AP ChemPubSoc
\{* Europe

l Hydrogen Evolution

DOI: 10.1002/chem.201705655

CHEMISTRY

A European Journal

Full Paper

Bioinspired Electro-Organocatalytic Material Efficient for

Hydrogen Production

Octavio Gonzalez-del Moral,> "' Arnau Call,™
Jose Antonio Nieto-Rodriguez,”

Julio Lloret-Fillol, " José Aleman,®

Federico Franco,®
Maria Frias,' Jose L. G. Fierro,
and Rubén Mas-Ballesté*™

Alicia Moya,”
Miquel Costas,"

(Abstract: Commercial carbon fibers can be used as electro-
des with high conductive surfaces in reduced devices. Oxida-
tive treatment of such electrodes results in a chemically
robust material with high catalytic activity for electrochemi-
cal proton reduction, enabling the measurement of quantita-
tive faradaic yields (>95%) and high current densities. Com-
bination of experiments and DFT calculations reveals that

the presence of carboxylic groups triggers such electrocata-
lytic activity in a bioinspired manner. Analogously to the
known Hantzsch esters, the oxidized carbon fiber material is
able to transfer hydrides, which can react with protons, gen-
erating H,, or with organic substrates resulting in their hy-
drogenation. A plausible mechanism is proposed based on
DFT calculations on model systems. )

Introduction

Nicotinamide adenine dinucleotide phosphate, which is abbre-
viated as NADP* (oxidized form) and NADPH (reduced form),
is a coenzyme that is involved in a large number of biological
processes (Figure 1A and B).""? NADPH provides one of the
best reducing biological agents for a large variety of bioreduc-
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tion reactions (Figure 1, left), which nature uses in a catalytic
manner. Interestingly, inspired by NADPH, the asymmetric
transfer hydrogenation from Hantzsch esters (C) has appeared
as a green alternative for the reduction of (=C, C=N, and (=0
bonds (Figure 1, middle).®' In this case, the reductive form
(C) is easily oxidized to the pyridine derivative (C’) through a
hydride-transfer process. Some important drawbacks of these
synthetic reagents, such as their difficult recovery due to its
challenging purification, the need for superstoichiometric
amounts (> 2 equiv) and the high cost, all complicate the im-
plementation of these reagents in industry. Consequently, it
would be highly desirable to find a new technology that can
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Figure 1. Inspiration and initial goals of this work.
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be used to incorporate this type of species into a material (Fig-
ure 1D), thereby overcoming the problems associated with
Hantzsch ester derivatives.

One of the processes that could be facilitated by a material
incorporating structures acting as hydride-transfer mediators is
the hydrogen-evolution reaction (HER). In this context, the hy-
drogen evolution reaction is a main target in modern chemis-
try because it can represent a change in the energy production
paradigm. In fact, hydrogen is envisioned to be an abundant,
renewable and zero-emission fuel that could replace fossil
fuels." Water electrolysis is one of the simplest ways to pro-
duce hydrogen of high purity and thus it has attracted consid-
erable attention."? This process requires new electrocatalysts
to improve the production rates and decrease overpotentials.
HER electrocatalysts can be homogeneous or heterogene-
ous.'" For homogeneous molecular catalysts, application re-
quires their stable grafting onto electrode materials. Such a
problem could be solved by using heterogeneous systems,
which are generally more stable and easier to implement into
devices. Pt-group metals are excellent heterogeneous HER cat-
alysts, but their wide use is limited by their terrestrial scarcity
and high price."®'® Thus, investigations in precious-metal-free
catalysis'"” or even metal-free catalysis"® are being developed
with the aim to obtain acid-stable (since conditions to gener-
ate H, usually require acidic conditions) and highly active cata-
lysts for HER based on inexpensive earth-abundant materials
(such as carbon-based materials).

Carbon-based materials can be produced on a large scale
with lower manufacturing cost compared with metal-based
materials."2" In addition, carbonaceous materials often offer
synergy between the material and attached active centers due
to the electrical conductivity and the electron acceptor/donor
properties of graphitic structure such as graphene or carbon
nanotubes.”? Therefore, carbon-based materials are very at-
tractive alternatives to conventional heterogeneous electrocat-
alysts used for hydrogen evolution and other electrochemical
reactions.”>?¥ They are attractive not only from the economic
point of view, but also from a scientific side. In fact, whereas
HER pathways catalyzed by metals have been widely stud-
ied,”>? much less is known about the catalytic mechanism for
H, formation in metal-free materials. Following these ideas, in
recent work, carbon nanotubes and other modified graphene/
graphitic materials have been explored as electrocatalysts in
HER.*2?32 Some of these contributions described deposition
of carbon nanotubes, or functionalized graphene, on small sur-
face area glassy carbon electrodes.®® Good overpotential and
current intensity values have been reported. However, in some
cases, the results were limited by common problems, such as
adhesion of deposited phases into the electrode surface or the
small area of such electrodes, which compromised absolute
yields of produced hydrogen. In general, the price, the manip-
ulation of these carbon nanostructures, the deposition onto a
substrate material (e.g., glass), and the small scale of these
nanostructures limit the production of hydrogen. Therefore, it
would be very convenient to find another appropriate carbon-
based structure for large-scale electrocatalytic HER.
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Inspired by these findings, we propose in this report an inex-
pensive and easy-to-handle alternative that consists of the use
of commercially available carbon fibers from pyrolysis of poly-
acrylonitrile (PAN).?Y This material has a well-established struc-
ture,®” which includes pyridyl fragments (Figure 1, right and
bottom), and can be oxidized to form acid derivatives.®**” If
such carboxylic groups are in the meta-position in the pyridine
ring the resulting structure is a nicotinic fragment. In that case,
it can act like NADP* (oxidized form) and NADPH (reduced
form) in electrochemical systems; that is, as hydride-transfer
agents in HER processes. Here we report that this material can
be easily handled and oxidized to be used for HER in large
quantities. Moreover, a novel plausible mechanism (through
hydride-transfer) has been proposed based on a combination
of experimental observations and DFT calculations.

Results and Discussion
Preparation and characterization of the catalytic material

In this work, carbon fibers are considered as a good material
for the design of electrocatalysts because they allow the fabri-
cation of high surface area and covalently stable functionalized
electrodes. This approach avoids drawbacks such as the incon-
venience of working with reduced amounts of material at a
nanometric scale.'"®**% According to the manufacturer, the
carbon fiber material consists of bundles of 3000 fibers®* with
each fiber having an average diameter of 8 um. We designed
electrodes in a brush disposition (details of the electrode
design are provided in Figure S1 of the Supporting Informa-
tion). In a typical configuration, we used a brush composed of
42000 fibers with an exposed length of 2 cm. This design im-
plies that, if aggregation does not take place at all and every
fiber behaves independently from each other, the theoretical
maximum available surface area of the carbon fiber is approxi-
mately 2100 cm? (for evaluation of catalytic active surface area
see below). This is a remarkable feature that is important for
reduced device size. Moreover, the high conductivity of such
carbon fibers effectively enables their use as efficient elec-
trodes. A main advantage of this new design is the extremely
low price of the carbon material. However, not only the price,
but also the special chemical features of this material make
carbon fibers very attractive.?**"

Oxidative procedures are expected to affect only the surface
of the material. Accordingly, although superficial properties are
changed (interaction with polymeric matrices or, as shown
below, electrocatalytic behavior), bulk features remain unal-
tered (mechanical and electrical properties). Therefore, charac-
terization of the chemical modification resulting from oxidative
procedure should be performed using a technique specifically
sensitive to surface chemical features. Thus, comparative spec-
troscopic study of pristine and oxidized fibers was performed
by means of XPS (Figure 2). Comparison of XPS spectra in the
C1s region between pristine carbon fibers and highly oriented
pyrolytic graphite (Figure 2HOPG, top) indicated that carbon
fibers are a less structured material, as can be deduced from
the increased broadness of C—C signal (284-285 eV) and the
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Figure 2. C1s core-level spectra corresponding to pristine HOPG, pristine
carbon fibers, and oxidized carbon fibers.

lack of signal in the region characteristic of stacked materials
with large m-m interactions (291-293 eV). An increase of the
C—0 (286.2 eV) and C=0 (287.7 eV) signals are also observed in
the carbon fiber, especially in the oxidized one. Although these
signals can, to a certain extent, be due to adhesion of adventi-
tious organic molecules, they are mostly indicative of the
degree of chemical functionalization. Such structural imperfec-
tions and the polarization of the material by the pyridine moi-
eties facilitate a chemical functionalization by oxidizing over
H,SO,/H,0, (1:1). Such reactivity has previously been reported
for modification of carbon fibers to increase their interaction
with polymeric matrices."**¥

Although harsh, such conditions are known to be innocuous
to graphite, which needs harsher conditions to be transformed
into graphene oxide.*”’ After the oxidation process, the electric
conductivity was not lost, as measured with a macroscopic
multimeter. This is a good indication that the bulk properties
of fibers are not altered. Accordingly, the morphology of the
carbon fiber has not been considerably modified during the
oxidation treatment (Figure S2). However, an alteration of the
chemical composition of carbon fibers is determined by XPS.
This analysis revealed the presence of highly oxidized carbon
atoms (O-C=0) at 289.1 eV, which were assigned to carboxylic
groups resulting from the oxidative process. On average, 5%
of the carbon atoms in the surface correspond to carboxylic
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groups. Therefore, considering that the maximum number of
catalytic centers is close to the number of carboxylic groups
(see below), the approximate active area can be, at most, 5%
of the available electrode surface. To discard the possible role
of adventitious metal centers in the catalytic activity (see
below), we recorded XPS survey spectra, which did not show
the presence of metal atoms (Figure S10). In addition, the pres-
ence of nitrogen atoms from pristine material was also identi-
fied in oxidized fibers by means of the XPS signal at a binding
energy of 401.9 eV, which can be assigned to pyridinic nitro-
gen atoms. Furthermore, total reflection X-ray fluorescence
(TXRF) analysis was performed to analyze the oxidized fiber
(Figure S11). Only a small content of Si and Cu (below the ppm
level) were found, which is not significant to account for cata-
lytic activity.

Thus, overall, C1s and N1s XPS signals, together with TXRF
analytical data, SEM microscopy images, and electric characteri-
zation are all consistent with our previous assumption. There-
fore, experimental data suggest that although oxidation does
not result in significant changes in bulk properties and mor-
phology, it produces limited changes in the chemical features
of the surfaces consisting of generation of carboxylic groups,
which can result in transformation of pyridinic fragments into
nicotinic structures.

Electrocatalytic behavior

The effect of the oxidative process on the electrochemical be-
havior of carbon fiber brushes was analyzed towards proton
reduction in CH;CN, using dilute solutions of trifluoroacetic
acid (CF;COOH; TFA) as proton donor and 0.1 m N(Bu),PF, as
inert electrolyte. This electrolyte system allowed the catalytic
performance of oxidized brushes in low proton content solu-
tions to be evaluated, avoiding saturation of signal in a wide
range of electrochemical potentials. In addition, experiments
using controlled variable amounts of proton source have also
enabled us to determine at what point all catalytic sites arrive
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Figure 3. Typical response of pristine (gray line) and oxidized (black line)
electrodes in CH;CN (0.1 M N(Bu)4PF,) with TFA 20 mm. Inset: electrochemi-
cal response of oxidized electrode with variable amounts of TFA (scan rate:
10mVs™).
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at the saturation point. Figure 3 shows a typical linear-sweep
voltammetry plot measured for a 20 mm solution of TFA using
both pristine (gray line) and oxidized electrodes (black line) be-
tween 0.0 and —0.7 V vs. Ag/AgCl at a scan rate of 10 mVs™".
The observed cathodic current was significantly increased be-
cause of the oxidative functionalization process on the carbon
fiber electrodes (black line). The measured current intensity de-
pends on the TFA concentration, with a higher proportionality
factor at lower acid amounts, indicating the saturation of all
catalytic sites at higher TFA content (inset Figure 3). Overall,
oxidized carbon fibers show a remarkable catalytic activity to-
wards proton reduction, whereas pristine electrodes do not
show such activity.

Formation of H, was tested using an airtight cell and quanti-
tatively detected by gas chromatography (GC) (see Figure 4).
Controlled-potential electrolysis was performed at E=—09V
vs. Ag/AgCl in a 0.1 M TBAPF¢/CH;CN solution by using the oxi-
dized carbon fiber as the working electrode in the presence of
20 mMm TFA as the proton source. The electrocatalytic reaction
provided an average faradaic efficiency >95% for H, during
1 h of experiment. After that time, hydrogen production stops.
However, a freshly added aliquot of TFA (identical to the start-
ing one, corresponding to ca. 20 mm) restored the electrocata-
lytic H, production, providing analogous results in terms of
both faradaic efficiency and mmol of H, produced for another
hour (Figure 4). This clearly demonstrates the capability of the
oxidized carbon fiber in the catalysis of H, evolution reaction
under acidic conditions, whereas similar experiments using a
pristine electrode did not show any evidence of H, formation.
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Figure 4. a) Electrocatalytic H, evolution over time at E=—0.9 V vs. Ag/AgCl
in a 0.1 m TBAPF,/CH,CN solution of carbon fiber in the presence of added
20 mm TFA. The same volume of fresh TFA was injected after ca. 1 h of ex-
periment. b) Charge passed in the course of the electrocatalytic H* reduc-
tion at E=—0.9 V vs. Ag/AgCl in a 0.1 m TBAPF,/CH;CN solution of carbon
fiber upon addition of two distinct aliquots of TFA (20 mm).
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As explained above, considering the design applied to brush
electrodes, the maximum area available considering all the mi-
crofibers independent from each other is 2100 cm®. However,
aggregation of fibers would reduce the available surface. The
effect of aggregation was evaluated by comparing the per-
formance of an oxidized electrode composed by few fibers
with a regular one. In particular, the experiment was carried
out with 54 fibers and 47 fibers (see the Supporting Informa-
tion, Figure S3). Assuming that with these electrodes the effect
of aggregation is negligible and considering that the electro-
chemical signal is directly proportional to the available elec-
trode area, the available area in the complete brush was deter-
mined to be approximately 40 cm? (see details in the Support-
ing Information). Considering that only 5% of the available
area is, in fact, active (see XPS data on carboxylic content), the
overall active area would be approximately 2 cm?, which is the
electrode area used to calculate current densities in the follow-
ing experiment of this work.

Although data obtained in CH,CN was very insightful, it is
neither the ideal working medium nor the standard conditions
used in comparable studies reported in the literature. There-
fore, as a benchmarking experiment and to compare our
system (pristine and oxidized electrodes) with previously re-
ported data, we performed the proton reduction experiments
in 0.5m H,SO, aqueous solution. Figure 5 shows the current
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Figure 5. Typical response of pristine (gray line) and oxidized (black line)
electrodes in aqueous 0.5 m solution of H,SO, (scan rate: 10 mVs™'). As
insets are shown the corresponding Tafel plot and a photograph of the mas-
sive hydrogen production observed at 0.5 V vs. NHE.

densities (considering active area=2 cm? measured for linear
sweep at potentials between —0.224 and —0.724 V vs. Ag/AgCl
(corresponding to the range between 0.0 and —0.5V vs. NHE)
at a scan rate of 10 mVs™'. In this experiment, the major activi-
ty of oxidized electrode compared with pristine electrode is
clear. An onset overpotential of 250 mV with a Tafel slope of
178 mVdec ™' is observed. Although the value of the slope in
the Tafel plot is indicative of a process quite hampered kinet-
ically, a current density of 20 mAcm 2 was achieved at an over-
potential lower than 400 mV. Such relative intensity value is
comparable to other electrocatalytic HER using modified
carbon based electrodes (see Figure S4 in the Supporting Infor-
mation).?” However, considering the large active area found,
our absolute currents overcome those reported on a lab-scale
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device. In fact, the hydrogen production at overpotential of
0.5V was massive, as can be observed in the inset picture of
Figure 5.

The durability of these electrodes was tested by applying
1000 cycles from 0.0 to —1.0 V vs. Ag/AgCl at 100 mVs™' on a
100 mm solution of TFA in CH;CN (0.1m of NBu,PFy). After
such test, the activity of electrodes remained unaltered (see
the Supporting Information, Figure S5), confirming the attrac-
tive potential of the oxidized carbon fiber brush electrode for
large-scale HER.

Experimental mechanistic evidence

All observations point out that the oxidation process is critical
for the electrocatalytic HER. In particular, according to XPS
data, it seems that the presence of carboxylic groups is associ-
ated with the catalytic activity of the material. To provide fur-
ther evidence for this concept, we demonstrated that the
effect of oxidation in catalytic activity could be reversed when
oxidized electrodes were reduced by treating them with LiAlH,
(see Figure 6 and more details in Scheme ST and Figure S6 in
the Supporting Information).

No effect in catalytic activity
(Sulfur detected by XPS)

No effect in catalytic activity
(Fluorine detected by XPS)

Figure 6. Derivatization reactions performed in the experimental mechanistic
study.

To discard the possibility that other functional groups act as
catalytic centers, we performed selective derivatizations that
should affect specifically hydroxyl or carbonyl (aldehydes or ke-
tones) moieties (Figure 6). Due to the difficulty in following the
possible reactions considering the C1s XPS, we introduced
functionalities with heteroatoms, and considered the presence
and level of such heteroatoms as evidence for the effective
transformation of the material (see Table S1-S5 for more de-
tails). In particular, reaction with trifluoroacetic anhydride is ex-
pected to quantitatively react with hydroxyl groups as has
been widely reported."®* Effectively, the relative atomic abun-
dance found for C, O, and F were 83.4, 11.0, and 5.6 %, respec-
tively. Therefore, considering the stoichiometry of the reactions
from hydroxyl groups to trifluoroacetate esters, approximately
33% of the oxygen atoms present in the sample reacted in
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this functionalization process (Figure 6, right-bottom). The ac-
tivity of the oxidized electrode before and after reaction with
trifluoroacetic anhydride was evaluated by linear-sweep vol-
tammetry, showing that such treatment did not alter the activi-
ty of oxidized electrode (Figure S7). Therefore, the null effect
of the trifluoroacetylation process suggested that hydroxyl
groups were not responsible for the catalytic activity of oxi-
dized electrodes.

A similar strategy was followed to determine the possible
role of carbonyl groups. Reaction with dithioethane results in
the transformation of ketones or aldehydes into dithioacetals
(left-bottom, Figure 6).*”7 The amount of S atoms found after
this reaction corresponds to the functionalization of only 5%
of the O atoms detected. Therefore, the amount of carbonyl
groups in oxidized electrodes is low compared with hydroxyl
fragments (33 %). The remaining 60% of oxygen content corre-
sponds to carboxylic functionalities, deduced from the fact
that 5% of the carbon atoms on the surface are assigned to
-COOH. As expected, reaction with dithioethane had no effect
on the catalytic activity of this material (Figure S8).

The overall results seem to indicate that oxidation somehow
activated the material as electrocatalysts in HER, but the active
sites were neither hydroxyl nor carbonyl groups. Carboxylic
groups have previously been proposed as the catalytic centers
for hydrogen evolving reaction® in oxidized carbon nano-
tubes. Nevertheless, to date, the role of carboxylic groups has
not been elucidated. To test the direct involvement of carbox-
ylic groups in electrocatalytic activity, we analyzed the reactivi-
ty of oxidized carbon fiber electrodes containing carboxylic
groups that have been esterified by reaction with trimethyl-
silyldiazomethane or CH;l. Both reactions should result in con-
version of the carboxylic groups into their methyl esters (see
the Supporting Information for details).'”*¥ In any case, no sig-
nificant decrease in HER catalytic activity was observed (Fig-
ure S9). Consequently, although formation of carboxylic groups
in the oxidation process is crucial to promote catalytic activity,
such activity remains identical regardless of the fact that the
carboxylic groups (-COOH) were converted into esters (-COOR),
which could indicate that carboxylic groups are necessary but
not directly involved in the catalytic process.

Mechanism proposal and DFT calculations

To find a qualitative hint on the mechanism of the HER pro-
cess, DFT calculations were carried out at the MO06-2X/6-
311G** level.?>%=2 A plausible scenario is shown in Scheme 1.
As an approximation, we modeled the oxidized carbon fiber as
shown in Scheme 1 for species (I). Graphitic surface was mod-
eled by using a fragment composed of four fused aromatic
rings (one pyridine and three benzenes) as a compromise be-
tween performance and computational cost”>*¥ We intro-
duced a carboxylic group at the meta-position of the pyridinic
nitrogen to investigate the effect of oxidation, generating a
structure similar to the hydride transfer centers found in
nature (such as NADPH).

The overall process (see Figure 7) should start with the injec-
tion of electrons into the graphitic system. It is known that the
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Scheme 1. Mechanistic proposal calculated for hydrogen evolution.

value for the work function of HOPG is about 4.8 eV, which
is expected to be close to the value of the carbon fiber materi-
al. Stabilization of injected electrons through the graphitic -
electron density is the key factor that allows carbon-based oxi-
dized materials to act efficiently as an electric conductor and
as an electrocatalyst. Otherwise, in simple carboxylic molecular
systems the first reduction step would be energetically prohibi-
tive. However, considering the reduced size of the structure
used in our calculations to simulate the graphenic region, the
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stabilization energy after injection of two electrons is most
likely underestimated. Indeed, injection of two electrons results
in a stabilization of 3.13 eV.

After injection of two electrons in our molecular model, the
negative charge increases the basicity of the pyridinic nitrogen
atom. Therefore, calculations suggest that, after two electron
injections, the encounter of a TFA molecule with I results in a
barrierless protonation process. Consequently, the route from |
to Il could be described as a proton-coupled electron transfer.
In addition, injection of two electrons also enhances the basici-
ty of the carbon para to the pyridinic nitrogen in species II.
Indeed, protonation of Il proceeds with an activation energy of
4.5 kcalmol™ (TS1) and results with an extra stabilization of
the system by approximately 12 kcalmol™" in compound lIl.

According to the calculations carried out in our system, in-
termediate Il should exchange a trifluoroacetate molecule by
trifluoroacetic to generate IlI'. Such exchange is slightly exer-
gonic by around 3 kcalmol ™. Species llI' evolves towards hy-
dride scission assisted by an acid molecule, resulting in the for-
mation of a hydrogen molecule and trifluoroacetate fragment
in species IV. Such species is almost isoenergetic with IV’, only
0.4 kcal more stable than IV and therefore, in this system the
pyridine protonation is in equilibrium with the protonation of
a trifluoroacetate. Furthermore, in the most stable final struc-
ture IV” the trifluoroacetate fragment is stabilized by hydrogen
bonding with the carboxylic group of the nicotinic moiety. For-
mation of IV/IV" proceeds through a significant kinetic barrier
(approximately 30 kcalmol™), which is similar to values found
for reactions mediated by the biomimetic Hantzsch ester.*®
Given that this is the only step with a significant kinetic barrier,
it is clearly the rate-determining step of the overall process.
The finding of a relatively high barrier is in agreement with the
high Tafel slope experimentally measured, which suggested a
kinetically hampered process. In addition, oversimplification of
the molecular system considered to simulate the material can
contribute to barrier overestimation. The studied mechanism
considers the assistance of a TFA molecule in the hydride scis-
sion, decreasing the value of the energetic barrier by 17 kcal
mol™" with respect to the unassisted hydride formation (see
the Supporting Information). However, more complex possibili-
ties in which several TFA and/or water molecules could assist
hydride formation and stabilize the transition state have not

0} 0 been computed; nevertheless, they are plausible scenarios in
05 | L 20 the experimental system. In conclusion, theoretical and experi-
| % mental results are consistent with a mechanism in which the
it | 60 key step consists of the TFA-assisted formation of a hydride
-1,5 from species Ill that is concertedly protonated to generate hy-

< 2 ==t B drogen.
2 s e Furthermore, the notion that oxidation is needed to favor
E ’ r-120 5 the catalytic activity is reinforced by the calculations per-
-3 -140 f—f formed in the system in which the carboxylic group is substi-
3,5 L -160 tuted by a hydrogen atom (mechanism b in the Supporting In-
9 (1) v) (v | 180 formation). In this case, intermediate species show higher ener-
200 gies than their oxidized counterparts, which is due to the extra
e conjugation added to the system by the carboxylic groups. In
Figure 7. Energetic profile corresponding to the mechanism shown in addition, the possible role of carboxylic groups as catalytic
Scheme 1. Structures of TS1 and TS2 are shown. centers has also been considered (mechanism c in the Sup-
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porting Information). Interestingly, when a carboxylic group
acts as a catalytic center, scission of hydride to form H, by pro-
tonation with a TFA molecule is kinetically prohibitive.

Overall, although we cannot rule out other possible mecha-
nisms that may explain the observed reactivity, all data are
fully consistent with the proposal that oxidized carbon fibers
assist hydride transfer in a manner that is very close to how
nature performs the same feat in pathways mediated by NADH
or NADPH.

Reactivity of carbon fibers as hydride donor versus benz-
aldehyde as organic hydride acceptor

As final evidence for the formation of a hydride donor species
on the surface of carbon fibers at negative potentials, we in-
vestigated the reduction of benzaldehyde. This organic sub-
strate typically evolves towards formation of benzylic alcohol
by a reduction process initiated by a hydride transfer.”

As a first set of experiments, we performed the linear-sweep
voltammetry measured for solutions containing different con-
centrations of TFA (20 mm and 2 mm) in acetonitrile in the
presence or absence of an excess of benzaldehyde (160 mm).
All experiments were carried out using oxidized carbon fiber
brushes as working electrodes at potentials between 0.0 and
—0.7 V vs. Ag/AgCl at a scan rate of 10 mVs™' (Figure 8). Inter-
estingly, at a higher concentration of TFA (20 mm), intensity is
independent of the presence of benzaldehyde in the reaction
medium. However, at a lower concentration of TFA (2 mwm), the
presence of benzaldehyde results in an increase in the mea-
sured intensity, suggesting the involvement of benzaldehyde
in the electron-transfer process. These observations indicate a
competition between hydride transfer to the protons (from
TFA) or to the organic substrate (benzaldehyde).

Considering that hydride transfer to proton from TFA (i.e.,
hydrogen evolution) is a competitive reaction versus hydroge-
nation of benzaldehyde, we considered water as an alternative
proton source necessary to generate the corresponding hy-
dride. Thus, we tested the oxidized brush electrode by chro-
noamperometry in acetonitrile at —0.5V vs. Ag/AgCl in a
system containing water (1 M) and benzaldehyde (16 mm) and
NaClO, 0.2m as inert electrolyte. After 12 h, the benzaldehyde
has been completely reduced to benzyl alcohol (Scheme 2 and
Figure S12). In contrast, under the same experimental condi-
tions, after 24 hours, using pristine carbon fiber as electrode,
no benzyl alcohol was detected (Figure S13). Therefore, these
data are consistent with our mechanistic proposal in which a
species able to transfer hydrides is generated at the correct
electrochemical potential. In addition, our experiments confirm
the notion that the oxidation of the carbon fiber brushes is
necessary to generate such active intermediate able to transfer
hydrides to either protons (hydrogen evolution) or organic
substrates (hydrogenation). Furthermore, the balance between
these two possible processes can be modulated by controlling
the acidity of the proton source. Thus, the more acidic additive
(TFA) promotes hydrogen evolution, whereas the less acidic
molecule (water) makes possible hydrogenation of organic
substrates.
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Figure 8. Linear voltammetry measured using oxidized carbon fiber electro-
des in the absence (black) and in the presence (gray) of 160 mm benzalde-
hyde in CH;CN (0.1 M N(Bu),PF;) with TFA a) 2 mm or b) 20 mm.

H H* from H,0 (1M) OH

E /-0.5V vs. Ag/AgCI
CH3;CN,/NaClOy4 (0.2M)
24h, Room Temperature

conversion= 100%

Scheme 2. Electrolytic reduction of benzaldehyde using oxidized carbon
fiber brush electrode as working electrode in CH,CN (0.2 m NaClO,) with the
presence of H,O (1 m) and benzaldehyde 16 mm.

Conclusions

The combination of good electrical conductivity and the exis-
tence of chemical reactive sites, as a result of the presence of
pyridinic nitrogen atoms on the surface of commercial carbon
fibers, allows the design of new chemically modified electrodes
with predetermined properties. Indeed, the oxidative function-
alization of carbon fiber electrodes results in the formation of
carboxylic groups, which are responsible for the efficient elec-
trocatalytic generation of H, with quantitative faradaic yields
and high current densities. The combination of experiments
and calculations suggests that oxidized carbon fibers act as
electrocatalysts in a bioinspired manner. The collected data led
to the proposal that some of the carboxylic groups generated
from oxidation process can be located meta to the pyridinic ni-
trogen atom, generating a nicotinic fragment. Such fragment
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assists the formation and scission of hydride, which can easily
evolve to molecular hydrogen through protonation. Moreover,
hydride transfer mediated by oxidized carbon fibers can also
be performed towards the reduction of organic substrates
such as benzaldehyde.

Overall, we have reported a very inexpensive carbon-based
alternative material that can be used as a modified electrode
through easy manipulations that avoid coverage and/or depo-
sition of materials into the electrodes, allowing the design of a
reduced device with a high effective area able to produce H,
in large amounts.

Experimental Section
Materials

All reagents, solvents, and materials were purchased from commer-
cial sources and used without further purification. Specifically,
fabric of carbon fiber (Twill 2x2 3K weight 200 grm™? width
1200 mm, Model HA2301) was purchased from ClipCarbono.

Electrode preparation

The commercial carbon fiber was turned seven times around a
3 c¢m plastic strip to make a 6 cm long bunch of fibers. It was then
joined to a copper wire and finally everything was made tight with
Teflon tape. The electrodes were hand-made, but we tried to make
them as homogeneously as possible to maintain the same design.
The ready-made electrodes were held for 30 min in commercial
sulfuric acid (98%) at RT with stirring and then placed into a mix-
ture 1:1 of H,SO,/H,0,. The H,0, was fresh and the mixture with
H,SO, was prepared a few minutes before use. If the mixture was
not ready-made the oxidative potential of the reactive mixture was
not sufficient to oxidize the carbon fiber. The electrodes were
washed and sonicated in distilled water to remove all acid traces
among fibers; this required several washing cycles. When the pH
of the water was constant, the electrodes were sonicated for 10—
15 min in either isopropanol or ethanol and dried with a heat gun.

Photoelectron spectroscopy (XPS)

Spectra were obtained with a VG Escalab 200R spectrometer
equipped with a hemispherical electron analyzer (pass energy of
50 eV) and an MgKa (hv=1254.6 eV, 1eV=1.6302x10""?J) X-ray
source, powered at 120 W. The kinetic energies of photoelectrons
were measured using a hemispherical electron analyzer working in
the constant pass energy mode. The background pressure in the
analysis chamber was kept below 6x 10~ mbar during data acquis-
ition. The XPS data signals were taken in increments of 0.1 eV with
dwell times of 50 ms. Binding energies were calibrated relative to
the C1s peak at 284.8 eV. High-resolution spectra envelopes were
obtained by curve fitting synthetic peak components using the
software XPS peak. The raw data were used with no preliminary
smoothing. Symmetric Gaussian-Lorentzian product functions
were used to approximate the line shapes of the fitting compo-
nents. Morphological characterizations of the carbon fiber were
carried out using a scanning electron microscope (Philips XL30 S-
FEG). Measurements of the fiber diameter were done using ImageJ
software. Identification of the chemical elements that were con-
tained in the carbon fiber was conducted in a total reflection X-ray
fluorescence (TXRF) 8030c-FEI spectrometer. A MoKa X-ray source
was used as energy source at 50 kV and 0.6 mA.
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Electrochemistry

Electrochemical experiments were performed under an argon at-
mosphere at RT in CH;CN or water solutions. Tetrabutylammonium
hexafluorophosphate (Bu,NPF;) or sodium perchlorate (NaClO,)
were used as supporting electrolytes. Measurements were carried
out with an Ivium CompaqStat potentiostat interfaced with a com-
puter. A standard three-electrode electrochemical cell was used.
Potentials are referred to an Ag/AgCl, Et,NBr 0.4m reference elec-
trode in ethylene glycol, and measured potentials were calibrated
using an internal Fc/Fc+ standard. The working electrode was a
carbon fiber brush. The auxiliary electrode was a pristine carbon
fiber brush.

Gas chromatography

The evolved amount of H, during the electrocatalytic reaction was
monitored approximately every 4 min by gas chromatography, by
injecting samples of the internal atmosphere into an Agilent 490
micro gas chromatograph equipped with a thermal conductivity
detector and a 1/8" Molesieve 100/120 column, calibrated with dif-
ferent H,/He/CO/CH, mixtures of known composition. For gas chro-
matography quantification of alcohol benzaldehyde, 0.1 mL of the
solution was mixed with 0.2 mL of methyl-naphthalene as standard
and 0.7 mL chloroform. A calibration of benzyl alcohol was carried
out in the range of 1x107° to 1x107° moles using the same
amount of standard, enabling the quantification of the benzyl alco-
hol amount. Analysis was performed with an Agilent 7820A GC
system equipped with a mass spectroscopy detector (5977B MSD).

Nuclear magnetic resonance

The amount of benzylic alcohol generated was quantified during
the chronoamperommetry experiment by extracting samples of
1 mL of reaction mixture. CH;CN solvent was removed under
vacuum. Chloroform (1 mL) was added, which dissolved the organ-
ic compounds but not the inorganic salt. Finally, the solution was
filtered (0.45 um pore size) and analyzed by 'H NMR spectroscopy
and gas chromatography. Spectra were acquired with a Bruker 300
spectrometer running at 300 MHz for 'H. Chemical shifts (9) are re-
ported in ppm relative to residual solvent signal (CDCly: 6=
7.26 ppm).

Scanning electron microscopy (SEM)

Morphological characterizations of the carbon fiber were carried
out using a scanning electron microscope (Philips XL30 S-FEG).
Measurements of the fiber diameter were done using ImageJ soft-
ware.

Total reflection X-ray fluorescence (TXRF)

Identification of the chemical elements that were contained in the
carbon fiber was conducted with a TXRF 8030c-FElI Spectrometer.
A MoKa X-ray source was used as energy source at 50 kV and
0.6 mA.
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