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A B S T R A C T   

The decentralized fabrication of sensors using 3D-printing technology and low power requirements of electro-
chemical detection promise to revolutionize point-of-care sensing. One of the obstacles is that the 3D-printed 
devices are often not catalytic to the target analytes. Here, we develop a non-enzymatic printed nanocarbon 
electrode sensor to detect sugars (glucose and sucrose) via copper and nickel electroplating over a 3D-printed 
conducting electrode. The morphological and spectroscopic characterizations of copper-plated and nickel-plated 
3D-printed carbon electrodes were performed. Scanning electron micrographs show the formation of metal 
nanoparticles over the surface of a 3D-printed nanocarbon electrode. X-ray photoelectron spectroscopy reveals 
the composition and chemical states of the metal coating. Electrochemical characterization via cyclic voltam-
metry and chronoamperometry was carried out, and glucose and sucrose sensing were performed. This method 
of on-demand decentralized sensor fabrication and modifications should find broad applications.   

1. Introduction 

Additive manufacturing or 3D-printing is a new fabrication ap-
proach of developing a structure with any shape through the layer-by- 
layer deposition of materials through a computer-controlled program  
[1]. The 3D-printing technique benefits to rapid prototyping, custo-
mized design with minimal waste, and large scale manufacturing [2,3]. 
3D-printing techniques have been potentially used for fabricating a 
novel electrode for electrochemical sensing devices [4]. Fused deposi-
tion modeling (FDM) is a common method for fabricating an electrode 
substrate, where a thermoplastic filament is extruded down the nozzle 
and a desired shaped object is printed [5,6]. However, such surfaces 
often do not have the desired catalytic properties to enable sensing 
applications. Improving the surface properties of these electrodes for 
electrochemical applications is the current challenge [7]. Atomic layer 
deposition has been used to modify metal electrodes for electrocatalytic 
purposes [8]; however, it requires high-end cleanroom equipment and 
is not feasible for decentralized low-cost electrode fabrication. Gold 
modification of iron 3D-printed electrodes was shown by us previously 
for DNA detection [9]. The electrodeposition method is facile; however, 
metallic 3D printing requires high-end high-cost equipment. We 

recently introduced a procedure to electrochemically coat low-cost 
FDM electrodes with transition metal dichalcogenides for hydrogen 
evolution reaction [10]. Transition metal nanoparticles of copper/ 
nickel and their oxide/hydroxide serve as an active non-enzymatic 
catalytic site [11–16]. The above observations and importance of 3D- 
printing technology and active metal sites lead us to the inspiration of 
coating 3D-printed conducting electrodes by electrodeposition of 
copper and nickel for sugar sensing [17–25]. Electroplating of non- 
precious metals such as copper and nickel offers a low-cost alternative 
to using costly metals such as gold, silver, and platinum. This is the 
main attraction of the proposed non-enzymatic biosensor material  
[26,27] using a 3D-printed structure. The 3D-printed substrate after 
activation serves as an active site for sensing due to porous structure 
and high surface area. Metal electroplating on 3D-printed porous 
structure helps to improve the surface properties and eliminates the 
kinetic barrier [15]. Further, the presence of carbon support also im-
proves the conduction path of electrons between the analyte and elec-
trode surface [22]. 

Diabetes mellitus, or diabetes, is a chronic disorder caused by an 
increased concentration of sugar in the blood, which may lead to stroke, 
heart disease, and damage to the eyes, nerves, and kidneys [28,29] 
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Around 693 million people are expected to be diabetic by 2045 [30]. 
The amount of glucose in the blood for non-diabetic patients is in the 
range of 3.9–6.2 mM [29]. Traditionally, there are many devices for 
detecting blood sugar levels [31]. However, the challenge is to develop 
a sensor that is time-accurate, quick, low-cost, and easily monitor sugar 
level in the blood. Hence, the concept of non-enzymatic sensors came to 
light due to the advantages of being faster, reliable, and precise com-
pared with enzymatic sensors [13,32–35]. 

We have fabricated the sugar-sensing electrode by employing a 
simple and scalable technique. The electrode was fabricated using a 

low-cost conducting substrate and a cost-effective method to electro-
plate 3D-printed nanocarbon electrode for non-enzymatic sugar sen-
sing, specifically glucose and sucrose. 

2. Experimental section 

2.1. Materials and methods 

Copper sulfate pentahydrate (CuSO4·5H2O), sodium hydroxide 
(NaOH), glucose, sucrose, dimethylformamide (DMF), nickel sulphate 

Scheme 1. Schematic representation of the copper and nickel electroplating of an activated 3D-printed nanocarbon electrode and its electrochemical sensing of 
sugars. 

Fig. 1. (A) Scanning electron microscopy (SEM) image of Cu@3D-CE, (B)-(C) Energy-dispersive X-ray spectroscopy (EDX) mapping and EDX spectral analysis of Cu@ 
3D-CE, (D) SEM image of Ni@3D-CE, (E)-(F) EDX mapping and EDX Spectral analysis of Ni@3D-CE (* background peak). 
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hexahydrate (NiSO4·6H2O), boric acid (H3BO3), ethanol, and sulphuric 
acid (H2SO4) were purchased from Sigma-Aldrich, Germany. All che-
micals were of analytical grade and used as received. Commercially 
available filament, conductive graphene/ polylactic acid (PLA) filament 
(Graphene Supermarket, USA) was used for 3D printing of the elec-
trodes. All stock solutions were prepared with ultra-pure water purified 
by a Millipore-Q System, having resistivity not less than 18.2 MΩ cm−1. 
A fresh solution of desired sugar (either glucose or sucrose) was pre-
pared daily prior to analysis. 

2.2. 3D-printing of carbon electrodes using graphene/PLA filament 

3D-printing via FDM [1,36,37] was done to print structures based 
on the input design assigned to the printer (Prusa I3 MK3 printer, Prusa 
Research, Czech Republic) with an Olsson ruby-tipped 0.4 mm nozzle 
(3DVerkstan, Sweden). Graphene/PLA filament is extruded down the 
nozzle at a temperature of 220 °C and bed temperature around 60 °C. 
The 3D-printed electrode consists of a hybridized composition of con-
ductive graphene and non-conductive PLA polymer. To improve the 
conductivity of these electrodes, solvent activation was carried out by 
immersing the printed nanocarbon electrodes in DMF for four hours. 
The electrodes were washed with ethanol and water to remove PLA and 
then dried in the oven at 65 °C for two hours [5]. The activated 3D- 
printed nanocarbon electrode are denoted as 3D-CE in the following 
sections. 

2.3. Electroplating of carbon electrodes 

The dried 3D-printed electrode was electroplated with the re-
spective electrolyte solution. Briefly, the activated 3D-printed carbon 
electrode was used as a working electrode (WE), platinum as a counter 
electrode (CE), and Ag/AgCl (1 M KCl) with a salt bridge (0.1 M KCl) as 
a reference electrode (RE). 

Copper Plating. Chronoamperometric measurements were carried 
out at a constant potential of −0.5 V for electroplating the carbon 
electrode using a mixture of 0.1 M copper(II) sulfate pentahydrate and 
0.5 M sulfuric acid solution for 10 min (Fig. S1). With the application of 
constant reduction potential, a fine layer of copper metal is deposited 
over the surface of the printed nanocarbon electrode. A change in color 
of the electrode (black to brown) was observed. The electrode was al-
lowed to dry at room temperature [14,38]. 

Nickel Plating. The electrodeposition of metallic nickel on the 
nanocarbon electrode was carried out in an electrolyte mixture of 0.1 M 
nickel sulphate hexahydrate and 0.5 M boric acid [17]. Cyclic vol-
tammetry (CV) was performed in a potential scan range of 0.0 to −2 V 
at a scan rate of 50 mV s−1 (Fig. S2). To ensure complete formation of 
the nickel hydroxide layer, the electrode was transferred to a 0.1 M 
NaOH solution and cycled 20 times in a potential range of 0.9 
to −0.9 V at the scan rate of 100 mV s−1 (Fig. S3). 

2.4. Materials characterization 

The surface morphology of the metal (copper/nickel) electroplated 

Fig. 2. X-ray photoelectron spectroscopy (XPS) survey spectrum of (A) copper electroplated 3D-printed nanocarbon electrode (Cu@3D-CE). (B) Nickel electroplated 
3D-printed nanocarbon electrode (Ni@3D-CE); deconvoluted spectra of (C) Cu 2p of Cu@3D-CE, and (D) Ni 2p of Ni@3D-CE samples. 
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3D-printed nanocarbon electrode was observed using a scanning elec-
tron microscopy (SEM, TESCAN LYRA 3). The elemental analysis was 
carried out by energy-dispersive X-ray spectroscopy (EDX). In addition, 
chemical compositional analyses were performed by XPS (Kratos AXIS 
Supra instrument) using a monochromatic Al Kα (1486.7 eV) excitation 
source. The X-ray power was 225 W. The data were analyzed using Casa 
XPS software. 

2.5. Electrochemical measurements 

Cyclic voltammetric and chronoamperometric measurements were 
conducted using a potentiostat (PGSTAT 204, Metrohm Autolab) op-
erated by Nova 2.14 software. The measurements were carried out at 
room temperature using Ag/AgCl (1 M KCl) with a salt bridge (0.1 M 
KCl) as the reference electrode and platinum wire as the counter elec-
trode. The electrolyte comprises varying concentrations of sugar solu-
tion (0.5–10 mM) in 0.1 M NaOH. 

3. Results and discussion 

We have fabricated a 3D-printed electrode from a graphene/PLA 
filament and its surface was activated by dimethylformamide [3,5]. 
From the SEM image, it was observed that the 3D-printed electrode 
contains nanofiber shaped carbon/graphene having a diameter of 
80–150 nm and a few micrometers in length. The SEM image is de-
picted in the supplementary information (Fig. S4). To improve the 
electrocatalytic activity of the 3D-printed nanocarbon electrode for 
glucose and sucrose detection, we have electroplated it with non- 

precious metals: copper and nickel. The schematic presentation of sugar 
sensing using an electroplated 3D-printed carbon electrode is presented 
in Scheme 1. 

The ensued metal electroplated 3D-printed carbon electrode (M@ 
3D-CE) was characterized before the sugar detection tests. The mor-
phology of the resulting copper (Fig. 1A) and nickel (Fig. 1D) deposi-
tion is characterized using SEM imaging, where the formation of na-
noparticles is evident over the surface of the 3D-printed nanocarbon 
electrode. From the size distribution profile, the average particle size 
was found to be 2.31 and 1.4 µm for Cu@3D-CE and Ni@3D-CE, re-
spectively shown in (Fig. S5). 

The EDX analysis was used to study the type of elements present in 
the material and their distribution. The formation of copper nano-
particles over the surface of the carbon electrode is evident from EDX 
mapping (Fig. 1B). The EDX spectral analysis of copper electroplated 
3D-printed nanocarbon electrode (Cu@3D-CE) confirmed the presence 
of Cu, C, and O with their atomic percentage as 88.00, 9.31, and 2.69%, 
respectively (Fig. 1C). Coverage by these copper nanoparticles on the 
3D-printed nanocarbon electrode enhances the electrocatalytic effi-
ciency of the electrode toward sugar sensing. Similarly, the presence of 
nickel nanoparticles over the surface of nickel electroplated 3D-printed 
nanocarbon electrode (Ni@3D-CE) can be observed from the SEM 
image (Fig. 1D) and EDX mapping (Fig. 1E). The EDX spectral analysis 
confirmed the presence of Ni, C, and O with their atomic percentage as 
75.33, 24.02, and 0.45%, respectively (Fig. 1F). 

XPS analysis of M@3D-CE was conducted to confirm the composi-
tion and chemical states of the material. Fig. 2A shows the XPS survey 
spectrum of copper electroplated 3D-printed nanocarbon electrode 

Fig. 3. (A) Cyclic voltammograms of increasing glucose concentrations in 0.1 M NaOH solution using Cu@3D-CE at scan rate 20 mV s−1. (B) Analysis of peak current 
versus glucose concentration at +0.6 V. (C) Cyclic voltammograms of increasing sucrose concentrations in 0.1 M NaOH solution using a Cu@3D-CE at scan rate 
20 mV s−1. (D) Analysis of peak current versus sucrose concentration at +0.65 V. 
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(Cu@3D-CE) after electroplating. From the wide scan spectrum, the 
peaks at 285, 530, and 934 eV are corresponding to C 1s, O 1s and Cu 
2p, respectively. The wide spectral analysis showed the atomic % of 
copper, carbon and oxygen are 15.00, 40.28, 44.57%, respectively. The 
high-resolution Cu 2p core level spectrum shows two characteristic 
peaks at the binding energy (BE) of 933.6 and 953.3 eV corresponding 
to Cu 2p3/2 and Cu 2p1/2, respectively, (Fig. 2C) of Cu(II) state which 
is arising most likely from CuO or Cu(OH)2 [20]. The strong presence of 
Cu2+ was further confirmed from the peaks observed at 941.6 and 
962.2 eV which are sake-up satellite peaks corresponding to the char-
acteristic d9 ground state configuration [21–23,39]. In addition, the 
small peaks that appeared at 932.7 and 952.8 eV correspond to the Cu 
2p3/2 and Cu 2p1/2, respectively which can be assigned to Cu(0) or Cu 
(I) state. However, the Cu(0) state can be separated from Cu(I) state in 
XPS analysis due to their overlapping peaks. The possible presence of 
Cu(I) is most likely due to the formation of small quantity of Cu2O [40]. 

Fig. 2B depicts the wide spectral analysis of (Ni@3D-CE), showing 
the presence of Ni 2p, C 1s and O 1s peaks. The high-resolution core 
level Ni 2p spectrum shows the peak appeared at 855.0 and 872.8 eV 
corresponding to the Ni 2p3/2 and Ni 2p1/2, respectively acquainting a 
spin–orbit peak separation of 17.8 eV, which can be assigned to Ni2+ 

(Fig. 2D). The presence of Ni2+ state is possibly due to the formation of 
nickel hydroxide [Ni(OH)2] after electrodeposition [24,25,39]. 

After confirming the electrochemically deposited metal coating on 
the 3D-printed electrodes, we have investigated the electrochemical 
response of enzyme-free sugar sensing of M@3D-CE. The CV analyses of 
glucose and sucrose sensing (0.5–10 mM) using Cu@3D-CE are shown 
in Fig. 3A and C, respectively. A quantifiable peak is observed on in-
creasing concentration of sugar. From the observed peak current in the 
sugar oxidation CV analysis, the current at oxidation potentials of 0.6 V 
for glucose and 0.65 V for sucrose were plotted with a range of sugar 
concentration from 0.5 to 10 mM, as depicted in Fig. 3B and D, re-
spectively. Fig. 3B displays the calibration curve of linearity 
(R2 = 0.9937) over a range of concentrations from 0.5 to 10 mM with a 
slope of 0.532 mol−1 L A. Fig. 3D displays the linear response 
(R2 = 0.9807) over a range of concentrations from 0.5 to 10 mM with a 
slope of 0.324 mol−1 L A. The obtained plot gives us a clear relation of 
concentration and sensitivity of the electrode. 

It is well-known that the reactivity of glucose is higher than sucrose 
towards Cu(II) [19]. This can be evidenced from the more prominent 
oxidation peak as observed from the cyclic voltammograms of glucose 
and sucrose at the concentration from 0.5 to 5 mM (Fig. 3A, C). This 
difference reactivity of glucose and sucrose towards Cu(II) can be ex-
plained considering the chemical structures of the glucose and sucrose 
which are shown in (Fig. S6). The glucose being a monosaccharide is 
easy to oxidize while the sucrose which is a disaccharide, constitutes 
glucose and fructose, is less susceptible to oxidize [41]. The electro-
catalytic process for glucose oxidation is mediated by the Cu(II)/Cu(III) 
redox couple in the alkaline solution, where Cu(III) species acted as an 
electron transfer mediator [42]. The mechanism of glucose sensing 
towards Cu(II) can be explained by formation and decomposition of 
intermediate charge transfer complex which is stated as follows  
[13,42]. 

+ +CuO OH CuOOH e (1)  

+Cu(II) Cu(III) e (2)  

+ + +Cu(III) glucose e Cu(II) gluconolactone (3)  

Hence, at a particular potential, the Cu(III) on electrode surface 
oxidize glucose to gluconolactone and then again return to its initial 
state Cu(II). As the glucose unit of sucrose only show the reactivity 
towards Cu(II), the overall sensitivity of sucrose decreased. 

Fig. 4. (A) Cyclic voltammograms of nickel electroplated 3D-printed nano-
carbon electrode with increasing glucose concentration in a 0.1 M NaOH so-
lution at a scan rate of 20 mV s−1. (B) Chronoamperometric measurements 
obtained by sequential addition of 500 µL of glucose with increasing con-
centration every 60 s at +0.85 V vs. (Ag/AgCl). (C) Chronoamperometric peak 
current versus concentration of glucose at +0.85 V. 
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We further extended our studies on Ni@3D-CE by carrying out CV 
measurements at a potential scan range from 0.0 to 1.1 V at a scan rate 
of 20 mV s−1 (Fig. 4A). Chronoamperometric measurements of Ni@3D- 
CE were carried out where a sharp increase in current was measured on 
successive addition of 500 µL glucose in 0.1 M NaOH. The glucose was 
added every 60 s from 1 to 9 mM concentration at a potential 
of + 0.85 V (Fig. 4B). Fig. 4C displays the calibration curve 
(R2 = 0.9909) over a range of concentrations from 1 to 9 mM with a 
slope of 0.128 mol−1 L A. 

It was found that the Cu@3D-CE was sensitive for glucose and su-
crose, while the Ni@3D-CE was sensitive only to glucose. Here, for Ni@ 
3D-CE, the oxygen atoms on nickel hydroxide [NiO(OH)] easily interact 
with the hydroxyl groups of glucose, promoting their dehydrogenation 
and conversion of glucose to gluconolactone in alkaline solution [25]. 
The reactions are stated as follows: 

+NiO H O NiOOH2 (4)  

+ + +NiOOH glucose NiO H O gluconolactone2 2 (5)  

Gluconolactone gluconic acid (6)  

+ + +Gluconic acid H O gluconate H2

To evaluate the glucose-sensing of Ni@3D-CE we carried out cyclic 
voltammetric measurements which showed a shift of oxidation poten-
tial of ~ 0.2 V over the range of glucose concentration used. Hence, we 
followed a more sensitive approach of chronoamperometric technique 
to confirm the glucose-sensing using Ni@3D-CE. The chronoampero-
metric technique being a more precise and sensitive method showed 
better linearity and identical error bar throughout the concentration 
range. Unfortunately, Ni@3D-CE was not sensitive to sucrose. The 
electrode did not show any significant oxidation peak in the range of 
sucrose concentration from 1 to 10 mM in the CV measurement. This 
result is also in agreement with the previously reported work [43,44]. 

4. Conclusions 

We have demonstrated, for the first time, metal plating of 3D- 
printed nanocarbon electrodes for carbohydrate sensing. Thus, this 
approach would suggest an easy modification of 3D-printed nanocarbon 
substrate as functional electrodes for successful sensing of desired 
molecular targets. The metal ions deposited over the active sites of 
nanocarbon substrate which can improve the surface properties and 
eliminate the kinetic barrier followed by improved sensing between 
metal oxides/hydroxides and carbohydrates. The 3D-printing approach 
enable to fabricate any customized shaped electrodes as needed. We 
believe the employed approach of decentralized electrode fabrication 
and the non-precious metal coating is expected to find broad use in 
various electrochemical applications such as oxygen evolution reaction 
(OER), hydrogen evolution reaction (HER), ammonia reduction, etc. 
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