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Abstract: The urine/urea oxidation reaction through catalysts with a higher performance in direct
urea microfluidic fuel cells (DUµFC) is a promising method for power generation due to the large
amount of human and animal urine containing 2–2.5 wt% urea. This paper presents a study that
used urea as fuel in a DUµFC in the presence of palladium supported by reduced graphene oxide
(rGO) for power generation. Some parameters, such as urea, KOH and H2SO4 concentration and
flux rate, among others, are optimized in order to carry out the evaluation of urine samples as fuel
in an air-breathing microfluidic fuel cell. The results show that the Pd/rGo catalyst mixed with
Nafion® in the anodic compartment is dispersed and attached to the paper fibers, generating electrical
contact and giving rise to the reactions of interest. In addition, XRD analysis confirmed the successful
deposition of Pd and rGo on the substrate. These electrochemical results are promising, since, despite
the decrease in the general performance of the DUµFC under ideal conditions with respect to normal
cells, the generation of energy from urine was demonstrated.

Keywords: UREA oxidation reaction; direct urea microfluidic fuel cell; reduced graphene oxide;
palladium; alternative fuel

1. Introduction

There are several published works that address the importance of energy production
with wastewater treatment as a sustainable alternative through adequate waste manage-
ment. In this context, urea is a residual compound to be used for wastewater treatment and
energy production, because it is a non-toxic, innocuous molecule; is easy to handle; and has
a high energy density of 16.9 MJ·L−1 [1,2]. Urea is considered an environmental problem
due to its decomposition into ammonia and other nitrogenous components [3]. The most
common treatments for urea removal are nitrification, denitrification and electrolysis [4].
The use of urea-rich wastewater has received recent attention as an alternative energy
source, since a large amount of human and animal urine is produced every day, containing
approximately 2–2.5% of urea by weight [5]. The urea oxidation through catalysts is an
efficient alternative, since it can also generate energy, as is the case with the direct urea fuel
cell (DUFC) [6].

In general, the reactions of the DUFCs have a high open circuit voltage (OCV) of
1.146 V, which is the contribution of the anodic reaction (−0.746 vs. SHE) and cathodic
reaction (0.4 vs. SHE) obtained through the use of different catalysts [1,2,7]. There are
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several metallic catalysts used for the urea oxidation reaction, such as Ni [8,9]; Ni alloys
with chalcogenides [10]; metallic mixes, such as NiCo2O4 [11], Ni-Cu/ZnO, Ni1.5Mn1.5O4,
LaNiO3, and Co [12]; or precious metals, such as Pt [13], Ti, Ir, and Ru-TiO2 [1], which
display a high performance in basic media. Pd as catalyst is an multifunctional alternative
that can be used in DUFCs and the oxidation reaction in alternative fuels, such as glu-
cose [14,15] or alcohols [16], although it has preferentially been used in oxygen reduction
reaction as a Pt replacement [1].

In addition to the catalyst, the support is another important factor, since it is able to
improve the active surface area and thermal stability and increase the catalytic efficiency.
Preferably, carbon materials are used as supports, such as multi-walled carbon nanotubes
(MWCNT), carbon nanotubes (CNT), sponges and rGO. In this context, thanks to its unique
properties, rGO allows a better distribution of the catalyst, possess excellent electrical
conductivity and the efficient collection of electrons generated in the oxidation of the fuel
and also has a low cost compared to other carbon materials, which makes this material an
excellent candidate to be used as a support [17,18].

For the optimal functioning of the DUFC, an anionic membrane is used, since this
type of catalyst improves its performance in alkaline medium. A technological alternative
is the use of microfluidic fuel cells (µFC), which have various advantages, such as the
elimination of the use of the membrane, the use of different electrolytes in the anolyte and
catholyte, the miniaturization of the electronic device, the reduction of manufacturing costs
and versatility in the use of catalysts and fuels [19].

The literature related to the direct urea microfluidic fuel cell (DUµFC) is scarce com-
pared to other conventional fuels with excellent prospects for study and application [20,21].
Therefore, in this work, a study of DUµFC was carried out using palladium supported on
rGO (Pd/rGO) as anodic catalyst for power generation using urea as fuel and commercial
platinum/C-based cathode (Pt/C) for oxygen reduction reaction. An air-breathing type
microfluidic fuel cell was used, optimizing the flow rate of electrolytes, urea concentration
and anolyte and catholyte concentration. Finally, the microdevice was tested in the presence
of a urine sample with the prospect of being used for the remediation of wastewater and
energy production [22,23].

2. Physicochemical Characterization

The morphology and microstructure of the Pd/rGO and Pt/C electrodes were investi-
gated by scanning electron microscopy, SEM (JEOL, model JSM-6510LV), equipped with an
energy-dispersive spectroscopy detector (EDS, BrukerXFlash 6I10). The crystal structures
were measured by X-ray diffraction (XRD; D8-advance diffractometer Bruker) equipped
with a CuKα X-ray source (λ = 0.1541 nm, 40 kV, 40 mA), using a step size of 0.02◦ 2θ and
a scan step time of 5 s. The electronic structure of the elements was measured by X-ray
photoelectron spectroscopy (XPS; K-Alpha+ spectrometer equipped with the Avantage
Data System from Thermo ScientificTM).

3. Results and Discussion
3.1. Physical Characterization

The anode and cathode surfaces of the electrodes corresponding to Pd/rGO and
commercial Pt/C, respectively, were examined by SEM as is illustrated in Figure 1a. This
figure shows different increments, where it can be seen, in both cases, that the electrocat-
alytic material is deposited on the Toray paper fibers, which is distinguished by its intense
brightness. In the case of the anode, it can be seen that the mixture of Pd/rGo with Nafion®

is dispersed and attached to the paper fibers, generating good electrical contact between
the electrode and the supported catalyst particles [24]. In addition, it is also possible to
observe that the catalytic mixture is embedded in the binder, which translates to a certain
resistance to the flow of electrons [25,26]. In the case of the cathode, it can be seen that the
electrocatalytic material presents a good dispersion and, therefore, the ability to react.
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Figure 1. (a) SEM images of the electrodes (anode and cathode). (b) powder X-ray diffraction (XRD)
pattern of Pd/rGO.

XRD patterns of Pd/rGO nanoparticles are presented in Figure 1b. The main diffrac-
tion peaks of Pd are observed at 2θ = 40◦, 46.7◦, 68.1◦ and 82.2◦, corresponding to files (111),
(200), (220) and (311), respectively, and also corresponding to files JPDS:41-1487 and JCPDS
05-0681, respectively. It is possible to observe two peaks for rGO at 2θ = 26.1◦ and 43.5◦.
Through Rietveld’s refinement analysis, the adjustment of the signals using the parameters
of the crystallographic database (COD data) was performed, where the Bragg equation and
the Scherrer equation were used to determine FWHM and the particle size of the mean
peak of the Pd/rGO, where the average value of the crystallite size was 6.40 nm, with a
microstrain of 3.41 × 10−3 and dislocation density of 49.13 × 10−3 nm−2. For more details,
see Figure S1 and Tables S1 and S2 in the Supplementary Materials. The maximum in
the diffractogram can be related to the most probable intersegmental distance (spacing d)
between the rGO and Pd using the Bragg equation, which is given in (111). The spacing d
showed slight growth depending on the content of rGO chains; this can be attributed to the
presence of bulky carbon chain units, which restricted the free rotation of the chains and
hindered dense packing, which is observed at 2θ = 26.1◦ [27].

Using the X-ray photoelectron spectroscopy technique (XPS), an analysis of Pd/rGO was
performed to determine the chemical composition and oxidation state before and after of the
evaluation of the electrocatalyst in the microfluidic fuel cell, and the comparison is presented
in Figure 2. In Figure 2a the presence of C, Pd and O can be appreciated, which is typical
of the material synthesis under study. However, a slight change in the intensity of peaks
is observed for the analysis post-evaluation of the microfluidic cell, with greater material
oxidation. The spectra of Pd 3d can be seen in Figure 2b, where a comparative analysis of the
oxidation states present in the synthesis of Pd/rGO and those present after the analysis of
the microfluidic cell is performed and can be seen to be deconvolution orbitals in Pd 3d 5/2
and Pd 3d 3/2, with the peaks of 335.1 eV and 340.8 eV corresponding to Pd0. In comparison,
those located at 336.25 eV and 342.5 correspond to Pd2+ [14,28], so they are attributed to a
change in the oxidation state that constitutes the Pd/PdO structure for the Pd/rGO sample.
A higher concentration of Pd0 is observed in Pd/rGO, according to electrochemical analysis,
where the corresponding oxidation peaks of the material are observed, due to the presence of
rGO, which contributes to the stability of the catalyst. However, for the subsequent analysis,
there is a ±5 displacement of the signals in the energy band, revealing a higher concentration
of Pd2+ and, therefore, a greater oxidation of Pd0.
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The comparison of the spectra of C 1 s is presented in Figure 2c, which indicates the
oxidation degree with three components corresponding to C atoms in different functional
groups: the non-oxygenated ring C-C at 284.3 eV, the C atom at the C-O bond at 286.3 eV
and the carbonyl C=O at 288.1 eV [29], for both samples. The spectrum showed the same
functional groups but with reduced intensities and displaced peak positions in the oxygen-
containing groups. Therefore, this can be attributed to the composition of rGO, where
the C-O ratio presents a higher proportion due to the elimination of oxygen-containing
functional groups caused by the presence of the Pd0 state before and after the evaluation of
the microfluidic cell’s performance.

Finally, Figure 2d presents the comparison of the spectra of O 1 s, which indicates the
presence of bonds with Pd and rGO, respectively: when analyzing the oxygen-containing
functional groups, an increase in sp2 networks in the basal plane of rGO was observed, as
well as the presence of H2O post-evaluation of the microfluidic device. These changes in
chemical functionalities decrease the stability of rGO in an aqueous solution, increasing
the tendency of rGO agglomeration with each other [30]. However, rGO could be well
dispersed in a high pH solution since the carboxylic groups at the edge of rGO can be
deprotonated to provide repulsive charges by containing the interaction with Pd0 and Pd2+

observed in this type of material.
Through the XPS analysis performed, it was possible to conclude the elemental com-

position, the oxidation states present in the synthesis of Pd/rGO and the concentration
ratio, which is involved in the physicochemical techniques outlined in this work.
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3.2. Effect of Electrolyte Flow Rate on Cell Performance

Microfluidic fuel cell tests were performed by varying the flow rate in the system. In
Figure 3, it can be observed that 150 µL min−1 was the flow rate value for which a current
density limit and stable maximum power density were obtained, since, when increasing the
flow rate to 200 µL min−1, although maximum power density (Pmax) is maintained, current
density (jlim) decreases. This is probably due to the urea oxidation reaction kinetics, where
for flows of less than 150 µL min−1, the current limit decreased, since the urea reaching
the surface of Pd is quickly consumed before more fuel arrives to be oxidized, primarily
due to reduced concentration polarization because of improved mass transfer. In addition,
the microfuel cell throughput of flow-through cases remains relatively constant beyond
50 µL min−1, indicating that cell throughput is limited by reaction kinetics [31].
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3.3. Effect of Fuel and Anolyte/Catholyte Concentration on DUµFC Performance

DUµFC performance as a function of the variation of anolyte, catholyte and fuel
concentration is presented in Figure 4a. All tests were carried out at 50 µL min−1 flow rate,
which showed the best performance, as seen in Figure 3. Figure 4a shows the effect gener-
ated by the increase in fuel concentration on the limit of jlim, where this parameter presents
a linear increase from [Urea] = 0.1 M to 1 M, reaching values from 17.2 to 43 mA cm−2. For
[Urea] > 1 M and up to 5 M, jlim presented no significant change, until around 42 mA cm−2;
this is because at [Urea] = 1 M, the saturation had been reached in the Pd nanoparticles and,
due to the pH conditions given by the anolyte, is not possible to improve the urea oxidation
kinetics. On the other hand, Pmax presented a linear increase with respect to [Urea], as, due
to the increase in fuel, the [Ox]/[Red] ratio is modified, improving the voltage of the cell
and favoring the Pmax reached, since P = jcell·Ecell, thus achieving a Pmax = 7.52 mW cm−2 at
[Urea] = 5 M. Additionally, it is possible to appreciate an increase in the limit current value
and Pmax when the fuel concentration raises up to a value of jlim = 34.72 mA cm−2 and
Pmax = 7.14 mW cm−2, respectively. This behavior is to be expected, since there is a greater
number of active species exposed to the respective oxidation, and the OCV increases as the
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fuel concentration increases, which is also to be expected, achieving a maximum value of
E = 0.71 V at [Urea] = 5 M at the limit current.
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Figure 4b shows the DUµFC performance as a function of the variation of [KOH],
keeping the urea and H2SO4 concentration constant. It is possible to observe that the
increase in the potassium hydroxide concentration substantially favors the limit current.
It is evident that the concentration of the electrolyte has a significant impact on the urea
oxidation, since, according to the literature, 6 OH− groups are necessary to attack the
partially positive groups in the urea molecule (C from the C=O group and the two Ns of
the NH2 groups). Once the urea molecule has been attacked by -OH ions, the C-N and
N-H bonds can be broken, forming N2, CO2 and 5 H2O [32–34]. Unlike nickel, which
is the most widely used electrocatalyst for urea oxidation, palladium presents greater
resistance to CO poisoning [35], which is an intermediate by-product of the urea oxidation
process. Therefore, with the increase in the KOH concentration, jlim = 198 mA cm−2 and
Pmax = 43.68 mW cm−2 can be reached.

On the other hand, by increasing [H2SO4] to 1 M, it was possible to increase the OCV
up to around to 1.3 V (Figure 4c). This is probably due to the fact that, by increasing
the acid nature of the cathodic side, extra energy from the neutralization process is pro-
vided for both supporting electrolytes [36] and an increase of jlim = 94.86 mA cm−2 and
Pmax = 29.64 mW cm−2 is reached. Finally, in Figure 4d, the current, power and perfor-
mance efficiency of the DUµFC on the OCV are compared when varying fuel, analyte and
catholic concentrations. It can be seen that the variation of [KOH] has a greater effect on
the increase in overall performance of the DUµFC without the fuel saturation that could
poison the catalysts or the production of H2SO4 that could generate a greater amount of
K2SO4 at the interface when mixed with KOH [7,37].
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3.4. Evaluation of Urine Sample as Fuel

Figure 5 shows the DUµFC performance using human urine (from two healthy vol-
untary donors) as fuel, reaching OCV, jlim and Pmax values of 0.45 V, 27 mA cm−2 and
1.76 mW cm−2, respectively. Decreases in overall performance may be due to anolyte pH
changes, different ionic strengths of the anolyte, adsorbed species on the anode catalyst
and different oxidation potentials of organic molecules present in the urine. These results
are promising since, despite the decrease in the overall performance of DUµFC under ideal
conditions in contrast to real conditions, the generation of energy in urine was possible to
achieve, which is a significant contribution of DUµFC since, at present, not all applications
using urea from urine as fuel have succeeded in this [6,38].
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4. Materials and Methods
4.1. Construction of the DUµFC

For the elaboration of the electrodes, firstly, two catalytic inks were prepared for the
anodic compartment, Pd/rGO, 50:50 wt% (home-made), according to Morales-Acosta
et al. [39], while for the cathodic chamber, 20% Pt/Vulcan XC-72 (Fuel Cell, Texas, USA)
commercial was used. The preparation of both inks was carried out directly in an ultrasonic
bath through the aqueous dispersion of 5.0 mg of the catalytic mixture (catalyst/support),
35 µL of Nafion® (5% Electrochem, State Mx, Mexico) and 365 µL of isopropyl alcohol
(J.T. Baker CDMX, Mexico). The resulting inks were deposited in the electrode matrix
(Toray Paper, Fuel Cell, Texas, USA) by the spray technique, employing an airbrush until
the base metal loading was 0.6 mg (see Scheme 1) [40,41]. The microfuel cell µFC design
used in this study was derived from the previously published works of the our research
group [19,42,43]. Briefly, three-dimensional electrodes of 30 mm × 2 mm × 0.164 mm
length, width and thickness were manufactured using Carbon Toray Paper. The µFC was
sandwiched by two supporting plates fabricated from polymethyl methacrylate (PMMA)
using a micro milling system CNC (computer numerical control), and the top plate had
one outlet for the reaction by-products. The bottom plate had an air-breathing window of
20 mm × 2 mm for the take-up of oxygen from the air and two additional inlets for oxidant
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and fuel electrolytes. The microchannel and gaskets were fabricated of a silicone elastomer
film using an Elcometer® Film Applicator (Elcometer, N.L., Mexico) with a final thickness
of approximately 600 µm and were traced using a Silhouette® cutting plotter (Silhuette,
CDMX, Mexico) (Scheme 1).
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4.2. Direct Urea Microfluidic Fuel Cell Operation

For the evaluation of the device, the analysis of Zhang et al. [20] and the logic analysis
of Zou et al. [36] were considered. Based on these analyses as a starting point, it was possible
to couple dual acid-base reactions for a DUµFC by neutralizing reactions in the double
electrolyte configuration Reaction (4). An anodic reaction of a typical DUFC Reaction (1)
and its respective cathodic reaction in an acid medium Reaction (2) was considered. It was
possible to obtain an OCV of E = 1.976 V according to the overall reaction Reaction (3), but
it was different to that presented in Reaction (4), since it included acid-base neutralization
reactions [25]. According to Nernst equation, the voltage generated by the combination of
OH− ions with H+ ions to form water is equal to E = 0.83 V, under standard conditions [44].
In an direct urea fuel cell/(O2, H+), a higher voltage of E = 1.976 V with an additional energy
of E = 0.83 V, compared to the direct urea fuel cell/(O2, OH−), can be obtained; therefore, it
can be interpreted as the energy of the electrochemical neutralization reaction [1] and can
be applied to produce energy, favoring the urea energy conversion (Scheme 1).

Anode reaction:

CO(NH2)2 + 6OH− → N2 + CO2 + 5H2O + 6e−

−E0 = −0.746 V vs. SHE
(R1)

Cathode reaction in acid medium:

3
2 O2 + 6H+ + 6e− → 3H2O

E0 = +1.23 V vs. SHE
(R2)

Overall reaction for the urea/(O2, H+) fuel cell:

CO(NH2)2 +
3
2 O2 + 6H+ + 6OH− → N2 + CO2 + 8H2O

∆E0 = +1.976 V vs. SHE
(R3)

H+ + OH− → H2O
∆E0 = +0.83 V

(R4)
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Different reaction conditions were used to improve the DUµFC performance by mod-
ifying flow rates, fuel concentration, anolytes and catholytes. Both currents, anodic and
cathodic, were optimized according to Table 1, and the catholyte stream consisted of
saturated O2.

Table 1. Variations of the parameters for the anodic and cathodic current optimizations of the DUµFC.

Fuel
(Urea)/mol L−1

Anolyte
(KOH)/mol L−1

Catholyte
(H2SO4)/mol L−1

[KOH] = 0.5 M, [H2SO4] = 1 M [UreaOptimal]= 5 M, [H2SO4] =1 M
[KOHOptimal] = 3 M,
[UreaOptimal] = 5 M

0.1 0.1 0.5

1 0.3 1

3 0.5 1.5

5 0.7

1

2

3

Oxidant and fuel solutions were fed at a 50 µL min−1 flow rate by means two Single-
Syringe Infusion Pumps (NE-4000, New Era Pump Systems, Inc, NY USA). Current collec-
tors were cut from a commercial foil (Alumark 50 CDMX, Mexico). In the case of a flow rate
effect (1:1), the flow rates were 16.66, 50, 100, 150 and 200 µL min−1. After optimizing sys-
tem parameters with urea as fuel, urine samples from two voluntary donors were evaluated
for the anodic component, while, for the cathode, 1 M H2SO4 was used. All solutions were
prepared with deionized water DI (ρ ≥ 18 MΩ cm). Polarization curves were recorded at
10 mV s−1 using a BioLogicSAS (Science Instruments, Model VSP, Knoxville, TN, USA). All
the evaluations were performed at room temperature with a one-to-one KOH–urine ratio.

5. Conclusions

The performance of a composite based on Pd/rGo, prepared on Carbon Toray Paper
using the spray technique, was evaluated. SEM evaluation showed that the mixture of
Pd/rGo with Nafion® in the anodic component was dispersed and attached to the paper
fibers, generating good electrical contact. XRD analysis confirmed the successful deposition
of Pd and rGO on the substrate. XPS was able to verify a possible change in the oxidation
states of Pd and C in Pd/rGO, where an oxido-reduction process was executed due to
the operation of the electrocatalyst in a DUµFC, resulting in 80% of the oxidized material
(Pd 2+) available, demonstrating the high stability of the material. Likewise, variables such
as Urea, KOH and H2SO4 concentration were also assessed, with the aim of optimizing
parameters in the system to be able to compare them with a human urine sample. Based
on the above, it was possible to observe that the greatest effect in the system under study
was generated by the variation of KOH concentration in the fuel, achieving values of
Pmax = 19.8 mW cm−2 and jlim =105.44 mA cm−2 and, when compared to a real urine
sample, these values decreased.

The obtained results have an effect on the performance of the system associated with
the different ionic strengths of the anolyte, adsorbed species on the anode catalyst and the
different oxidation potentials of organic molecules present in the urine. However, these
results are promising since, despite the decrease in the overall DUµFC performance under
ideal conditions vs. real conditions, it was possible to generate energy from urine, which is
a significant contribution to DUµFCs research, since, at present, not all applications using
urea from urine as fuel have successfully achieved this.

Supplementary Materials: The following supporting information can be downloaded at: https://www.
mdpi.com/article/10.3390/catal13050788/s1, Figure S1: Rietveld refinement Pd/rGO; Figure S2: Current
density limit and maximum power density for (a) urea concentration variation, (b) anolyte concentration

https://www.mdpi.com/article/10.3390/catal13050788/s1
https://www.mdpi.com/article/10.3390/catal13050788/s1
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variation and (c) catholyte concentration variation; Table S1: Calculation of crystallite size from XRD data
using Rietveld refinement; Table S2: Calculation of the microstrain and dislocation density from XRD data
using Rietveld refinement; Table S3: Calculation of the crystallographic parameter from XRD data using
COD data.
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