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ABSTRACT

Herein, adenine-derived noble carbons are used as anodic supports for PtRu nanoparticles for the ethanol
oxidation reaction (EOR). Three noble carbons were synthesized using salt melts as templates and
denoted as ANZ, ALZ and ALK depending on the precursor (LiCl/ZnCl,, NaCl/ZnCl, and LiCl/KCl). Their
large nitrogen content and pore volume (ANZ > ALZ > ALK) facilitate the formation of small PtRu
nanoparticles (2—3 nm), while variations in the C/N ratio and surface area deeply affected the alloy
formation (0—58%). In a half-cell configuration, PtRu/ANZ exhibited the highest activity (443 mA/mgptru),
followed by PtRu/ALZ and PtRu/ALK, due its higher dispersion degree and lower alloying percentage.
More interestingly, PtRu/ANZ and PtRu/ALZ presented 2.4 and 1.6 larger mass activity than commercial
PtRu/C. Regarding the ethanol electrolysis, the best materials were scaled up to a proton exchange
membrane cell. Acetaldehyde was the major compound followed by acetic acid and ethyl acetate (anode),
while hydrogen was produced with 100% faradaic efficiency (cathode). PtRu/ANZ provided the best
electrochemical performance, shifting the acetic acid production to a lower potential (0.6 V), requiring
lower energy (~ 35 kWh/kgy, at 1 A) than commercial water electrolyzers. These promising results set a

precedent for high nitrogen containing supports for EOR electrocatalysts.
© 2022 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

transformations of vegetable raw materials such as beets or sugar
cane, among others [3]. In an electrolyzer, ethanol oxidation reac-

The current energy crisis mainly arises from the excessive use of
fossil fuels as the major way to supply the global energy demand. To
continue with this high level of consumption, society requires large
volumes of fuels especially in transport and energy sectors, where
carbon dioxide emissions are considerably high [1]. From the
perspective of sustainability and circular economy, hydrogen has
recently been postulated as a promising substitute to fossil fuels.
Among all hydrogen production processes, ethanol electrolysis
(also called electrochemical reforming or electroreforming) is being
considered as an attractive option since it provides further energy
savings compared to water electrolysis (>50%) [2]. Also, ethanol can
be obtained through physicochemical and biological
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tion (EOR) takes place in the anodic chamber, generating electro-
oxidized organic products, protons and electrons whereas
hydrogen evolution reaction (HER) occurs in the cathodic
compartment. In the case of a proton exchange membrane (PEM)
cell, protons are transported from the anode to the cathode (acid
media) through a solid electrolyte (Nafion membrane) to produce
hydrogen gas. Although most literature concerning ethanol elec-
troreforming focuses only on the hydrogen production, the previ-
ous configuration allows the co-production of value-added organic
compounds in the anodic effluent such as acetaldehyde, acetic acid
or ethyl acetate. In this sense, electrochemical reforming can be
used to exploit the ethanol partial oxidation to valuable in-
termediates of industrial interest apart from hydrogen [4—6].
Regarding anodic electrocatalysts, the high current performance of
the PEM electrolyzers entails the use of expensive Pt-based
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electrodes, being PtRu/C and PtSn/C among the most efficient an-
odes due to the promotion of the bifunctional mechanism [7,8].

One of the possible strategies to reduce the catalyst cost is the
optimization of the support, which is not a mere substrate, but it
can modify the morphology of the nanoparticles and acts as a
promoter of the electrochemical reaction. Among all types of
electrocatalytic supports, carbon materials outstand because of
their versatility (i.e. many different physico-chemical properties
such as their composition, porous network, or conductivity can be
readily modified) [9—11]. For instance, the use of multiwalled
carbon nanotubes (MWCNTs), carbon nanofibers (CNFs) or gra-
phene as a catalytic support for metal nanoparticles dispersion
enhanced the EOR activity [12—14]. Other studies have shown that
doping carbonaceous materials with heteroatoms (i.e. oxygen,
nitrogen, sulfur, phosphorous or boron) is an effective way to tune
their intrinsic properties. The substitute heteroatoms can provide
more initial nucleation sites for the formation of noble metal
nanoparticles and also enhance the interaction between nano-
particles and support increasing the chemical binding energy [15].
Thus, nitrogen-doped CNTs have proved to increase the electro-
catalytic activity of PtRu nanoparticles toward methanol and
ethanol oxidation [13,16]. Heteroatom doping can be achieved via
post-treatment of the materials with the corresponding hetero-
atom precursor or, by choosing a carbonaceous precursor con-
taining the desired heteroatom. In this context, carbonization of
nucleobases is of great interest due to (i) their inherent large ni-
trogen content, (ii) the potential stability towards oxidation
induced by the carbonization of very stable molecules and, (iii)
because of their pre-coded basic nitrogen functionalities. The
resulting carbonaceous materials are known as ‘noble carbons’
(NC) and their pore network can be extensively tuned using
different salt mixes as structure-directing agents during the
carbonization process [17]. A recent work from our group reports
that the particle size and alloy composition of a PtRu metallic
active phase strongly depends on the composition and pore ar-
chitecture of highly N-doped porous noble carbons derived from
cytosine [18]. Such noble carbon supports provided a better
nanoparticle dispersion due to their intrinsic large nitrogen con-
tent and increased stability at high potentials due to its high
resistance upon oxidation (compare to conventional carbon
black). Despite all these advantages, the overall electrocatalytic
activity of these materials was similar to those obtained for the
carbonaceous materials mentioned above, being a first approach
in the NC use for the EOR development. Therefore, in this work, we
propose the use of adenine instead of cytosine as carbon precursor
to synthesize carbon supports for PtRu EOR anodes. Compared to
cytosine, adenine holds a smaller initial C/N ratio (i.e. 1) and its
xanthine chemical structure comprising imidazolium rings con-
fers to the molecule larger stability. That makes adenine a
promising carbonaceous precursor [19,20]. For instance, adenine
was already used as an additive enhancing the performance of
ionic liquid derived carbon materials for their use as electro-
catalysts for the oxygen reduction reaction (ORR) [21]. Moreover,
Pampel et al. also used adenine as carbonaceous precursor for the
preparation of electrodes for the same application, finding out
that hierarchical carbon materials could be prepared by using
NaCl/ZnCl, molten salts [22].

Herein, we report the influence of different adenine-based noble
carbon (ANCs) supports on the electrochemical oxidation of
ethanol. To that purpose, carbonaceous materials were prepared
through various template agents (LiCl/ZnCl,, NaCl/ZnCl, and LiCl/
KCl) and subsequently used for the synthesis of anodic PtRu/ANCs
electrocatalysts. The variation of the porous architecture (depend-
ing on the salt mix) and electrocatalyst morphology were analyzed
through different characterization techniques before and after the
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nanoparticles decoration. The electrochemical performance toward
the EOR was preliminary explored in a half-cell configuration.
Finally, the best materials were scaled-up to a PEM cell configura-
tion to evaluate their technical viability for clean hydrogen and
organic compounds production.

2. Experimental section
2.1. Materials and chemicals

All the materials were used as received without further purifi-
cation. Adenine (99%) and zinc chloride (98%) were purchased from
Merck. Potassium chloride (99%), lithium chloride (98%) and so-
dium chloride (98%) were purchased from Fischer chem. 1 M hy-
drochloric acid was purchased from Roth. Hexachloroplatinic acid
hexahydrate (HyPtClg-6H,0) and ruthenium chloride (RuCls) were
purchased from Alfa Aesar. Ethylene glycol (99%), ethanol (96%), 2-
propanol (99.9%), HClO4 (60%) and Nafion aqueous solution (5 wt %)
were purchased from Sigma Aldrich. NaOH (pellets) was purchased
from Panreac. Deionized water (18.2 MQ cm) used in all the ex-
periments was provided by a Milli-Q Labo apparatus. The com-
mercial cathode, i.e. Pt/C catalyst with 20 wt% of a total metal
loading as well as the polymeric membrane (Nafion 117) were
purchased from Sigma Aldrich.

2.2. Synthesis of adenine-based noble carbon (ANCs) supports

Typically, 2 g of adenine with 20 g of LiCl and 20 g of ZnCl, were
mixed in an Agatha mortar. The mixture was heated at 1 °C/min in
N, atmosphere to 800 °C. That temperature was kept for 2 h. After
spontaneous cooling down the sample was washed twice in
500 mL of 1 M HCI aqueous solution at room temperature and left
overnight. After that, the sample was washed two times with
150 mL HCl 1 M at 50 °C. Samples were then filtered and dried at
70 °C for 5 h (1 atm) and 150 °C overnight (5 mbar). The dried
carbon powder was obtained with a 30% yield. The sample was
named as ALZ where ‘A’ stands for adenine, ‘L’ stands for lithium
chloride and ‘Z’ stands for zinc chloride. Samples ANZ and ALK
were prepared using the same procedure and ‘N’ and ‘K’ stand for
NaCl and KCl, respectively. For example, the preparation of ANZ
comprises 2 g of adenine (as precursor), 20 g of ZnCl, and 20 g of
NaCl (templating agents). In the same way, ALK samples were
synthesized using 2 g of adenine, 24 g of LiCl and 16 g of KCI. After
the heat treatment, ANZ and ALK were washed and dried as
explained for ALZ.

2.3. Synthesis of PtRu/ANCs electrocatalysts

PtRu nanoparticles supported on each as-prepared carbona-
ceous material were synthesized using the modified polyol
method. In a standard procedure, precursors salts (H,PtClg-6H,0
and RuCls) were dissolved in 50 mL of ethylene glycol. Proper
amounts of NaOH were added to the initial solution in order to
control the pH during the synthesis process. The mixture was
stirred for 1 h at room temperature, then the temperature was
increased to 190 °C for 2 h leading to the in-situ co-reduction of the
mixed precursors salts. After the completion of the reduction pro-
cess, an appropriate amount of each ANCs support (i.e. ANZ, ALZ or
ALK) was subsequently added to result in 60 wt% of metal loading
with a 2:1 mass ratio between Pt and Ru. The colloidal mixture was
cooled down and stirred for 48 h. Particles were then filtered,
washed with an excess of deionized water (18.2 MQ cm), and dried
at 80 °C overnight.
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2.4. Physicochemical characterization

Powder X-ray diffraction patterns of the carbon supports were
recorded in a Bruker D8 Advance instrument using a Cu-Ka, radia-
tion source (A = 0.154 nm) and Nal scintillation counter-Scinti-
Detector. The patterns were recorded in a 20 range between 5
and 70° using 0.05° steps and 2 s. Thermogravimetric analysis
(TGA) was measured in a Thermo Microbalance TG 209 F1 Libra
(Netzsch, Selb, Germany). Traces were recorded using Pt crucibles
and with a 20 cm?/min flow of nitrogen or synthetic air as carrier
gas. The heating rate was 10 K/min and the mass of sample
analyzed 0.01 g. The X-ray diffraction patterns after the nano-
particles deposition were recorded on a Philips X'Pert MPD in-
strument using nickel-filtered Cu K, radiation (A = 1.54056 A). The
spectra were recorded from 2 § = 5—90° with a 0.02° step size using
an acquisition time of 2 s per step. The phases were identified by
comparing them with JCPDS (Joint Committee on Powder Diffrac-
tion Standards) files. The average crystal size was determined
through the Debye-Scherrer equation.

Inductively coupled plasma optical emission spectrometry
(ICP-OES) was carried out using a PerkinElmer ICP-OES Optima
8000. Each element was calibrated using four calibration standard
solutions to obtain a calibration curve. 0.01 g of each measured
sample were dissolved using a 1:2 mixture of HNO3 and HCI
(500 uL) of and kept at room temperature for 12 h in the solution
and then at 96 °C for 1 h. After digestion, the samples were diluted
up to 10 mL using ultrapure water. Samples were filtrated before
measurement. The data given are the average of values obtained
after triplicated analyses of each sample. Scanning electron mi-
croscopy (SEM) micrographs were recorded in a LEO 15550-
Gemini instrument from Zeiss after sputtering samples with ca.
10 nm layer of an 80% gold/20% platinum mixture. Energy-
dispersive X-ray (EDX) spectra were recorded through a coupled
EDX analyzer (Oxford instruments). High-Resolution Trans-
mission Electron Microscopy (HRTEM) and High Angular Annular
Dark Field Scanning Transmission Electron Microscopy (HAADF-
STEM) coupled with Energy Dispersive X-ray Spectroscopy (EDX)
were obtained using a FEI Talos F200X equipment operating at an
accelerating voltage of 200 kV. Each sample was drop casted in
copper TEM grids from an ethanol dispersion.

A Quantachrome Quadrasorb SI instrument was used to run N,
adsorption/desorption isotherms at 77 K and CO, adsorption iso-
therms at 273 K. Samples were submitted to a degassing procedure
in a 3P Instruments Masterprep degassing machine prior to each
analysis. The degassing was carried out at 150 °C and 0.5 Torr for
20 h. The Brunauer-Emmett-Teller (BET) method was used to
calculate the specific surface area of the samples using data under
P/Pg < 0.2. The total pore volume (Vr) of the samples was obtained
from the amount of N, (or CO;) adsorbed at P/Py = 0.995. Quenched
Solid Density Functional Theory (QSDFT) kernel of carbon materials
comprising slit/cylindrical pores was selected to calculate the pore
size distribution from the adsorption branch of N; isotherms at
77 K.

Temperature-programmed reduction (TPR) experiments were
conducted using a Micromeretics AutoChem 2950 HP unit equip-
ped with a TCD detection system. Samples (ca. 0.08 g) were
deposited into a U-shaped tube reactor and ramped from room
temperature to 900 °C (10 °C/min). To that purpose a reducing gas
mixture of 5% Hp/Ar (60 cm?/min) was used.

X-ray photoelectron spectroscopy (XPS) measurements were
performed using a ThermoScientific Escalab 250 Xi instrument.
Analyses were run using a micro-focused, monochromatic Al Ko,
X-ray source (1,486.68 eV). The spot size for the analysis was
400 pm.
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2.5. Electrochemical characterization in a three electrodes cell

Electrochemical data were recorded using a potentiostat/gal-
vanostat instrument Autolab PGSTAT128 N (Eco Chemie,
Netherlands) operated by NOVA 2.1 software. The electrochemical
measurements were conducted at room temperature in a conven-
tional three-electrode glass cell which consists of a catalyst coated
glassy carbon (GC) rotating disk electrode (GC-RDE, Metrohm) of
0.19 cm? surface area as the working electrode, a platinum foil as
the counter electrode and Ag/AgCl (saturated in 3 M KCl, Metrohm)
as the reference electrode. Prior to use, the surface of the GC was
polished with an alumina suspension and rinsed with distilled
water. Also, all the potential values were referred to the reversible
hydrogen electrode (RHE) according to the Nernst equation. The
catalyst powder solutions or ‘inks’ were formed by dissolving 2 mg
of the noble carbon-supported electrocatalysts in 750 uL of iso-
propanol, 250 pL of deionized water and 8 pL of Nafion solution.
After sonicating the ink for 30 min, an aliquot of 10 pL of the so-
lution was deposited onto the GC surface reaching a total metal
loading of 0.063 mg/cm? and then dried at room temperature for
2 h. In all experiments, the electrolyte was deaerated by bubbling
N, for 20 min and then the inert atmosphere was maintained over
the solution during the test performance. Also, the working elec-
trode was rotated at 100 rpm to achieve a homogenous and uni-
form catalyst film.

The electrochemical active surface area (ECSA) was evaluated by
cyclic voltammetry essays (CVs) in absence of ethanol (0.25 M
HCIO4 electrolyte) for a potential interval from —0.038 to 1.4 V vs.
RHE with a sweep rate of 50 mV/s. To evaluate the electrocatalyst
degradation, an accelerated degradation test (ADT) was conducted
by performing 500 cycles at the same conditions mentioned above.
The degradation degree was estimated by the ECSA losses between
the first and last cycle. The electrochemical activity toward the EOR
was explored in 4 M EtOH + 0.5 M HCIO4 electrolyte by applying a
potential interval from O to 1.2 V vs. RHE at a scan rate of 10 mV/s.
The anti-poison ability of PtRu/ANCs was performed through CO-
Stripping measurements. Prior to the test, CO was introduced for
20 min at 0.2 V vs. RHE to ensure the adsorption on the catalyst
surface. After CO saturation, the electrolyte was degassed using a N,
stream to eliminate the excess of CO. CV profiles were then ob-
tained from a potential range of 0—1.2 V vs. RHE at 20 mV/s of scan
rate. Finally, to study the stability, a long-term chronoamperometry
test was carried out at a fixed potential of 0.7 V vs. RHE for 10 h.

2.6. Proton exchange membrane (PEM) electrolysis cell

Electrochemical reforming experiments were performed in a
PEM electrolysis cell SQUAEREPARK 5 (Pragma industries, France)
with an active surface area of 5 cm? All cell components are
described in detail elsewhere [5]. Synthesized bimetallic PtRu/ANCs
were used as anode while commercial Pt/C was adopted as the
cathode. Catalyst inks were prepared by mixing appropriated
amounts of the catalyst powders (12.5 mg) with Nafion solution
and 2-propanol with a binder/catalyst mass ratio of 3.64. For the
MEA preparation, inks were directly sprayed on both sides of the
Nafion 117 membrane at 80 °C without the requirement of a high
temperature/pressure assembly step. Total metal loading was
1.5 mg/cm? and 0.5 mg/cm? for anode and cathode, respectively.
The contact between the catalytic layer and the gas diffusion layer
(carbon paper TGP-H90, Fuel Cells Earth) was accomplished by the
simple sandwich of the different cell components (Monopolar
plates, Teflon gaskets, membrane, etc.). This novel cell configura-
tion proved to be more advantageous in decreasing the diffusional
limitations [23]. The anodic compartment of the cell was then fed
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with an aqueous fuel solution (4 M of ethanol solution) at a flow
rate of 1.15 mL/min while the cathodic chamber was supplied with
deionized water at 1.65 mL/min. To that aim, a multichannel peri-
staltic pump (5001, Heidolph) was used for both anodic and
cathodic streams operating in continuous mode (without recy-
cling). The feeding solutions were preheated at a temperature close
to that of the electrochemical cell (80 °C) and a cooling conden-
sation column was installed in the anodic reservoir (-5 °C) to avoid
ethanol evaporation.

Electrochemical measurements were carried out using a
potentiostat/galvanostat VERTEX 5 V (Ivium Technology)
controlled by a research electrochemistry software. Linear sweep
voltammetry (LSV) tests were carried out with a gradual polariza-
tion from O to 1.4 V at a scan rate of 20 mV/s. Chronopotentiometry
essays were conducted at different fixed current levels (0.2—1.4 A,
i.e. 40—280 mA/cm?) maintaining each level for 900 s. The product
distribution was evaluated along with the total ethanol conversion
for each applied current step. Analyses of the liquid products were
carried out using a high-performance gas chromatograph GC
(Agilent Technologies 8220 A), equipped with an FID detector and a
capillary column (Agilent DB-WAS UI, 30 m x 0.2 mm x 0.25 um)
using helium as a carrier gas. Although the liquid products from the
alcohol electrolysis are generated in the anodic chamber, the
cathodic effluent was also analyzed to avoid inaccuracies in the
product distribution due to the crossover membrane effect. To that
aim, an aliquot of 2 mL was taken from both output cell streams and
analyzed offline in the GC. The rate of hydrogen production during
the electrochemical reforming experiments was also followed by
gas-volume measurements and crosschecked via Faraday's Law
equation, based on the cell current values.

3. Results and discussion
3.1. Physicochemical characterization

3.1.1. Adenine-based noble carbon (ANCs) supports

The use of inorganic salt mixes as solvents and structure-
directing agents to prepare carbonaceous materials is a well-
established strategy [24]. In general terms, the melting of the
inorganic salt mix should occur before the decomposition or sub-
limation of the selected carbon precursor. When this occurs, the
melted inorganic salt mix is able to dissolve the carbon precursor,
which then condenses and precipitates out of the melted ionic mix
forming a structured carbon. Herein, we study the effect of using
different inorganic salt mixes (i.e. 1:1 w/w NaCl:ZnCl,, 1:1 w/w
LiCl:ZnCl; and 3:2 w/w KCI:LiCl) as high temperature solvents and
structure-directing agents to prepare carbonaceous materials using
adenine as carbonaceous precursor. The ratio and composition of
the inorganic mixes affect the temperature at which they melt. The
ratio of the inorganic mixes was chosen so the melting tempera-
tures would not exceed 400 °C (i.e. the expected sublimation
temperature of adenine). The melting temperatures were 325, 330
and 352 °Cfor 1:1 w/w NaCl:ZnCly, 1:1 w/w LiCl:ZnCl; and 3:2 w/w
KCI:LiCl. The 3:2 w/w KCI:LiCl ratio yielded the lower melting point
for this inorganic mix. Adenine was blended with the different
mixes in a 1:20 w/w ratio and submitted to heat treatment at
800 °C for 2 h (1 K/min). The different samples will be named
hereafter as ALZ, ANZ and ALK, where LZ, NZ and LK stands for 1:1
w/w LiCl:ZnCly, 1:1 w/w NaCl:ZnCl, and 3:2 w/w KCI:LiCl, respec-
tively. As can be seen in Table 1, samples were obtained in large
yields for the heat treatment of a not polymeric precursor, i.e. 30, 40
and 25% for ANZ, ALZ and ALK, respectively. This is an interesting
result considering that adenine thermogravimetric analysis in-
dicates that it tends to sublimate upon thermal treatment at ca.
200 °C (Figure S1a). Table 1 indicates that the salt mixes probably

Materials Today Energy 32 (2023) 101231

Table 1

Summary of the physicochemical parameters obtained for the different carbona-
ceous supports by N, adsorption-desorption isotherms at 77 K and CO, adsorption-
desorption isotherms at 273 K.

Sample Yield (%) C/Nratio Sger(m?/g)® Vrn, (cm?/8)° Viicco, (cm’/g)

ANZ 30 5.7 2292 1.945 0.276
ALZ 40 5.6 2334 2.500 0.211
ALK 25 2.1 389 0.955 0.117

2 Specific surface area was calculated from nitrogen adsorption data (P/Pg < 0.2)
using the Brunauer-Emmett-Teller (BET) method.

b Total pore volume (V1) was calculated from the amount of nitrogen adsorbed at
P/Py = 0.995.

¢ Total micropore volume was calculated from the amount of carbon dioxide
adsorbed at 730 Torr.

catalyze the formation of intermediate condensation products that
prevent the sublimation of adenine and foster larger yields of
carbonaceous product. This phenomenon has been also observed in
the synthesis of carbonaceous materials using other small organic
molecules [25].

XRD patterns of the adenine-based carbonaceous materials
prepared using ZnCl, showed an almost flat diffractogram indi-
cating the lack of graphitic stacks and amorphous nature of the
samples (Figure S1b). A striking difference is observed when
comparing the diffractograms of ANZ and ALZ with ALK. Unlike the
former, ALK shows a clear diffraction peak at 27° indicating the
presence of graphitic stacks and points to a different condensation
mechanism for the carbonization of adenine in the presence of LK.

Elemental analyses also revealed that the C/N ratio of the
samples strongly depends on the used molten salt (Table 1 and
Table S1). For instance, NZ and LZ mixes give rise to samples with a
ca. 5.5 C/N ratio while LK salt mix sample has a C/N ratio of 2.1. ICP
analyses of the samples indicate that, after washing with HCl, the
carbonaceous supports only contain residual amounts of metals
(Table S2). X-ray photoelectron spectroscopy (XPS) was performed
in order to understand the chemical differences induced in the
samples by the use of the different salt mixes. C1s deconvoluted
XPS spectra of the three samples consist of three main peaks
centered at 284.7 eV, 285.6 eV and 287.8 eV, typically ascribed to
sp®> C—C bonds, C—N bonds and adventitious C—O bonds (Fig. S2).
The results indicate that the relative intensity of sp> C—C bonds
with respect to C—N bonds increases from ALK to ANZ and to ALZ.
The deconvolution of N1s peaks shows four components centered
at398.4 eV, 400.3 eV, 401.7 eV and a broad band at 404.4 eV which
are ascribed to C—N=C nitrogen atoms, pyrrolic-N units,
quaternary-N species and m-m* interactions (Fig. 1) [26]. The in-
tensity of the peak ascribed to C—N=C motifs increases while the
band ascribed to m-7* interactions decreases from sample ALZ to
ANZ, and from ANZ to ALK. This indicates that LZ promotes the
formation of a more conjugated carbon network than NZ or LK, as
also seen in the deconvolution of the C1s. It is known that ZnCl, can
have a catalytic effect on the dehydration reactions occurring upon
carbonization [27,28]. However, the results of adenine derived
carbons indicate that also LiCl and NaCl play a critical role in the
formation of different N-functionalities. Moreover, the absence of
ZnCl, promotes the formation of a nitrogen richer carbonaceous
product comprising a larger amount of C—N=C nitrogen, a much
lower amount of pyrrolic-N, and a much lower w—m* interaction
band. Herein, it is important to highlight that, compared to noble
carbons prepared from cytosine [18], all the samples derived from
adenine show a larger proportion of pyridinic nitrogen which in-
dicates they have more electron rich (basic) functionalities in the
surface.

SEM micrographs of the samples in Fig. S3 evidence the different
morphologies obtained by using the three molten salt mixes.
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Samples prepared using ZnCl, based mixtures show a colloidal
porous morphology with colloid sizes dramatically decreasing from
ANZ to ALZ (i.e. from 50 nm to 15 nm, respectively). When LK is
used as molten salt, the resulting material does not show a colloidal
nature. This indicates that the precursor was not solubilized by the
salt mix probably due to the higher melting point of LK compared to
that of LZ or NZ (e.g. LK 352 °C, LZ 330 °C and NZ 325 °C). The higher
melting point of LK allows the precursor to pre-condense before the
inorganic mix melts thus, becoming insoluble in it and further
condensing through a different mechanism, which corroborates the
chemical differences observed by XPS.

N, adsorption-desorption isotherms at 77 K and CO,
adsorption-desorption isotherms at 273 K were run to understand
the porous architecture of the samples (Fig. 2). All samples show
Type I and IV isotherm shapes indicating the presence of both
micropores and mesopores in their pore networks. A summary of
the parameters obtained from the isotherms is given in Table 1. ANZ
and ALZ show much larger total pore volumes, micropore volumes
and BET specific surface areas than sample ALK. The results are in
line with previous reports where ZnCl, was used as an activating
agent to develop micropores on the materials [27,28]. The differ-
ences observed in the hysteresis loop of the N isotherms indicate
that the samples also have different mesopore sizes. As can be seen
in the pore size distributions calculated by QSDFT in Fig. S4a, while
LZ promotes the formation of a large volume of mesopores of
different sizes from 2.5 to 30 nm, NZ fosters the formation of a
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much narrower distribution of mesopores with an average diam-
eter of ca. 4.5 nm. The use of LK fosters the formation of a much
lower volume of mesopores. Interestingly, as in ALZ sample, ALK
exhibits a wide dispersion of mesopore diameters. CO, adsorption
isotherms (Fig. 2b) corroborate the important differences between
the two samples prepared using ZnCl, and LK. For instance, the
amount of CO; adsorbed by ANZ and ALZ at 273 K was of 6.6 and
5.6 mmol/g while ALK adsorbs only 2.6 mmol/g. Compared with
carbons derived from cytosine [18], the samples prepared using
adenine show a larger micropore and mesopore volume. The dif-
ferences raise the temperature at which the carbonaceous precur-
sor starts condensing, and the interactions between the precursor
and the salt melt. The amount of CO, adsorbed directly correlated
with the calculated narrow microporous volume (Vpicco2) of the
samples, that was 0.276, 0.211 and 0.117 cm?®/g for ANZ, ALZ and
ALK, respectively. Thus, the results indicate that the amount of
narrow micropores also increases by the presence of the transition
metal chloride. Pore size distributions according to CO, isotherms
are not provided as the significant content of heteroatoms may
translate into poor reliability of the results [29].

3.1.2. PtRu/ANCs electrocatalysts

At this point, the different adenine-derived noble carbons
(ANCs) were used as supports for the synthesis of PtRu-based
electrocatalysts through the modified polyol method. Samples
containing PtRu nanoparticles were denoted hereafter as PtRu/ANZ,
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Fig. 2. (a) N, adsorption/desorption isotherms at 77 K and (b) CO, adsorption/desorption isotherms at 273 K of ALZ, ANZ and ALK.
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PtRu/ALZ, PtRu/ALK depending on the ANC material used. The total
metal loading was confirmed by ICP measurements reaching
nominal values around 60 wt% and 2:1 mass ratio of Pt and Ru for
all the synthesized electrocatalysts.

Fig. 3 a depicts the X-ray diffraction (XRD) patterns for all the as-
prepared electrocatalysts. The diffraction peaks at 2 § angles below
35° correspond to the graphitic stacks of the carbonaceous material
(mainly for the ALK sample) as previously discussed in Fig. S1b. In
general terms, all samples show peaks at 2 6 values around 39.7°,
46.3°,67.3° and 81.5° which are attributed tothe (111),(200),(2 2
0) and (3 1 1) planes of the face-centered cubic (fcc) structure of
platinum (JCPDS 04—0802). The Ru identification results are diffi-
cult through this technique since the main diffraction peaks for this
metal (JCPDS 06—0663) overlap with the Pt signal. Despite this,
note that a poorly defined peak is observed between the (111) and
(2 0 0) Pt terraces which is associated with the Ru (1 0 1) plane,
characteristic of a hexagonal close packed (hcp) structure of Ru. In
addition, the absence of any signal of oxidized crystalline species is
a preliminary indication of a suitable reduction of the metal phases
during the synthesis method. However, their presence should not
be totally ignored since they could be found forming very small
crystallites or in an amorphous form not being detectable by XRD.
The average particle size was estimated according to the Scherer's
equation from the Pt (2 2 0) peak (as typically reported) [30]. As
expected, all samples showed the formation of very small nano-
particle sizes being in the crystallites range (3—5 nm) to judge by
the wide diffraction peaks observed in Fig. 3a. Thus, PtRu/ANZ
exhibited the smallest crystallite sizes followed by PtRu/ALZ and
PtRu/ALK which presented the largest ones (see Table 2). Compared
with pure Pt reflections (dashed lines), right-shifted XRD peaks
indicate that Ru has been introduced into the Pt matrix, forming
PtRu alloys over the ANC materials [12]. Interestingly, this behavior
was mainly observed for the ALZ and ALK-based samples, in
particular for this latter, presenting a more accused 2 6 variation
(>1.5° for the Pt (2 2 0) plane). Fig. S5 illustrates a zoom of the
mentioned region. In contrast, no shift was registered in the PtRu/
ANZ pattern suggesting a lower interaction between Pt and Ru
nanoparticles. Table 2 summarizes the (2 2 0) peak position, the
lattice parameter and the alloy percentage calculated by Vergard's
law. According to the decrease in the lattice parameter, the per-
centage of alloyed ruthenium in the three samples dramatically
changes from 0 to 11.5% for PtRu/ANZ and PtRu/ALZ respectively,
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reaching 58.29% for PtRu/ALK (reverse trend than particle size).
Bearing in mind that the deposited active phase (Pt—Ru) was the
same for all the electrocatalysts, such variations (size and alloy
percentage) are mainly ascribed to the chemical nature and
morphology of the different carbonaceous materials. In this
context, the use of carbonaceous supports with a high content of
mesopores and low surface areas (i.e. ALK) implies the formation of
larger nanoparticles and hence, a higher alloy degree due to a less
available surface for the nanoparticles deposition. In the case of
ANZ and ALZ-based noble carbons, the huge BET surface area pre-
sented by these samples (5.5 times higher than ALK) boosted the
formation of small nanoparticles mainly for PtRu/ANZ, probably
due to the much higher microporous nature of ANZ (corroborated
by the N, isotherms tests). Therefore, at first glance, a lower ni-
trogen content and a higher porosity provide a higher dispersion
degree and a lower alloy percentage while a lower microporosity
nature results in the opposite.

To further evaluate the morphology and crystallite size distri-
bution TEM analyses were performed. Fig. S6 illustrates examples
of HRTEM images, and the associated histograms obtained for the
different PtRu/ANCs electrocatalysts. Generally, it can be observed a
uniform and remarkably high dispersion of metal crystallites on the
noble carbon supports. Measurements based on more than 1200
particles count indicate that the average crystallite size was around
2—3.2 nm, being smaller for PtRu/ANZ sample followed by ALZ and
ALK-based electrocatalysts (see Table 2). In this sense, PtRu/ANZ
and PtRu/ALZ exhibited a much narrower size distributions where
around 80 and 60% of the total number of crystallites were between
0.5 and 2.5 nm. Conversely, PtRu/ALK presented more than the 50%
of the total count shifted to larger crystallite sizes (3—7 nm), which
is associated with a lower dispersion degree and a higher
agglomeration. Despite this trend was similar to that obtained by
the XRD technique, note that HRTEM estimations were consider-
ably lower than those calculated via Scherer's equation. This
discrepancy might arise from the non-well-defined peaks found in
the XRD patterns. In addition, it is important to consider that the
detection limit of the X-ray diffraction technique is close to 2—3 nm.
Fig. S7 shows the elemental mapping images of the Pt, Ru and C
elements, presenting a good dispersion as previously demonstrated
in the HRTEM images for all materials. Finally, the metal content of
the different electrocatalysts were checked through EDX coupled to
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Fig. 3. XRD patterns (a) and TPR spectra (b) for the different PtRu/ANCs.
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Table 2
Summary of nanoparticles dimension and nature extracted from XRD patterns and
from TEM micrographs.

Sample Particle size (nm) Lattice Pt (220) Alloyed
parameter position Ru (%)
(nm) (20)

PtRu/ANZ 3.7% 2.0+04° 0.3930 67.34 0

PtRu/ALZ 4.8* 2.7 £0.5° 0.3911 67.70 11.54

PtRu/ALK 5.57 3.1+08" 0.3853 68.86 58.29

2 From XRD using Scherrer equation.
> From TEM micrographs.

HRTEM confirming a total loading close to 60 wt % and 2:1 of mass
ratio for all cases (Table S3).

To clarify the chemical state of Pt and Ru in the polyol-
synthesized electrocatalysts, temperature-programmed reduction
(TPR) experiments were carried out (Fig. 3b). Profiles of the noble
carbon supports before the nanoparticles deposition were also
shown for comparison purposes. For the carbonaceous materials,
different hydrogen consumption peaks were registered at high
temperature levels (>500 °C) assigned to the gasification process of
the fresh supports. In the case of the PtRu/ANCs samples, various
minor peaks were observed at low temperature interval
(0—200 °C). These peaks are attributed to the desorption of H;
previously adsorbed on the Pt surface (initial negative peaks) [31]
and/or to the presence of small traces of Pt oxides on the catalyst
surface [32]. However, to judge by the low intensity of the signal
and considering the absence of crystalline PtO, species in the XRD
profiles, it is possible to confirm an efficient reduction of the Pt
precursors during the synthesis method. Subsequently, a group of
different reduction peaks can be observed between 200 and 450 °C
for all the PtRu/ANCs electrocatalysts. According to the available
literature [33,34], such hydrogen consumption peaks are attributed
to the presence of Ru?0, species in an amorphous state (not
detectable by XRD) which could be present isolated or on the sur-
face of the PtRu alloy. In addition, the formation of Ru‘O; (crys-
talline phases) results difficult through the polyol method since
these species are normally promoted under the application of high
temperatures air post-treatment (>500 °C) [35]. On the other hand,
note that the Ru®0; peak area decreases for samples with a higher
alloying degree (i.e. PtRu/ALK) which suggests that Ru is in metal
state when it is introduced into the Pt lattice. Finally, peaks
centered at 500 °C are assigned to the carbonaceous material
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decomposition. By comparing with the fresh support profiles, the
intensity of these peaks considerably increases after the active
phase deposition, indicating that the metal nanoparticles catalyze
the support gasification. This behavior was more noticeable for the
PtRu/ANZ sample probably due to the higher dispersion degree
(smaller crystallites sizes) being in good agreement with the XRD-
TEM results.

The textural analysis of the electrocatalysts using N, isotherms
at 77 K and CO, isotherm at 273 K is shown in Fig. 4. BET specific
surface area of PtRu/ANZ, PtRu/ALZ, and PtRu/ALK drop from
2,292 m?/g, 2,334 m?/g and 389 m?/g to 743 m?/g, 900 m?/g and
234 m?|g, respectively (see Table 3). Here, it is important to
consider that the amount of metal nanoparticles in the samples
makes the specific surface area differ from the original value by a
60% (i.e. the wt% loading of metal). Interestingly, PtRu/ALK shows
virtually the expected specific surface area (i.e. 234 m?/g vs. the
theoretical 233 m?/g — 60% of 389 m?/g). On the other hand,
samples PtRu/ANZ, PtRu/ALZ show a much lower value than the
expected (i.e. 1,375 m?/g and 1,400 m?/g), which points at their
porosity helping on the dispersion of PtRu nanoparticles. The
virtually unchanged isotherms shape and QSDFT pore size distri-
butions after metals deposition indicate that the remaining open
pores are not blocked by the nanoparticles (Fig. 4 and Fig. S4b). CO,
sorption measurements at 273 K are in consonance with the partial
blockage of pores observed by N, sorption measurements at 77 K.
Again, PtRu/ALZ and PtRu/ANZ show the largest decrease in the
calculated total pore volume (i.e. from 0.211 cm?/g to 0.276 cm>/g to
0.105 and 0.074 cm?/g, respectively) as can be seen in Table 3. On
the other hand, PtRu/ALK shows a lower decrease in the CO,
sorption from 0.117 to 0.1 cm?/g.

3.2. Electrochemical characterization in a three electrodes cell

Redox properties of the different PtRu/ANCs were studied by
cyclic voltammetry (CV) essays at room temperature in absence of
ethanol. Fig. 5 a shows the CV profiles in N; saturated electrolyte
(0.25 M HCIO4 aqueous solution) in the potential range of —0.038 to
1.4 V vs. RHE using a sweep rate of 50 mV/s. The cyclic voltam-
mograms displayed the typical features of the Pt-based electro-
catalysts with the hydrogen adsorption/desorption region, the
double layer charge and the oxidation/reduction of the Pt surface
[36]. Various hydrogen desorption peaks were observed in the
forward scan for all the synthesized electrocatalysts which are

3.0
| ——PtRu/ANZ (b)
) 2.5 —o— PtRu/ALZ o/O
o PtRu/ALK e
S ] g
E 2.0 o ~
E e o0
o 1.5 rd P e i
o - Iodl e
B | ) /Lw/ j/E
S /9// o -
% 1.0 4 ’\‘/o D/L/u
< g eP-4
- Q/ A
E 05
E 1 ¢
< 0.0 )
-0.5 T T T T T T
0 200 400 600 800

Absolute pressure (Torr)

Fig. 4. (a) N, adsorption/desorption isotherms at 77 K and (b) CO, adsorption/desorption isotherms at 273 K of PtRu/ALZ, PtRu/ANZ and PtRu/ALK.
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Table 3

Summary of the physicochemical parameters obtained for the different PtRu/ANCs
by N, adsorption-desorption isotherms at 77 K and CO, adsorption-desorption
isotherms at 273 K.

Sample Sger (m?/g)? Vi, (cm?/g)” Viic co, (cm?/g)"
PtRu/ANZ 743 0.60 0.074
PtRu/ALZ 900 0.79 0.105
PtRu/ALK 234 0.22 0.099

2 Specific surface area was calculated from nitrogen adsorption data (P/P0O < 0.2)
using the Brunauer-Emmett-Teller (BET) method.

b Total pore volume (V1) was calculated from the amount of nitrogen adsorbed at
P/PO = 0.995.

¢ Total micropore volume was calculated from the amount of carbon dioxide
adsorbed at 730 Torr.

associated with a particular orientation of Pt terraces. Peaks
centered at 0.05 V vs. RHE are attributed to Pt (1 1 0)-types sites
while peaks between 0.1 and 0.35 V vs. RHE are associated with the
hydrogen adsorption/desorption on Pt (1 0 0) planes [37]. Among
the different samples, the intensity variation of the hydrogen
desorption peaks reveals changes on the nanoparticles surface.
Thus, PtRu/ANZ showed a preferential orientation of the Pt (1 0 0)
domains as the second peak area was higher. In contrast, ALZ and
ALK-based electrocatalysts presented a more prominent peak at
0.05 V which indicates a higher density of Pt (1 1 0)-type sites. To
estimate the amount of active sites, the electrochemical active
surface area (ECSA) was calculated through the hydrogen adsorp-
tion/desorption region. Accordingly, the ECSA value for PtRu/ANZ
(34.06 m?/g) was found to be the highest compared to PtRu/ALZ
(28.84 m?/g) and PtRu/ALK (15.58 m?/g). This is attributed to the
smaller crystallite size and the more uniform dispersion of the PtRu
nanoparticles supported on ANZ, which demonstrates a superior
synergic interaction between the active phase and this noble car-
bon support. In addition, note that ECSA values decrease as the alloy
percentage between Pt and Ru is higher (PtRu/ALK > PtRu/
ALZ > PtRu/ANZ), indicating that a significant alteration of the Pt
structure could considerably decrease the Pt active sites (mainly Pt
(1 0 0) domains). It also explains the dramatical ECSA drop when
the ALK support is used although the crystallite size difference is
not very significant, being the ECSA variation proportional to the
rise of the alloying degree. On the other hand, the degradation
degree of the synthesized electrocatalysts was explored by ADT at
the same conditions mentioned previously (Fig. S8). It was esti-
mated from the ECSA variation between 1st and 500th cycles
(Table S4). As it can be observed, a decrease in the hydrogen
desorption peak associated with the Pt (1 0 0)-types sites is regis-
tered while that related to Pt (11 0)-planes suffers a slight increase.
This change of the Pt orientated terraces might be accounted for the
Pt and Ru redeposition/sintering process with the consequent
metallic species migration through the catalyst surface (Ostwald
ripening effect) [38]. Regarding the degradation degree, all samples
exhibited values within an interval between 7 and 35%, well below
those obtained for similar active metals supported on other
carbonaceous materials such as carbon Vulcan or carbon black
(40—60% of degradation) [5]. In this sense, it seems that the high
surface area and large nitrogen content provided by the noble
carbon materials could prevent the sintering process, decreasing
the degradation of the catalyst for long-term applications.

To further assess the electrochemical performance of PtRu/
ANCs electrocatalysts, additional CVs were carried out using a 4 M
EtOH + 0.5 M HCIO4 aqueous solution saturated with a N, stream
within the potential window of 0—1.2 V vs. RHE at a scan rate of
10 mV/s. Same tests were accomplished for the fresh noble car-
bon supports (not shown here) obtaining a negligent current
density which proves that these materials are not active before
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the nanoparticles deposition. The CV profiles (Fig. 5b) displayed
the typical behavior of the ethanol oxidation possessing one
prominent anodic peak in the forward scan around 1.1 V vs. RHE,
and another in the backward scan between 0.8 and 1 V vs. RHE.
The anodic peak in the positive direction is generated due to the
electrocatalytic oxidation of ethanol to intermediate products
[39]. On the other hand, the peak observed during the reverse
scan is associated with the oxidation of intermediate species
derived from the partial oxidation as well as with the re-starting
of the ethanol oxidation after the reduction of the Pt oxide (re-
activation of the catalyst surface) [40]. Table 4 summarizes the
different EOR parameters extracted from the CV essays. From
Fig. 5b, the onset potential was found to follow the order PtRu/
ANZ (0.45 V vs RHE) < PtRu/ALZ (0.51 V vs RHE) < PtRu/ALK
(0.7 V vs RHE) indicating a promoted ethanol oxidation on the
ANZ-based electrocatalyst at low polarization levels (low activa-
tion energy). The maximum current density obtained from the
forward peak is normally used to describe the electrocatalytic
activity toward the EOR process. In general terms, a remarkable
difference in the electrochemical performance for the diverse
synthesized materials can be observed. Thus, PtRu/ANZ (28 mA/
cm?) exhibited the largest current density in the whole potential
interval followed by PtRu/ALZ (18.9 mAjcm?) and PtRu/ALK
(6.3 mA/cm?). In addition, quite defined ethanol oxidation peaks
were obtained for ANZ and ALZ-based electrocatalyst while PtRu/
ALK presented a broad CV profile suggesting a poor electro-
catalytic activity. Current density values were also normalized
against the PtRu total loading (mass activity) and respect to the
ECSA values (specific activity), as shown in Fig. 5c. The mass ac-
tivity of PtRu/ANZ reached values of around 440 mA/mgptry being
1.5 and 4.4 times higher than PtRu/ALZ and PtRu/ALK, respec-
tively. A similar behavior was observed for the specific activity.
Considering that the active phase and metal loading were the
same for all the as-prepared materials, the variation in the elec-
trochemical performance could be explained attending to
different factors. Based on the physicochemical characterization,
PtRu/ANZ presents smaller crystallite sizes and hence, a higher
dispersion degree compared to the rest of electrocatalysts, which
increases the Pt utilization. Alloying degree is another parameter
to consider since it considerably varies depending on the support
(58%, 12% and ~ 0% for PtRu/ALK, PtRu/ALZ and PtRu/ANZ,
respectively). Although it is well known that the PtRu alloy for-
mation promotes ethanol electrooxidation via water dissociation
(OH™ species formation) [41], an excessive alteration of the
electrocatalyst surface could decrease the Pt active sites avail-
ability [18]. This is the case of PtRu/ALK where the limited ECSA
could hinder the ethanol adsorption/dissociation process. The
crystallinity and porosity of the supports template also play an
essential role in the EOR development. According to the XRD and
porosity studies, ANZ and ALZ present large BET surfaces areas
but differ in the microporosity degree (ANZ > ALZ), while ALK
exhibits a lower pore volume and increased graphitic stacks. This
more developed porosity is beneficial to promote reactant/prod-
ucts flow channels during the electrochemical process which
could maximize the EOR activity (mainly for PtRu/ANZ) [42]. In
contrast, highly graphitic carbonaceous materials (i.e. ALK) are not
preferable for ethanol oxidation, since their worse porous struc-
ture hinders the access of the reactant to the catalytic active sites
concluding that a minimum porosity is mandatory to obtain a
good electrochemical performance [14]. Finally, it should be noted
that the PtRu/ANZ also presents the highest specific activity
which reveals that the intrinsic activity per active site (i.e. isolated
trend from the ECSA) is higher for this electrocatalyst. This can be
explained attending to the type and nature of the Pt oriented
monocrystals. Previous studies have proved that the ethanol
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Fig. 5. EOR performance of the PtRu electrocatalysts supported on different adenine derived noble carbons. a) CVs curves in Ny-saturated 0.25 M HCIO4 solution at scan rate of
50 mV/s. b) CVs profiles in N,-saturated 4 M ethanol + 0.5 M HCIO, solution at scan rate of 10 mV/s. c) Electrocatalytic activity from b) normalized by metal loading and ECSA values.
d) CO-stripping curves in Ny-saturated 0.5 M HClO4 electrolyte at 20 mV/s. e) Chronoamperometry tests at fixed potential of 0.7 V vs. RHE for 10 h.

oxidation process is a structure-sensitive reaction, where the Pt (1 due to the contribution of both an enhanced Pt utilization and
0 0) basal plane (PtRu/ANZ > PtRu/ALZ > PtRu/ALK) is the one more selective active sites, boosting the EOR performance.
that results in the highest current density [43—45]. In this sense, To evaluate the ability of poisoning intermediates removal, CO

the enhanced overall current density provided by PtRu/ANZ was stripping experiments were carried out in absence of ethanol using
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Table 4
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Electrochemical parameters for the EOR. Electrochemical active surface area (ECSA), onset potential (E,), forward and backward peak potentials (Ef and E,), forward and

backward peak current density (If and I,), mass activity and specific activity.

Catalyst ECSA (m?/g) Potential (V) Current density Mass activity (mA/mgpiry) Specific activity (mA/cm?)
(mA/cm?)
EO Ef Eb lf Ib
PtRu/ANZ 34.06 045 1.12 0.95 27.95 20.94 442.5 1.30
PtRu/ALZ 28.84 0.51 1.06 0.90 18.85 13.75 298.5 1.03
PtRu/ALK 15.58 0.70 - - 6.30 - 99.75 0.64

a 0.5 M HCIO4 electrolyte (Fig. 5d). CVs in N; saturation are also
shown for comparison purposes. The CO oxidation onset potentials
for PtRu/ALZ and PtRu/ANZ (0.497 V and 0.507, respectively) were
more negative compared to that for PtRu/ALK (0.527 V) demon-
strating a more efficient CO removal for ALZ and ANZ based elec-
trocatalyst. Furthermore, the peak area associated with the CO
oxidation process followed the sequence PtRu/ANZ > PtRu/
ALZ > PtRu/ALK which is indicative of a higher Pt active sites
availability when ANZ noble carbon is used (same trend as that
obtained for ECSA values).

The durability of the prepared samples was also examined by
chronoamperometric measurements at a fixed potential of 0.7 V vs.
RHE in N, saturated 4 M EtOH + 0.5 M HClO4 solution for 10 h as
shown in Fig. 5e. The preliminary sharp decay in the current den-
sity was attributed to the double layer charging. Subsequently, a
gradual drop of the electrocatalytic activity was detected due to the
poisoning effect of active sites by intermediate species along with
the generation of oxides and hydroxides on the metal surface
during the ethanol oxidation [39]. A pseudo steady state was
attained after a few hours, obtaining a positive current density for
all electrocatalysts after 10 h of operation. Once again, PtRu sup-
ported on ANZ presents the best electrochemical performance be-
ing in consonance with the ECSA and mass activity results.

Once the differences between the PtRu/ANCs were elucidated
and in order to prove the real advantage of the adenine-derived
noble supports against the typical Vulcan XC-72, additional CVs
essays using PtRu/C were conducted (Fig. S9). The CVs comparison
shows a clear outstanding performance by the noble carbon ma-
terials, being the mass activity of ANZ and ALZ-based electro-
catalyst 2.4 and 1.6 times higher than that obtained for PtRu/C. Such
enhancement of the EOR performance might be accounted for
different aspects: (i) the surface area of the noble carbons supports
is extremely high (2,000 m?/g), around 10 times higher than that of
the carbon Vulcan (200—250 m?/g). This results in a better metals
dispersion and allows the formation of smaller crystallites sizes (~
2 nm for PtRu/ANCS and between 4 and 6 nm for PtRu/C as typically
reported [5,46]) preventing the sintering effect. (ii) As proved in our
previous study concerning cytosine-derived carbons for electro-
chemistry applications [18], these carbonaceous materials act as a
noble material providing a higher resistance upon oxidation which
increases the stability at high potentials levels. (iii) The synthesis
procedure and the precursors used allow the obtention of a
carbonaceous material with a relatively high nitrogen content
(14—30%). Literature review reveals that nitrogen doping in carbon
nanostructures can improve the electrocatalytic activity toward
both methanol and ethanol oxidation [47,48]. In summary, the
incorporation of N-species into the carbon network facilitates the
electrons transfer process increasing the electrical conductivity of
the material [49]. Also, it provides surface defects which are
beneficial to anchor the Pt nanoparticles improving the electro-
catalytic performance [42]. Finally, a comparison with other Pt-
based electrocatalysts supported on different materials is pre-
sented in Table S5. Among all the reported electrocatalysts, the
activity of PtRu/ANCs was the highest toward the EOR confirming
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the excellent performance of the adenine-based noble carbon
supports mainly for PtRu/ANZ. Furthermore, it should be high-
lighted that most of these studies evaluate the electrochemical
performance at more advantageous scan rate conditions
(20—50 mV/s instead of 10 mV/s used in this work) which entails a
reduced poisoning effect due to the intermediate species have less
time to form and block the electrocatalyst surface [50]. In this
sense, the performance gap would be even higher demonstrating
the clear advantages of the herein proposed materials.

All electrochemical parameters considered, ANZ and ALZ-based
electrocatalysts were selected as the best anodes (superior activity
compared to PtRu/C) for the subsequent scale-up of the system to a
PEM cell configuration.

3.3. Ethanol electro-reforming in a proton exchange membrane
(PEM) cell

3.3.1. Electrochemical measurements

The ethanol electrochemical reforming process was explored in
a two compartments cell (PEM electrolyzer) using the selected
PtRu/ANCs as anodic electrocatalysts. Firstly, linear sweep vol-
tammetry tests were conducted in a potential range from 0 to 1.4V,
at 80 °C and at a scan rate of 20 mV/s for a 4 M ethanol inlet stream
(Fig. 6a). In line with the half-cell experiments, PtRu/ANZ provided
the best electrocatalytic activity, showing a more negative onset
potential (0.28 V) and a higher current density value (512 mA/cm?
at 1.4 V) than those obtained for PtRu/ALZ (0.38 V and 431 mA/
cm?). At high potential levels (>1 V), a slight drop in the curve slope
of the LSV profiles can be observed for both samples. This is
attributed to small diffusional limitations which mainly take place
in the high polarization interval (high conversion) since the system
starts to be controlled by mass transfer resistance instead of ki-
netics limitations. Nevertheless, remarkable current density values
were obtained for both electrocatalysts compared to the typical
values observed for ethanol electroreforming based on MEAs. For
instance, previous works have shown that using PtRu/C-Nafion-Pt/
C and PtSn/C-Nafion-Pt/C MEAs, current densities below 150 mA/
cm? were obtained under similar operating conditions and acid
media [51,52]. In addition, the electrocatalytic activity reached was
even similar to that obtained in membrane-less electrolyzers based
on Pd/C in basic media (450 mA/cm? at 1.4 V and 10 mV/s) [53],
which proves the efficiency of the PtRu/ANCs electrocatalyst also in
a single-cell configuration.

To further study the electrochemical performance, galvanostatic
transients were carried out from 0.2 to 1.2 A (i.e. 40—240 mA/cm?)
maintaining each current step for 15 min. Fig. 6b illustrates the
potential vs. time on stream at 80 °C and 4 M ethanol. Also, note
that the assay was aborted when the potential exceeded 1.5 V in
order to avoid the simultaneous water electrolysis. In general
terms, PtRu/ANZ required the lowest cell potential in the whole
interval of study, being in consonance with the LSV experiments. At
moderate galvanostatic levels (0.2—0.6 A), both anodes exhibited a
very stable profile attaining a steady-state potential after a few
seconds on stream, which is indicative of the good stability of the
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Fig. 6. Ethanol electroreforming assays using a PEM electrolysis cell at 80 °C for a 4 M ethanol inlet stream (1.15 mL/min). a) LSV profiles between 0 and 1.4 V using a scan rate of
20 mV/s. b) Galvanostatic transients between 0 and 1.2 A.

system. In contrast, for a higher demanded current, a slight increase more accentuated for PtRu/ALZ, probably due to its limited active
of the cell potential was detected for PtRu/ANZ being much sharper sites availability compared to PtRu/ANZ. Furthermore, at very high
for ALZ-based anode, which leads to a rapid loss of the electro- overpotentials, hydroxyl species adsorbed on the catalyst surface
catalytic activity in the subsequent levels (>1 A). Such behavior could increase the coverage degree competing with the ethanol
could be associated with the mass transfer limitations, which are adsorption and leading to a partial deactivation. Therefore, a
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Fig. 7. Product distribution at different galvanostatic levels. (i) Experimental hydrogen measurements of PtRu/ANZ (a) and PtRu/ALZ (b). (ii) Organic compounds molar rates and
ethanol conversion of PtRu/ANZ (c) and PtRu/ALZ (d).
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maximum current operation of 0.8 A (160 mA/cm?) and 1 A
(200 mA/cm?) was reached for PtRu/ALZ and PtRu/ANZ, respec-
tively, before overlapping with the oxygen evolution reaction (OER)
interval. To evaluate the electrocatalytic activity after the chro-
nopotentiometry (CP) measurements, additional LSV were carried
out (Fig. S10). A slight decrease of the current density (<10%) was
registered at high potential range (>1 V) associated with the
poisoning species due to the previous continuous operation.
Nevertheless, note that the obtained profiles are identical at lower
potential range (0—1 V), confirming a suitable stability of the metal
species and the noble carbon supports.

3.3.2. Products distribution and energy consumption

In order to achieve more insight into ethanol electroreforming
and to demonstrate the potential of this technology for green
chemical generation, the analysis of the product distribution was
carried out. Fig. 7 shows the hydrogen and organic compounds
production along with the ethanol conversion for the different
PtRu/ANCs anodes at each galvanostatic step (0.2—1 A). Hydrogen
production rates were measured from the cathodic effluent accu-
mulated for each applied current stage and compared with those
values calculated via Faraday's law. As expected, experimental
hydrogen data perfectly fit with the theoretical ones, confirming a
hydrogen faradaic efficiency close to 100% for both anodes
(Fig. 7a—b). Regarding the anodic performance, the interpretation
of the results is more difficult since the EOR follows a complex
reaction mechanism leading to the generation of several by-
products (acetaldehyde, acetic acid, carbon dioxide, among
others). However, a recent work about the EOR reaction mecha-
nism using polymeric membrane cells has proved that at the
present operating conditions (high ethanol concentration and cell
potentials), product distribution is shifted toward acetaldehyde
and acetic acid pathways limiting the generation of gaseous
products (CO; or CHy) [54]. Furthermore, the hydrodynamic con-
ditions of the PEM cell hinder even more the production of these
latter compounds. In this basis, acetaldehyde was obtained as the
major compound followed by acetic acid and ethyl acetate
(Fig. 7c—d). Equations S1—S6 of the supplementary information
depict the complete mechanism for a PtRu catalyst. Accordingly,
ethanol oxidation takes place following a bifunctional mechanism
where ethanol adsorption and acetaldehyde generation mainly
occur on the Pt surface, while Ru provides an efficient water
dissociation leading to the acetic acid production. Therefore, a
more boosted acetic acid production implies a higher development
of the oxidation process. To judge by the mole production rates,
PtRu/ANZ exhibits a higher selectivity toward acetic acid than
PtRu/ALZ in almost all the interval of study except for the 0.8 A
level. The discrepancy observed at 0.8 A is attributed to the higher
cell potential required for PtRu/ALZ electrocatalyst compared to
PtRu/ANZ (see Fig. 6b) since the OH™ species generation is pro-
moted at much higher overpotentials. In this sense, it is possible to
confirm a higher number of transferred electrons for PtRu/ANZ or
in other words, a higher intrinsic activity (in line with the half-cell
essays). The faradaic efficiency of the EOR is shown in Fig. S11. In
general terms, an overall faradaic efficiency close to 100% was
obtained for all current levels which demonstrates that no addi-
tional products have formed in the anodic chamber of the cell. In
addition, note that, at higher polarization levels, the faradaic effi-
ciency corresponding to acetic acid increased being in consonance
with the product distribution trend. Concerning ethanol conver-
sion rates per cell pass, both anodes presented similar results
reaching values up to 4.36% for PtRu/ALZ and 5.33% for PtRu/ANZ
which correspond with the maximum galvanostatic performance
provided for each electrocatalyst (180 and 200 mAjcm?,
respectively).
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Table 5
Energy requirements of each anode extracted from the galvanostatic transient tests.

Catalyst ~ Current (A) Currentdensity Vp* (V) Power (W) Consumption
(mA/cm?) (kWh/kgH,)
PtRu/ 0.2 40 0.61 0.12 16.33
ANZ 0.4 80 0.79 0.32 21.13
0.6 120 0.91 0.55 2442
0.8 160 1.11 0.89 29.80
1.0 200 135 1.35 36.24
PtRu/ALZ 0.2 40 0.66 0.13 17.60
04 80 0.81 0.32 21.68
0.6 120 0.93 0.56 24.86
0.8 160 1.19 0.95 31.93
1.0 200 >1.5 — —

¢ Average potential estimated from each applied current step.

Finally, the energy requirements to produce 1 kg of hydrogen at
each applied current step were estimated and collected in Table 5.
According to the potential vs. time profile, PtRu/ANZ presented the
lowest consumption over the entire range tested being the differ-
ences more patent at high demanded current values. Despite this,
both anodes present energy requirements well below those re-
ported for commercial water PEM electrolyzers (50—60 kWh/kgH>)
[55,56].

4. Conclusions

Three different adenine-based noble carbons were synthesized
by using various salt mixtures and subsequently used for the
preparation of PtRu electrocatalysts. The use of different salt
templating agents during the synthesis method caused a variation
in the support structure and hence, in the final electrocatalyst
morphology. In general terms, a more developed microporosity
and a larger surface area led to the formation of smaller nano-
particles and a higher dispersion degree, which translated into a
higher ECSA and a superior electrocatalytic activity toward the
EOR. In contrast, carbonaceous materials with a poor porosity
degree and a high graphitic nature fostered the formation of
larger nanoparticles and a higher alloying degree, which
decreased the Pt availability. PtRu/ANZ electrocatalyst exhibited
the best electrochemical performance in both half-cell and PEM
cell configurations. In addition, the use of this catalytic support
resulted to be more efficient than the typical carbon Vulcan,
reaching an electrocatalytic activity around 2.4 times superior
compared to PtRu/C. This was attributed to different aspects such
as the elemental composition of the support (larger nitrogen
content and stability), a higher dispersion degree and a more
basic nature of these materials providing better anchorage points
for the metal nanoparticles.
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