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A B S T R A C T   

Among various clear energy generation processes, electrocatalytic water splitting or hydrogen evolution reaction 
(HER) has been considered as an efficient method for the sustainable production of hydrogen (H2) fuel. But, 
significant efforts are still required to develop cheap, effective and stable electrocatalysts for water splitting to 
achieve the economical production of H2. In the quest of finding cheap electrocatalysts, herein, we demonstrate 
the preparation of palladium (Pd) nanoparticles decorated nitrogen (N) doped highly reduced graphene oxide 
(NDG-Pd) based electrocatalysts. The nitrogen (N) doped highly reduced graphene oxide (NDG) was produced by 
using graphene oxide as precursor, which was reduced and doped with nitrogen, simultaneously in one-step 
hydrothermal method. Subsequently, Pd nanoparticles were decorated on the surface of NDG using a facile ul
trasonic method to produce NDG-Pd. In order to restrict the amount of precious metal to reduce the cost of 
catalysts, very small percentage of Pd, such as, 1 and 3 % was utilized during the preparation of electrocatalysts. 
The as-prepared electrocatalysts were successfully characterized by using different methods such as, XRD, XPS, 
EDX, BET, SEM and TEM. Results confirmed the formation of slightly agglomerated, smaller size of Pd NPs on the 
surface of NDG with an average particle size of ~ 6 nm. The as prepared nanocomposites NDG, NDG-Pd1% and 
NDG-Pd3% were used to prepare electrodes and their electrocatalytic activity was evaluated towards the pro
duction of H2 through water splitting. The results of electrochemical performance of as-prepared electrodes 
within the voltage range have revealed that among different samples prepared, the NDG did not show any 
current, whereas NDG-Pd3% showed a good potential for HER with current density ≈24 mA/cm2 at very low 
potential i.e. − 0.2 V vs RHE.   

1. Introduction 

Currently, the rapid depletion of fossil fuels has significantly 
increased the demand for the development of alternative energy tech
nologies (Qazi et al., 2019; Zhang et al., 2024). This has led to lavish 
utilization of various sustainable energy resources, such as, wind, solar 
and water resources for the generation of easily accessible and afford
able energy (Ashraf et al., 2021; Hassan et al., 2024; Hussain et al., 
2017). Among various renewable energy technologies, the production of 
hydrogen and oxygen via photocatalytic water splitting and natural 
renewable sources such as biomass, plastic etc. has gained significant 
traction in the scientific community (Ashraf et al., 2023c; Fajrina and 

Tahir, 2019). This method has great potential in the production of 
renewable energy without depending on fossil fuels and with zero 
emission (Dharmarajan et al., 2024; Li and Tsang, 2020). Particularly, 
hydrogen (H2) generation from water using light source has been 
established as an effective process to produce clean energy which can 
play crucial role in solving the global energy crisis and environmental 
issues, simultaneously (Ashraf et al., 2023a; Ashraf et al., 2023b; Lin 
et al., 2020; Rauf et al., 2024). H2 energy is considered as clean and 
economical energy and thus has gained significant prominence due to its 
abundance, easy storage, enormous environmental and climate benefits 
(Sikiru et al., 2024; Yue et al., 2021). In this regard, electrocatalytic 
water splitting is among the most promising approaches for converting 
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solar energy to clean H2 energy (Sun et al., 2024; Wang et al., 2019). 
Although, electrocatalytic H2 production via water splitting delivers 

high conversion efficiency in comparison to the photocatalytic ap
proaches, still, there are several limitations which inhibit the large-scale 
implementation of this process (Gao et al., 2024; Li et al., 2021). 
Nevertheless, considerable research has been performed over several 
decades to address the lingering issues of electrocatalytic H2 evolution, 
such as, increasing the rate of H2 production, improving the catalytic 
activities of electrocatalysts (Hanan et al., 2024; Khan et al., 2023; 
Margarit et al., 2021). Usually, platinum-based materials have long been 
considered as effective electrocatalysts in water splitting, due to their 
low overpotential, enhanced electrocatalytic stability (Jeong et al., 
2022). However, the low abundance of platinum and relatively high cost 
has mainly inhibited the large-scale applications of platinum-based 
materials for H2 generation (Han et al., 2024; Zhong et al., 2021). 
Therefore, the development of cheap, high performance, alternative 
electrocatalysts is the need of the hour for the sustainable production of 
H2 via water splitting (Abbas and Bang, 2015; Chen et al., 2024). 
Although as replacement to precious metals, metal-free and non- 
metallic single atom based electrocatalyst are gradually gaining trac
tion (Zhang et al., 2023). But, these substances generally require 
expensive and tedious synthesis processes which is unfavorable for 
practical application (Zhao et al., 2019). On the other hand, the elec
trocatalytic efficiency of precious metals including Pt, Pd, Au etc., is still 
unmatched (Huang et al., 2024; Lyu et al., 2019; Zhang and Dai, 2024). 
Moreover, the size of metallic NPs also play critical role in the electro
chemical reactions, since, smaller size NPs exhibit relatively large 
number of surface atoms, which may enhance the molecular absorption 
during reactions (Hayden, 2013). Typically, metallic NPs including Pt 
and Pd in the size range of 3 to 5 nm have been reported to be the most 
active electrocatalysts (Tang and Cheng, 2015). 

To address the issues with precious metals, researchers have either 
reduced the amount of noble metal (Pt.) in the electrocatalysts, or it is 
completely replaced with less expensive and/or nonprecious metals 
based electrocatalysts (Ibn Shamsah, 2021; Jiang et al., 2024). For 
instance, as a replacement to platinum, relatively cheap and readily 

available metals-based materials (with less contents of active metal) like 
palladium, gold, copper etc., have been applied (Smiljanić and Grgur, 
2024; Yi et al., 2018). Besides, the content of active metal can be 
reduced by the utilization of suitable support, which not only help to 
compensate the amount of precious metal, but also offer strength to the 
catalyst (Zhang et al., 2019). Moreover, as the catalysis is a surface 
phenomenon, only the metallic components present on the surface of the 
catalysts play active role during the reaction (Vogt and Weckhuysen, 
2022). Among various precious metals, palladium (Pd) is regarded as 
relatively cheap alternative to Pt, which potentially exhibit, efficient 
electrocatalytic properties and strong stability under electrochemical 
conditions (Gupta et al., 2024; Wang et al., 2021). Pd based materials 
have been excessively used as electrocatalysts for various electro
catalytic processes including formic acid oxidation, fuel cells and so on 
(Shen et al., 2020). However, despite of its high affinity towards H2, 
when compare to the other 3d transition elements, Pd based materials 
have been relatively less explored for electrocatalytic H2 production 
(Mahesh et al., 2016). 

Regardless of several benefits, Pd also possess various challenges 
including the aggregation of active nanoparticles in electrocatalysts, loss 
of stability etc., which negatively impact the surface area and reduce the 
performance of the materials (Kim et al., 2022). Common approaches to 
mitigate these effects include alloying the Pd with other metals and 
application of carbon support materials which prevent the aggregation 
of particles and enhances the stability of electrocatalysts (Narreddula 
et al., 2019). So far, a variety of carbon materials have been effectively 
utilized as efficient supports for Pd based electrocatalysts for H2 pro
duction, including, activated carbon, graphite oxide, highly reduced 
graphene oxide and heteroatoms doped graphene etc (Al-Rawashdeh 
et al., 2018). Among these, graphene has been established as wonder 
support for electrocatalysts in electrochemical energy systems due to its 
extraordinary properties including excellent electrical conductivity, 
enhanced durability and high specific surface area (Adil et al., 2022; Liu 
et al., 2022; Ma et al., 2024). 

For instance, Pd NPs which are highly active for methanol and formic 
acid oxidation than Pt, were successfully deposited with graphene 

Scheme 1. Schematic representation of the preparation of the nitrogen doped graphene and Pd based nanocomposites and their electrocatalytic application for the 
production of H2 via water splitting. 
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through redox reaction, the resulting nanocatalyst showed high elec
trocatalytic ability (Chen et al., 2011). In another study, Ag/graphene 
was used as a support to deposit hollow PdAg nanorings to obtain a 
hybrid electrocatalyst. The resulting graphene supported electro
catalysts not only showed high electrocatalytic activity for the ORR but 
also exhibited remarkably high tolerance towards methanol crossover 
(Liu et al., 2013). Additionally, heteroatom doped graphene (N, S, B etc.) 
as support to electrocatalysts has also offered encouraging results in 
electrochemical processes, these atoms which replace some of the car
bon atoms from graphitic lattice introduce defects in the structure (Duan 
et al., 2015; Liu et al., 2015). These defects not only enhance the 
chemical stability of the material, but also facilitate rapid electron 
transfer and increased the surface area of the resulting electrocatalysts 
(Jiao et al., 2016). Especially, nitrogen doping of graphene matrix 
significantly enhances the electronic properties of the doped material, 
due to the possibility of conjugation of π electron of carbon network with 
the lone pair electron of nitrogen (Dumont et al., 2019) (Saini et al., 
2024). The rapid movement of electrons in N-doped graphene generate 
more active sites on the surface of the catalyst and also enhance the 
stability of the doped electrocatalysts. 

Therefore, in this study, we have prepared N-doped graphene using 
graphene oxide as precursor, which successfully decorated with 
different contents of palladium (Pd) nanoparticles. Both the reduction of 
graphene oxide and doping with nitrogen was performed simulta
neously in a facile, one-step hydrothermal approach to obtain N-Doped 
highly reduced graphene oxide (NDG). Subsequently, different contents 
of Pd nanoparticles were deposited on the surface of N-Doped HRG via 
ultrasonication to produce NDG and Pd based nanocomposites (NDG- 
Pd). The as-prepared NDG-Pd nanocomposites were extensively char
acterized using XRD, XPS, EDX, SEM, and HR-TEM. The electrochemical 
activities of the as-prepared Pd based electrocatalysts were tested to
wards the electrocatalytic production of H2 via water splitting (cf. 
Scheme 1). The performance and durability of NDG-Pd electrocatalysts 
was analyzed by linear sweep voltammetry using electrodes made-up of 
NDG, NDG-Pd1% and NDG-Pd3%. The performance of the electrodes 
was evaluated for their potential to electrochemical hydrogen evolution 
reaction (HER) to produce hydrogen. The electrochemical measure
ments were performed using a three-electrode system with Pt wire and 
Ag/AgCl (3 M KCl) electrode were used as counter and reference elec
trodes respectively. 

2. Materials and methods 

2.1. Preparation of N-doped highly reduced graphene oxide (NDG) 

For this study, graphene oxide was prepared from pristine graphite 
powder as precursor using a reported modified Hummers method (Khan 
et al., 2020). In order to prepare, N-doped HRG, freshly prepared gra
phene oxide (100 mg) was dispersed in 20 ml DI water via sonication 
(15 min). To this dispersion, 4 ml ammonium hydroxide (NH4OH) was 
added and the pH was adjusted to 11, and subsequently, 3 ml of hy
drazine hydride was also poured into the mixture while stirring (15 
min). The mixture is then transferred to 100 ml Teflon cup, which is 
fitted into a stainless-steel autoclave. The autoclave was kept in a 
furnace at a temperature of 150 ◦C for 24 h. Thereafter, the reaction was 
stopped and the autoclave was allowed to cool down at room temper
ature. The product was isolated via centrifugation (8000 rpm, 15 min), 
which is washed several times with DI water and dried at 65 ◦C for 12 h 
to obtain fine black powder. 

2.2. Preparation of NDG and palladium nanocomposites (NDG-Pd) 

The NDG-Pd composites were prepared by varying the contents of 
palladium on the surface of NDG i.e., two different samples were pre
pared by using 1 wt% and 3 wt% of Pd with respect to NDG. Here we 
only describe the preparation of NDG-Pd with 3 wt% of Pd (NDG-Pd-3 

%) in the sample, remaining samples were prepared by using the same 
procedure by varying the amount of Pd precursor during the synthesis. 
To prepare NDG-Pd-3 %, 50 mg of NDG was dispersed in 25 ml of 
ethanol via sonication for 15 min. Separately, 1.5 mg of Na2PdCl4 
(0.00845 mmol) was dissolved by stirring in 10 ml of ethanol. Subse
quently, both the mixtures were mixed together and the resultant 
mixture was subjected to sonication by using a probe sonicator (Bi
ologics Inc, 3000MP, ultrasonic homogenizer) for 15 min. Thereafter, 
the product was separated by centrifugation (9000 rpm), washed two 
times with ethanol and re-dispersed in 10 ml of ethanol for further use. 
The technical details of the instruments used during the study is pro
vided in the supplementary information. 

2.3. Materials characterization 

The crystallinity of the as-prepared materials was analyzed via 
powder X-ray diffraction (XRD) using a D2 Phaser X-ray diffractometer 
(Bruker, Germany) and Cu Ka radiation (k = 1.5418 A◦). Fourier 
transform infrared (FT-IR) spectra were measured on a Perkin Elmer, 
1000 FT-IR spectrometer, (Waltham, MA, USA) using KBr pellet tech
nique from 400 to 4000 cm− 1. X-ray photoelectron spectra were recor
ded on a PHI 5600 Multi-Technique XPS (Physical Electronics, Lake 
Drive East, Chanhassen, MN, USA) using monochromatized Al Ka at 
1486.6 eV. Peak fitting was performed using CASA XPS Version 2.3.14 
software, USA. CHNS analysis was carried out to estimate the nitrogen 
content in all the samples by using CHNS/O analyzer (2400 Series, 
Perkin Elmer, USA). The surface morphology of all the samples were 
analyzed by using Field emission scanning electron microscopy (FE- 
SEM) (Jeol, JED-2200 series (Akishima, Tokyo 196–8558, Japan)) with 
an acceleration voltage of 5–30 kV. The surface area of the NDG and 
NDG-Pd was measured using NOVA 4200e surface area and pore size 
analyzer (Quantachrome Instruments, FL, USA). The shape and disper
sion of Pd NPs on the surface of NDG was analyzed using transmission 
electron microscope (Jeol TEM model JEM-1011 (Japan)) working at an 
accelerating voltage of 200 kV. 

2.4. Electrocatalytic activity 

Electrochemical measurements were performed using a three- 
electrode system using a Gamry Potentiostat (1010E). Ag/AgCl (3 M 
KCl) and Pt wire electrode were used as reference and counter electrodes 
respectively. All potentials were converted to reverse hydrogen elec
trode (RHE) values using the equation 

VRHE = VAg/AgCl + 0.059*pH + 0.197. 
The electrodes were prepared using drop casting on a fluorinated tin 

oxide (FTO) glass support. The casting ink for each material was pre
pared by mixing 10 mg of the electrocatalyst by suspending in a 2 ml of 
an equimolar mixture of ethanol and deionized (DI). The suspension was 
mixed using ultrasonication for 2 h. 5 μL of Nafion solution (0.5 %) was 
added as binder. After the homogenous ink was prepared, 10 μL of the 
prepared ink was drop casted on a 1 × 1 cm2 area of FTO substrate. The 
prepared electrodes were dried in an oven, first at 60 ◦C for one hour 
followed by 150 ◦C for another hour. The electrochemical measurements 
were performed in Pyrex glass electrochemical cell using 0.5 M H2SO4 
electrolyte. 

3. Results and discussion 

Herein, ultrafine Pd NPs were successfully deposited on the surface 
of N-doped graphene (NDG-Pd) using a facile ultrasonic method to 
obtain hybrid electrocatalysts. In order to study the effect of Pd on the 
electrocatalytic properties of resulting nanocomposites, the Pd contents 
was varied to prepare three different hybrids consisting of 1 and 3 % of 
Pd on the surface of N-doped graphene. For this purpose, the N-doped 
graphene (NDG) was prepared by using GRO as precursor, which was 
reduced and doped simultaneously in a single-step hydrothermal 
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approach using NH4OH as doping agent. In the beginning, the prepa
ration of NDG-Pd was assessed via UV–Vis analysis as shown in Fig. 1, 
which exhibits the UV spectra of GRO (blue line), NDG (red line) and 
NDG-Pd with 3 % Pd (green line). The GRO exhibits two characteristic 
absorption at ~ 230 and ~ 300 nm, due to n–π* transitions of C = O 
bonds present in GRO, which are vanished in NDG, this confirms the 
reduction of GRO to NDG (Khan et al., 2015). On the other hand, the 
NDG shows a new absorption peak at ~ 275 nm, which points towards 
the reduction of GRO and the limited restoration of π network of NDG. 
While, in the case of NDG-Pd, only the absorption peak at ~ 275 nm, 
which represent NDG is present but, with reduced intensity, as Pd NPs 
do not exhibit any peak in the UV spectrum, therefore, their presence is 
confirm by other characterization technique. 

Fig. 2 demonstrates the FT-IR spectra of GRO, NDG, and NDG-Pd. 
Several IR peaks are present in the FT-IR spectrum of GRO (blue line) 
which correspond to the different functional groups on its surface, 
including, carboxylic, hydroxyl, ether and ester and epoxy groups etc. 
These functional groups are represented by various IR peaks which are 
present at ~ 3415, ~2920, ~2850, ~1850, ~1730, ~1627, and ~ 1050 
cm− 1, etc. For example, the broad peak at 3415 represents hydroxyl 
groups belonging to the vibration of phenolic and carboxylic moieties 
(C-OH), while the peaks between 2920 and 2850 correspond to meth
ylene stretch of CH or CH2 groups of GRO (Ren et al., 2010). On the other 

hand, the FT-IR peaks associated with the stretching vibrations of the 
ketonic species (C = O) of carbonyl and carboxylic groups appeared 
between 1600 and 1650 cm− 1 and 1730 to 1850 cm− 1. These peaks in 
the GRO sample point towards the presence of many oxygen-containing 
functional groups. Whereas, in NDG, some of these peaks have either 
slightly shifted and merged with other peaks or their intensities were 
reduced due to the elimination of some of the functional groups after 
reduction, these changes indicate the successful reduction of GRO to 
NDG. On the other hand, in the case of NDG-Pd, apart from the similar IR 
peaks of NDG, two additional peaks are found at ~ 1325 and ~ 1570 
cm− 1 which typically corresponds to the C-N bond stretching arising 
from the secondary aromatic amine and represent the bonding between 
carbon and nitrogen atoms (Kuniyil et al., 2019). 

In addition, the crystallinity and formation of samples has been 
confirm using the XRD analysis, as shown in Fig. 3, which depicts the 
diffractograms of GRO (blue line), NDG (red line) and NDG-Pd3% (green 
line). Pristine graphite which is used as a precursor for the preparation 
of GRO, consists of a distinct and sharp diffraction peak at ~ 26.7◦, 
which disappears upon oxidation due to the increase spacing between 
graphene layers by the incorporation of oxygenated groups. While, the 
successful oxidation of graphite is represented by the disappearance of 
the characteristic peak of graphite and the appearance of new peak at 
lower Bragg angle (Assal et al., 2017). Similarly, in this case, a charac
teristic GRO diffraction peak appeared at 2θ = 10.9◦ (Fig. 3, blue line), 
which clearly indicated towards the formation of GRO. While in the case 
of NDG (Fig. 3, red line) and NDG-Pd3% (Fig. 3, green line), the distinct 
GRO peak at 2θ = 10.9◦ disappeared while a new peak emerged at 2θ =
22.4◦, which is an indication of the reduction of oxygenated groups and 
partial restoration of carbon skeleton in the samples. Notably, the 
absence of characteristic GRO peaks in the XRD diffractograms of NDG 
and NDG-Pd indicates the presence of reduced form of GRO, which was 
prepared in a single-step, in which simultaneous doping and reduction 
was achieved. Apart from the diffraction peaks of reduced form of GRO, 
the XRD diffractogram of NDG-Pd3% also consisted of several other 
peaks at different locations which possibly represent Pd NPs. Indeed, the 
position of these peaks i.e., at 2θ = 40.02◦ (111), 46.49◦ (200), 68.05◦

(220), 81.74◦ (311), and 86.24◦ (222) distinctly confirms the presence 
of face-centered cubic (fcc) structure of Pd NPs (JCPDS: 87–0641; space 
group: Fm3m (225)) (Kuniyil et al., 2019). These results point towards 
the formation of NDG-Pd. 

The Brunauer–Emmett–Teller (BET) specific surface areas of the 
NDG and NDG-Pd were measured using the nitrogen adsorp
tion–desorption isotherms at 77 K. The results revealed that, NDG 
demonstrated the specific surface area of ~ 366 m2/g, while the 

Fig. 1. UV–vis spectra of graphene oxide (GRO), nitrogen doped graphene 
(NDG) and palladium deposited NDG (NDG-Pd3%). 

Fig. 2. FT-IR spectra of graphene oxide (GRO), nitrogen doped graphene 
(NDG) and palladium deposited NDG (NDG-Pd3%). 

Fig. 3. XRD diffractograms of graphene oxide (GRO), nitrogen doped graphene 
(NDG) and palladium deposited NDG (NDG-Pd3%). 
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palladium deposited NDG (NDG-Pd3%) showed relatively less surface 
area of ~ 278 m2/g. The slight decrease in the surface area of NDG- 
Pd3% can be possibly attributed to the presence of Pd NPs, which may 
have been aggregated on the surface and reduced the interlayer spacing 
between the individual graphene layers. Still, the surface areas of both 
the samples obtained in this study are either much higher or almost 
similar when compare to the previously reported studies (Balaji and 
Sathish, 2014; Sheng et al., 2011). To further confirm the N doping and 
the amount of nitrogen contents present in the samples, the samples 
were subjected to CHN analysis. The NDG showed 5.46 % of nitrogen. 
The presence of nitrogen in both the samples were further confirmed by 
EDX and XPS analysis, whereas the morphology of the NDG and the Pd 

NPs on the surface of NDG was examined using SEM and TEM. 
The scanning electron micrograph (Fig. 4a) showed pallidum nano

particles dispersed NDG sheets. The nanocomposites appeared 
completely sheathed. The individual Pd nanoparticles or NDG sheets are 
not visible because of very small size and is beyond the resolution limits 
of microscope. However, SEM was very much helpful to find the 
chemical states of elements in NDG-Pd3% using EDX (Fig. 4b-d). Fig. 4b 
shows the elemental maps confirming the presence C, N and Pd. The 
Fig. 4c shows the EDX spectra of the samples. The presence of nitrogen is 
clearly indicated in the sample, while in addition to nitrogen, carbon 
and oxygen, palladium was detected. The relative atomic weight per
centage was confirmed as presented in graphical image (Fig. 4d). The 

Fig. 4. (a) SEM image and (b) elemental mapping of NDG-Pd3% sample, which depicts the presence of different elements in the sample, including, carbon (red 
color), nitrogen (black color), oxygen (green color), and palladium (blue color), (c and d) EDX spectra and percentage of elements of the NDG-Pd3%. 

Fig. 5. (a) TEM image of NDG-Pd3% and (b) particle size distribution of the palladium nanoparticles on the surface of NDG.  
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morphology was further confirmed by transmission electron microscopy 
(TEM) as shown in Fig. 5a. The TEM image clearly depicts the presence 
of crumbled, sheet like morphology. On the surface of crumbled gra
phene sheets, spherical shaped Pd NPs are dispersed with slight 
agglomeration, NPs are in the size range of 5 to 30 nm with an average 
diameter of ~ 6.5 nm. 

XPS is an established technique to evaluate the characteristics of 
elements present in the samples, the XPS survey spectra of NDG-Pd 
(Fig. 6a) exhibit three eminent peaks at ~ 284.6, ~401 and ~ 532.3 
eV which correspond to C1s of C, N1s of the doped N, and O1s, of the 
composite respectively (Balaji and Sathish, 2014). Deconvolution of N1s 
peak at ~ 401 eV (cf. Fig. 6b) clearly exhibits two peaks at 399.4 and 
404.2 eV with a relative intensity of ~ 80 and 20 %, respectively. 
Typically, there are three kinds of N-doping namely pyridinic-N, 

pyrrolic-N and graphitic-N in graphene nanosheets which can identified 
based on their binding energies. In this case, out of these three different 
types of N-doping, the peak intensity observed for pyridinic-N is rela
tively much higher (~399.4 eV) which indicate that the N-doping in 
graphene skeleton is predominantly in the form of pyridinium nitrogen 
(~80 %). In order to demonstrate the state of palladium in three 
different composites, XPS spectra of the composites including NDG- 
Pd1%, and NDG-Pd3% were measured, and the deconvoluted spectra 
are shown in Fig. 7. According to the spectral data obtained from the 
high-resolution spectrum with regards to the Pd 3d region, there is a 
clear evidence of the presence of Pd(0) and Pd(II) moieties in all three 
nanocomposites (Zheng et al., 2022). The spectra generated signals 
corresponding to the ~ 335 eV and ~ 340 eV, which can be attributed to 
the presence of Pd(0) 3d5/2 and 3d3/2, respectively. Moreover, addi
tional signals at ~ 338 eV and ~ 342 eV correspond to the existence of 
Pd(2 + ) 3d5/2 and 3d3/2, respectively. The percentage composition of 
Pd(0) and Pd (2 + ) can be understood from the intensity of the signals 
obtained and in the case of the 1 % the composition percentage of Pd(0) 
is 54 %, while in 3 % it is found to be 63 %. Thus, the percentage of Pd 
NPs is higher in the 3 % sample which may exhibit superior electro
chemical properties. Apart from this, the XPS survey spectrum of NDG- 
Pd3% (cf. Fig. 6) demonstrates three distinguished peaks at 284.6, 401 
and 532.3 eV corresponding to C1s of C, N1s of the doped N, and O1s, 
respectively. This points towards the successful doping of the graphene 
sheets with nitrogen (Balaji and Sathish, 2014). 

The as prepared electrodes using NDG, NDG-Pd1% and NDG-Pd3% 
were measured for their potential to electrochemical hydrogen evolu
tion reaction (HER) performance to produce hydrogen. Their electro
catalytic activity for the HER was monitored using linear sweep 
voltammetry (LSV) and cyclic voltammetry analysis. The electro
chemical measurements were performed using a three-electrode system 
with Pt wire and Ag/AgCl (3 M KCl) electrode were used as counter and 
reference electrodes respectively. The measurements were performed 
using 0.5 M H2SO4 as electrolyte. The data obtained using electro
chemical linear sweep voltammetry and cyclic voltammetry (CV) mea
surements is shown in Fig. 8. The CV results are presented in Fig. 8A. The 
CV plots showed within the voltage range measured nitrogen doped 
graphene did not show any current whereas NDG-Pd3% showed the best 
electrochemical current density. Similarly, the LSV plots (Fig. 8B) 
clearly showed that 3 % Pd-doped NDG has good potential for HER with 
current density ≈24 mA/cm2 at very low potential i.e. − 0.2 V vs RHE. It 
is worth mentioning that even dilution of Pd to 3 % supported on ni
trogen doped graphene could produce current density of 10 mA even 
blow potential of − 0.2 V vs RHE. The onset potential of 3 % Pd-NDG is 
much lower as compare to 1 % Pd or pristine NDG as shown in zoomed in 
LSV plots provided as supplementary materials (Fig. S1). 

Fig. 6. (a) XPS survey spectrum of NDG-Pd3%, (b) N1s of the doped N.  

Fig. 7. Deconvoluted XPS spectra of three different composites including NDG- 
Pd1% and NDG-Pd3%. Note: the image exhibit only the Pd 3d region of the XPS 
spectra of these composite. 
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The Electrochemical Impedance Spectroscopy (EIS) was measured in 
0.5 M H2SO4 using three different electrodes: Nitrogen-Doped Graphene 
Oxide (NDG), Nitrogen-Doped Graphene Oxide with 1 % Pd (NDG/Pd (1 
%)), and Nitrogen-Doped Graphene Oxide with 3 % Pd (NDG/Pd (3 %)). 
The EIS results revealed distinctive Nyquist plots for each electrode 
Fig. 9. Notably, the NDG/Pd (3 %) electrode exhibited the lowest 
semicircle (inset Fig. 9), indicative of a lower charge transfer resistance 
(Rct) compared to NDG/Pd (1 %) and NDG. This observation suggests 
that the NDG/Pd (3 %) electrode possesses superior electrocatalytic 
activity for the HER. The trend of decreasing Rct from NDG to NDG/Pd 
(1 %) to NDG/Pd (3 %) aligns with expectations. The incorporation of Pd 
nanoparticles enhances the electrocatalytic activity by providing active 
sites for the HER. The higher Pd loading in NDG/Pd (3 %) further im
proves the catalytic performance, resulting in the lowest Rct among the 
tested electrodes. The lower Rct observed for NDG/Pd (3 %) implies 
faster charge transfer kinetics at the electrode–electrolyte interface, 
contributing to enhance HER performance. This finding is consistent 
with our LSV results. 

4. Conclusions 

The synthesis of novel electrocatalysts with tunable compositions, 

morphologies and electronic structures is fundamentally crucial for the 
fabrication of high-performance HER electrocatalysts. In this study, we 
have demonstrated the preparation of a new N-doped graphene and Pd 
nanoparticles based composite electrocatalyst using a facile ultrasonic 
method. During the preparation, nitrogen functionalities were obtained 
on the surface of graphene via doping leading to the homogeneous 
dispersion of smaller sized Pd NPs on the surface of graphene due to the 
great affinity between N and Pd. The nitrogen on the surface of graphene 
acted as active nucleation sites which facilitated the growth of Pd NPs. 
Besides, the N-doped graphene (NDG) in this case has also enhanced 
stability and electrocatalytic activity of the resulting composite catalyst. 
Indeed, the utilization of even smaller contents of palladium i.e., 1 and 3 
wt% of the amount of NDG have exerted decent electrocatalytic property 
to the composites electrocatalysts towards electrochemical H2 produc
tion. Among different samples, nitrogen doped graphene did not show 
any current whereas, NDG-Pd3% demonstrated superior electro
chemical current density. Therefore, the composite of NDG with very 
small contents of Pd offers a viable alternative to the precious metals like 
Pt for the electrochemical H2 production through water splitting. 
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Fig. 8. Electrochemical measurements; (A) CV curves for NDG-Pd1% and NDG-Pd3%, and (B) LSV plots for NDG-Pd1% and NDG-Pd3%, in a 0.5 M H2SO4 electrolyte.  

Fig. 9. Nyquist plots of NDG (black), NDG-Pd (1%), and NDG-Pd (3%).  
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