. It was observed that the performance was com
parable to that of the commercial Pt/C + RuO2 catalyst and the high 
stability during long-time galvanostatic discharge may be related to the 
effect of the strong interaction of Pd NPs with Fe-C3N4/KUA and the 
decreased reactivity of the C3N4-containing porous carbon. 

This study demonstrates the synergistic effect between Pd species 
and transition metals and shows that transition metals anchored on 
C3N4-based composite materials promote the electroactivity of Pd NPs in 
HER, ORR and OER due to the interaction between both species. How
ever, the selection of the transition metal is key for modifying the 
electronic structure of Pd species and, thus, the electrocatalytic activity 
towards and specific reaction. 

Although the materials prepared in this work are based on Pd, the 
content of Pd in the electrodes prepared for the ZAB application was 
very low (~0.013 mg cm− 2), much lower than the maximum loading 
proposed by the U.S. DOE for fuel cells for example (0.125 mg cm− 2) and 
also lower than that used for other Pd-based materials in the literature 
(see Table S1 in the Supporting Information). The results are remarkable 
considering the very low loading (e.g. ~ 10 times less than commercial 
Pd/C). Therefore, due to the low content of PGM, the materials prepared 
in this work can be considered as cost-effective and highly promising for 
these electrochemical energy production devices. 

The designed electroactive materials can constitute an alternative to 
the historically most investigated Pt-based systems and pave the way for 
the designing of new cost-effective multifunctional electrocatalysts with 
tailored performances by virtue of the proper selection of both a second 
metal and support. This is a topic which should be further investigated 
paying attention to both single site and nanoparticles alloys as catalysts, 
in order to understand in detail the nature of the interaction between the 
metal elements and the reactants and products. 
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[50] E. Raymundo-Piñero, D. Cazorla-Amorós, A. Linares-Solano, J. Find, U. Wild, 
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