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ABSTRACT The hydrogen evolution reaction, 2H" +2e —H,, 0
and its converse, the hydrogen oxidation reaction, H, — H +
2e”, are central to any realization of a hydrogen economy. Various
forms of carbon have been used for decades as the precious metal
catalyst support in these reactions. Here we report the unexpected
result that single-wall carbon nanotubes and some graphitic
carbons, activated by brief exposure to electrochemical potentials
that induce hydrogen evolution in intercalating acids combined with
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extended soak times in such acids, acquire an activity for these

reactions that exceeds that of known nonprecious metal catalysts.

KEYWORDS: water splitting - hydrogen evolution - hydrogen oxidation - carbon nanotubes - graphitic carbons

he use of carbon as a catalyst support
Tand its role in the hydrogen evolution

reaction (HER) and in the hydrogen
oxidation reaction (HOR) has been an in-
tense subject of study since the early days of
the U.S. space program in the 1960s. Much
further research was stimulated by the oil
shortages of the 1970s and 1990s and most
recently by the increasingly recognized
need for carbon-neutral energy sources/
carriers. Despite carbon's seemingly synergis-
tic enhancement of the activity of the metallic
catalysts used in these electrochemical reac-
tions, carbon itself has been reported to
exhibit HER only at high overpotential and
no HOR activity whatsoever.' Here we report
that by simple exposure of single-wall carbon
nanotubes (SWNTs) to acidic intercalants, in
combination with low voltage electrochemi-
cal cycling, the material develops both HER
and HOR activity that initiates at near zero
overpotential, with an activity rivaling that of
the best known nonprecious metal catalysts
in these reactions. Of practical significance,
the high activity for HER is shown to
persist in pH-neutral aqueous electrolyte
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and in seawater. Our studies began with
SWNTs; however, encouraged by those re-
sults, we have also found that similar activa-
tion can be induced in select forms of
graphitic carbons.

Carbon nanotubes have been explored
largely as scaffold supports for noble and
non-noble metal catalytic particles and for
enzymatic-inspired catalysts in HER and/
or HOR2™® Few studies have reported on
water splitting for pure carbon nano-
tubes,'®’ and none have reported the
low overpotential activities demonstrated
here. Our experiments rule out conventional
metals as the source of the activity, and the
results, in combination with density func-
tional theory (DFT) modeling, lead to a
proposed explanation.

RESULTS AND DISCUSSION

Figure 1a shows quasi-steady-state (5 mV/s)
voltammograms of hydrogen evolution cur-
rents for a 1.5 um thick SWNT film working
electrode with 54 ug of SWNTs exposed to
1 M H,S0,. The black curve shows the initial
behavior exhibiting a high overpotential for
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Figure 1. Hydrogen evolution and hydrogen oxidation reactions on the SWNT films (54 «g) before and after activationin 1 M
H,S0,. (a) Quasi-steady-state voltammograms (5 mV/s) following the indicated time and electrochemical cycling in the acid,
evidencing the increasing HER activity. The inset shows the custom-fabricated Teflon electrochemical cell used in these
experiments. (b) Chronoamperometry at +0.3 V vs NHE immediately upon immersion in the acid (black) and after 144 h of
activation (red) while exposing the film to 100% inert gas or 100% hydrogen at the times indicated, demonstrating the HOR
activity induced by the activation. (c) RRDE data confirming that the cathodic currents are due to hydrogen evolution. The ring
electrode was held at +0.6 V, while the activated SWNTSs on the disk electrode were swept between 10.2 V. Coincidence of the
ring current beginning with the disk current indicates oxidation of the hydrogen evolved at the disk. (d) Tafel plots of the HER
and HOR activity of the acid-activated SWNTs (red) compared to those of the commercial Pt-loaded electrode (black).

the onset of HER current. After recording this voltam-
mogram, the working electrode potential was scanned
cyclically from +0.2 to —0.7 V vs NHE at 50 mV/s. This
was done for five consecutive scans followed by dis-
connection from the potentiostat for the time delay
(as labeled in Figure 1a) until the next voltammogram
was recorded (green curve). Such cycling followed by
the long soak time constitutes the simple activation
process, and both the brief exposure to potentials that
cause H, evolution and the soak times were necessary to
induce the observed changes in the activity. Repeating
the process resulted ultimately in a saturation of the
changes. Prior to each measurement, the electrolyte was
purged with inert gas (argon) for 30 min. Between
measurements, the reference electrode was stored in a
separate container and rinsed with fresh DI water before
each reuse. All cycling and measurements were done at
room temperature. Steady-state measurements (with
10 min settling times) recorded at a few potentials
validated the quasi-steady-state curves shown in
Figure 1a. The inset to Figure 1a shows the experimental
setup, which has the SWNT film deposited on a PTFE
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membrane, allowing the film to be wetted by the
electrolyte on one side while being exposed to the
desired gas through the gas plenum lying behind the
membrane on the other (description in Methods and
Supporting Information). In this set of HER measure-
ments, the gas flowing through the plenum was argon
(replaced by hydrogen for the HOR measurements dis-
cussed below). Shift of the onset potential and growth of
the HER current with cycling and time of acid exposure is
evident. At the end of this activation process, the onset of
catalytic HER current has shifted to 0.0 V, corresponding
to zero overpotential (applied potential minus thermo-
dynamic potential of hydrogen evolution).

Figure 1b shows chronoamperometry in 1 M H,SO,
of a 1.5 um thick SWNT film (54 ug of SWNTSs exposed to
the acid) at +0.3 V upon switching the gas fed to the
plenum back and forth between hydrogen and inert
gas (argon) before (black curve) and after 144 h of
activation in the acid (red curve). Initially, the SWNTSs
show no HOR current with exposure to the hydrogen
gas (black curve), while once activated, substantial
HOR current appears (red curve).
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Figure 1c shows rotating ring-disk electrode (RRDE)
data, confirming that the cathodic currents are due to
proton reduction (with H, evolution). In this case, the
SWNTSs (27 ug) were drop-cast from ethanol onto the
5 mm diameter glassy carbon (GC) disk electrode
followed by activation in 1 M H,SO, for 144 h prior to
recording the data shown (control experiments on the
GC disk electrode without nanotubes confirmed an
overpotential for HER that remains high at ~—500 mV
vs NHE, under similar conditioning). Measurements
were recorded in 1 M H,SO, rotating at 1200 rpm.
The disk potential was linearly swept at 5 mV/s be-
tween +0.2 V (lowest plot, blue). The center plot shows
the disk reduction current (black), while the top curve
shows the oxidation current (red) from the Pt ring held
at +0.6 V, detecting the hydrogen. With the disk
stationary, H, bubbles are already seen to evolve from
the nanotube layer at —60 mV, becoming increasingly
vigorous with increasing cathodic potential. The sa-
turation seen in the hydrogen oxidation ring current
is due to the increasing number of H, bubbles that
physically separate the electrolyte from the ring on
their excursion outward. The larger current dips corre-
spond to the separation of particularly large bubbles.

Figure 1d shows the logarithmic current density as
a function of overpotential for an activated SWNT film
(54 ug) measured in T M H,SO4 (5 mV/s scan rate)
in the electrochemical cell (inset Figure 1a) with H;
flowing through the gas plenum (red curve). This is
compared for the same measurement conditions
against a Pt-loaded (0.5 mg/cm?, 250 ug Pt exposed
to the electrolyte) commercial gas diffusion electrode
(GDE, ELAT HT140EW, The Fuel Cell Store) measured in
place of the SWNT film with the platinized microporous
layer facing the electrolyte (black curve). The activated
SWNT electrode exhibits the transition from HER to
HOR at 0.0 V potential vs NHE as does the Pt-loaded
GDE corroborating the low overpotentials for initiating
the reactions on the activated SWNTs. At —0.2 V, the
HER current for the SWNTSs is a remarkable 30 mA/cm?
versus that for the Pt-loaded GDE of 86 mA/cm?. At this
low overpotential, the specific (mass basis) activity
of the SWNTs is 278 A/g, actually exceeding that
for the Pt-loaded electrode (which gives under these
conditions 172 A/g). The hydrogen oxidation current
at +0.2 V for the SWNT film is a substantial 7 mA/cm?
(specific activity 65 A/g compared to the commercial
Pt electrode's specific activity, under these conditions,
of 168 A/g). On a rotating disk electrode, the 27 ug
acid-activated SWNT layer rotating at 1400 rpm attains
58 mA/cm? of HER current at —0.2 V vs NHE, which
corresponds to 422 A/g (Supporting Information).

To be clear, these results should not be misinterpreted
as a claim that the SWNTs rival Pt in their activity.
The commercial Pt-loaded GDE is optimized for use
in a proton exchange membrane (PEM) fuel cell where,
under the appropriate conditions of temperature,
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pressure, and humidity, they attain much higher current
densities (by about an order of magnitude). The
commercial Pt electrode performance here is typical for
half-cell measurements in liquid acid electrolyte (e.g., see
Le Goff et al.®), where electrolyte impedance and diffu-
sion limitations dominate. Nevertheless, both the 0.0 V
activity onset vs NHE for the SWNTs (matching that of Pt)
and the level of activity shown by the SWNTs is remark-
able. Moreover, the same electrolyte impedance and
diffusion limitations hold for the SWNT electrode. Indeed,
while the commercial GDE has been highly engineered
for a large surface area three-phase interface, the
vacuum filtration method used in fabricating the SWNT
films produces compact films, possessing only a small-
channel, tortuous path porosity.'? For the HOR reaction,
this makes little of the SWNT film thickness accessible,
which combined with the relatively low solubility of
hydrogen in acid implies substantial room for improve-
ment by porosity/hydrophobicity engineering. Similarly,
on the hydrogen evolution side, H, bubbles trapped
on and within the film pore volumes tend to cut off
regions of the film, again suggesting significant margin
for optimization. Due to the tortuous path nature of the
SWNT films, we were unable to find clear linear regions
in the Tafel plots to permit extraction of the Tafel slope
and exchange current density. Attempts to activate
very thin films on the glassy carbon RRD electrode for
such purpose were frustrated by their delamination
from the electrode. To make comparison with alternative
nonprecious metal catalysts, at —0.2 V vs NHE (200 mV
overpotential), the nickel bisdiphosphine catalyst re-
cently reported by Le Goff et al. exhibited a hydro-
gen evolution (oxidation) current of ~1.3 mA/cm?
(09 mA/cm?) for 60 ug/cm? of the catalyst yielding
a specific activity of 22 A/g (15 A/g)® Amorphous
molybdenum sulfide films were recently described as
exhibiting HER current densities said to be “among the
highest reported for non-noble catalysts”.'> At —200 mV,
the current reported was 14 mA/cm?, about a factor of
2 lower than the SWNT HER activity reported here. Long-
term (10 h) measurements of the SWNT HOR and HER
at +300 and —300 mV, respectively, show the high
activity to be retained over the duration of the measure-
ment (Supporting Information).

Water abundance on earth exists close to pH-neutral.
Hence, for maximum utility in hydrogen production,
it is desirable to have catalysts that function at low
overpotential in the vicinity of pH 7 water. Figure 2a
compares for HER the cyclic voltammetry (CV) of an
acid-activated SWNT film in pH 7.2 phosphate buffer
(0.6 M) to that for the Pt-loaded GDE. The solid tangent
lines are drawn to aid in estimating the point at which
the HER initiates for each electrode (dashed vertical
lines). For the Pt-loaded electrode, this occurs at about
—420 mV, while for the activated SWNTs, this occurs at
—490 mV, giving an overpotential of 70 mV, which is still
remarkably low. At 1.0 V overpotential, the SWNT film
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Figure 2. Hydrogen evolution at near-neutral pH. (a) CV of an acid-activated, 1.5 um thick SWNT film in pH 7.2 phosphate
buffer (0.6 M) (red) and the commercial Pt-loaded GDE under the same conditions (black) measured in the electrochemical
cell. (b) Demonstration of the Faradaic efficiency for HER of the acid-activated SWNTs. Measured pH (black squares) of a
stirred, unbuffered KCl solution as the HER proceeds at —1.4 V. The calculated pH of the solution based on the measured

charge passed (inset) is shown as the red triangles.

TABLE 1. Reported Non-precious Metal HER Onset Overpotentials and Activities in near pH 7 Aqueous Electrolytes

catalyst

nickel"— cyclam?

cobalt pentapyridine’

molybdenum—oxo complex”

cobalt nanoparticles from boron-capped tris(glyoximato) cobalt clathrochelate
complex on GC

molybdenum sulfide/carbon composite on carbon cloth

H,—CoCat on FTO

activated SWNTs”

onset overpotential current/geometric area at

(V vs RHE) indicated overpotential ref

~0.90 ~0.01 mA/em? at 1.0V 14,15
0.66 24 mA/m?at 1.0V 16
0.52 9.1 mA/m? at 1.0V 17

~0.1 20 mA/am? at 0.7 V 18,19
0.11 1 mA/em” at 0.80 V 20, 21
0.05 3.3 mA/cm? at 045 V n
0.03 38 mA/m? at 1.0V this work

“Molecular catalyst in solution. ® With 3 M salt concentration from Supporting Information to minimize electrolyte impedance.

gives 22 mA/cm? HER current. The larger separation
of the forward and reverse parts of the scan for the
commercial electrode reflects the larger non-Faradaic
capacitive charging due to the greater surface area of
the commercial electrode compared to the relatively
compact SWNT film. HER for the SWNTs in pH 6.4 buffer
with a higher 3 M salt concentration shows the reaction
to have an onset at a mere 30 mV overpotential and
yields 38 mA/cm? of HER current at 1.0 V overpotential
(Supporting Information). Table 1 compares values of
the overpotential for the hydrogen evolution reaction
onset and the current density at the given overpotential
for the best reported nonprecious metal catalysts at
neutral and near-neutral pH. A separate measurement
of the pH change in initially near-neutral, nonbuffered, 1 M
KCl solution confirms hydrogen evolution with 100%
Faradaic efficiency. Figure 2b shows the measured
changes in pH with time (black squares) and the calcu-
lated pH (red triangles) based on the corresponding
measured charge (inset Figure 2b), assuming that each
pair of electrons corresponds to the evolution of one
hydrogen molecule (leaving behind a hydroxyl ion pair
to raise the pH). Hydrogen evolution from filtered Atlantic
seawater (without additives) is shown in the Supporting
Information, demonstrating the activated SWNT electrode
tolerance for impurities and robustness of its activity.

DAS ET AL.

This degree of HER/HOR activity is remarkable only
if it can be demonstrated that it does not originate
from some conventional metal present in the SWNT
material. Obvious candidates to rule out are the resi-
dual metals used to catalyze the nanotube growth. The
graphitic targets in our dual pulsed laser vaporization
grown SWNT material are loaded with 1 atom % each
of nickel and cobalt. Following purification (nitric acid
reflux/cross-flow filtration®®), proton-induced X-ray
emission (PIXE) shows these metals to be present at
0.05 atom % of the SWNT carbons. However, in accord
with the Pourbaix diagrams,?*? these metals can only
survive the SWNT purification (HNO; reflux), H,SO,4
acid exposure during activation, and the acidic test
conditions by virtue of being encased in bucky-onions,
rendering the metal surfaces inaccessible as the cata-
lytic sites. Nevertheless, to gain further confidence that
these residual metals are not the source of the activity,
the material was further purified by high-speed cen-
trifugation. To measure the remaining, very low metal
concentration, the material was incubated in Aqua
Regia and the solution was injected into an inductively
coupled plasma mass spectrometer (ICP-MS). This gave
a residual Ni content of 0.0018 atom % of the SWNT
carbons (the cobalt concentration was even lower).
HER activation of films made from this material was

VOL.8 = NO.8 = 8447-8456 = 2014 K@LNMLJ\)\

WWwWW.acsnano.org

8450



found to progress to the same degree, at the same
rate as shown above, even though the material now
contained a factor of 28 times less of these metals.
For comparison, note that the commercial electrode
exhibiting the HER/HOR shown in Figure 1d contains
more highly catalytic Pt at the much higher concentra-
tion of ~2.6 atom % of its carbon support. That the
trace Ni and/or Co remaining in our material should
exhibit an activity approaching that of the highly opti-
mized commercial Pt catalyst (albeit under diffusion-
limited conditions) while being present at concentra-
tions over 1000 times lower for each metal would
require invoking some extraordinarily unlikely new
catalytic form.

The counter electrode used in the preceding studies
was platinum, which is generally the electrochemical
material of choice. Under conditions of anodic cycling,
however, Pt has been shown to exhibit minor (though
non-negligible) dissolution.?*?” The cathodic cycling
of our SWNT working electrode during the activation
constitutes anodic cycling for the Pt counter electrode,
raising the possibility of anodically dissolved Pt
redepositing onto the nanotubes and this Pt being
the source of the observed activity. To minimize such
concern, an experiment was performed in which the
acid was discarded immediately following each day's
set of electrochemical cycling, replacing it with fresh
acid for the overnight soak and only replacing the
counter electrode at the start of the next day's cycling,
with no change in the resulting rate or degree of activa-
tion. The activation was also performed with the
platinum counter electrode replaced by a gold elec-
trode, which yielded the same results, but since
other precious metals might be considered culpable
in inducing the observed activity, we resolved to
attempt the activation using a glassy carbon counter
electrode. To additionally avoid the possibility of Ag
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contamination from the Ag/AgCl reference electrode, a
double junction reference electrode was used, with the
outer tube filled with fresh electrolyte and the inner
Ag/AgCl reference inserted only immediately before
each day's cycling, with the outer tube thoroughly
rinsed and dried immediately after such cycling. The
palladium contact pad, used above to make electrical
connection to the SWNT working electrode (outside
the electrolyte wetted area, inset Figure 1a), was
replaced in this set of experiments by a thick (1.5 um)
SWNT film strip (itself connected to the potentiostat
via a remote copper clip). To ensure that there was no
incidental environmental contamination, all film fabri-
cation and assembly steps were performed in a class
100 clean room; all labware used was first soaked in
Aqua Regia for 30 min, and all chemicals and dilution/
rinsewater used were of the highest available purity
(Optima grade acids, from Fisher Scientific, TraceSE-
LECT Ultra water from Fluka Analytical). Finally, ICP-MS
was performed on a sample of the centrifuged SWNT
material before and after the activation to look for Pt or
Ag contamination (Methods).

In the first such attempted activation, the shifts in
the onset potentials with cycling and soaking time
were clearly evident, but the currents obtained were
substantially lower. From the rapid appearance of a
brownish film and flaking of the counter electrode, it
soon became evident that the GC was being oxidized,
limiting the currents. In the next attempt, the GC counter
electrode was periodically polished (5 um Al,O5 Micro-
polish, Buehler Inc.), followed by a thorough pure water
rinse. Even so, we found that for the activation currents
to approach the previous levels much more cycling
(200—500 cycles) was required, with the GC counter
electrode repolished every 50—100 cycles. Figure 3a
shows the quasi-steady-state voltammograms (5 mV/s)
following the indicated soak times in the acid. The major

b

100% H,
1.0 14<«— 500 ppm CO on
SWNT

0.8
__ 06
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0.2

00 Pt (0.5mg/cm?) GDE

" | '«—500 ppm CO off
0.2 . . . .
0 5000 10000 15000 20000
Time (s)

Figure 3. Evidence that conventional metals are not responsible for the observed catalytic activity. (a) Quasi-steady-state
voltammograms (5 mV/s) following the indicated time in 1 M HNOs acid (see below) for a 600 nm thick SWNT film with cycling
and measurements performed versus a GC counter electrode demonstrating metal-free HER activation. Also shown is the
terminal activation using a Pt counter electrode for comparison. (b) Effect of CO exposure on the HOR for the Pt-loaded GDE
(black line) and the acid-activated SWNTs (red line) at 50 mV overpotential in 1 M H,SO,. The comparatively rapid recovery of
the SWNT HOR activity conclusively demonstrates that conventional metal catalysts are not the origin of the catalytic activity.
At the break in the rise for the SWNT HOR current, the H, flow rate through the plenum, having dropped, was increased.
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fraction of the activation is clearly demonstrated, de-
spite the absence of a conventional metal counter
electrode. ICP-MS of the Aqua Regia (4 mL) soaked
SWNT material showed a quantity of Ag and Pt before
the activation of 161 and 151 ppt, respectively. After the
activation, the quantity of Ag and Pt detected were
94 and 129 ppt. All of these values are consistent with
trace background levels and could not possibly account
for the activated behavior observed.

Further conclusive evidence that conventional
metal catalysts cannot be responsible for the observed
activity is shown in Figure 3b, where the carbon mono-
xide sensitivity of the activated SWNTs undergoing
HOR was tested and compared to that of Pt. The
black curve shows the HOR current (normalized to
the initial current) at 50 mV overpotential for the
Pt-loaded, commercial GDE in 1T M H,SO4 upon the
addition of 500 ppm of CO to the hydrogen flowing
through the gas plenum (inset Figure 1a). As expected,
the CO poisons the metallic catalyst so that even once
the CO flow is terminated (returning to 100% H,) the
metallic catalyst remains inactive. The red curve shows
the same experiment on an acid-activated SWNT film
(Pt counter electrode used in that activation). The very
high CO concentration also deactivates the SWNTs;
however, upon switching back to pure H, the HOR
activity immediately begins to recover. All conven-
tional metallic particle catalysts would have been
rendered inactive by the CO exposure (as was the Pt),
demonstrating that conventional metals are not the
source of the observed HOR activity or, by extension,
the source of the HER activity. There exist natural
hydrogenases that have exhibited a similar deactiva-
tion and recovery upon exposure to CO.”® However,
the idea that we could have accidentally created such
an exotic catalyst, bound to the SWNTs in a manner
that does not disrupt their electrical conductivity,
and in the quantities necessary to exhibit the degree
of activity shown, stretches credulity. Further corrobor-
ating evidence that conventional metals are not the
source of this activity appears in the Supporting
Information.

Sulfuric acid is a known spontaneous intercalant
in SWNTs.?® To test whether intercalation is relevant
to the behavior, activation of samples was attempted
in 1 M HNOs and 1 M HCl, the former a known charge
transfer intercalant of sp>-bonded carbons, while the
latter is not. The acid exposure and low voltage cycling
gave only a small increase of the HER currents in HCl,
while activation in the HNO5; was comparable to that
in the H,SO, (Supporting Information). Exposure to
higher concentrations of HNO; (6 and 16 M) greatly
accelerated the rate of the activation. SWNTs exposed
to 16 M HNO; for 8 h and transferred to 1 M HNOs
for subsequent cycling and measurements attained
saturation HER currents (for any given voltage) within
8 hinthe 1 M acid. Raman spectra of acid-activated and

DAS ET AL.

Intensity (arb.)

—— non-activated
—— activated

1200 1300 1400 1500 1600 1700 1800
Wavenumber (cm'1)

Figure 4. Raman spectra of the D and G band regions for a
nanotube film used in the cell of Figure 1. Spectra normal-
ized to the same G band peak intensity. Inset is a zoom on
the G band peak showing the upshift of the peak on
activation due to charge transfer associated with the acid
intercalation.

non-activated SWNT samples (Figure 4) show an up-
shift in the G band of 26 cm™', consistent with a
moderate degree of intercalation upon activation.>*
The D/G band ratio in these samples shows a slight
decrease of the ratio in the activated sample as is evident
from the relative intensities of the D bands in Figure 4,
where the spectra were normalized to the same G band
peak intensities. This provides strong evidence that the
activation does not induce additional defects or effect
chemical functionalization of the nanotube sidewalls.
It might be thought that the perceived increase in the
activity corresponds merely to increased low level cur-
rents from the increased surface area made accessible
due to the intercalation. This, however, cannot explain
the dramatic shift in the overpotentials for the HER and
HOR reactions (as discussed further in the Supporting
Information). Given all of this evidence, we are led to
the working hypothesis that the SWNTs themselves are
responsible for this remarkable HER/HOR activity.

DFT modeling can provide valuable insight into
molecular scale processes not directly accessible by
experiment. Details of the modeling are provided in the
Supporting Information; here we summarize the find-
ings. Simulation of the steps relevant to HER shows that
(1) a hydronium ion surrounded by a water cluster®® in
the vicinity of a (10,10) SWNT sidewall has a large barrier
for transfer of the proton to a chemisorbed, discharged
state on the carbon lattice (Volmer association step).
Such a barrier is consistent with the published Tafel slope
for HER on highly ordered pyrolytic graphite (HOPG) in
H,S0,, found to be 120 mV/decade of current,*' which
indicates chemisorption of the proton (and its discharge)
to be the rate-limiting step. Electrons added in the
simulations to the SWNT (consistent with increasing
cathodic potential) are found to reduce this barrier.
(2) For two hydrogen atoms that are already chemi-
sorbed at first, second, or third nearest neighbor sites on
the hexagonal lattice, there is a substantial barrier for

VOL.8 = NO.8 = 8447-8456 = 2014 K@LNMLJ\)\

WWwWW.acsnano.org

8452



Figure 5. Proposed adjacent Tafel mechanism. DFT calculations show that two hydrogen atoms chemisorbed in proximity on
two adjacent nanotubes have to overcome only a small activation barrier to form a hydrogen molecule (details Supporting

Information).

association of the two hydrogen atoms (remaining large
even with electrons added to the SWNT upon charging).
This would seem to preclude the so-called Tafel mechan-
ism Henm + Henm — Ha; however, the existence of layered
systems (the nanotubes exist predominantly in bundles)
provides another route to such a process: the two
hydrogens can be chemisorbed in close proximity on
adjacent nanotubes. That circumstance gives a relatively
small barrier to this mechanism, which we designate
“adjacent Tafel” (Figure 5). (3) Finally, the Heyrovsky
mechanism, in which a hydronium ion yields a proton
directly to a hydrogen atom chemisorbed to the sp?
carbon lattice (Hchm + HT + e~ — H>), has a substantial
barrier, which however also decreases as electrons are
added to the lattice with increasing cathodic potential.
With this information, the following picture emerges.
Hydrogen evolution from non-activated SWNTs is
rate-limited not only by a barrier for chemisorption on
the sp>-bonded basal plane (Volmer step) but also
by barriers for the Tafel and Heyrovsky mechanisms
for desorption. For carbon nanotube bundles, the
“adjacent Tafel” mechanism is available in the vicinity
of the contact line between adjacent nanotubes on
the outer surface of nanotube bundles, but the fraction
of such sites that are populated in light of the slow
chemisorption is not great. With increasing cathodic
potential, electrons are added to the bundles but the
rate of their addition is such that substantial over-
potential is required before the onset of H, evolution,
explaining the initial non-activated behavior. Low vol-
tage cycling in intercalating acids accelerates the rate
of spontaneous intercalation. Such moderate intercala-
tion opens up the galleys between adjacent nanotubes
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in the bundles. lons can now infiltrate these spaces
between the nanotubes. In addition to the substantially
larger surface area now made available for reaction,
and this is key, the charge compensation provided by
these intercalated but not chemisorbed ions increases
the rate at which charge can be added to the nanotubes
as the cathodic potential increases. This additional
charge induced on the nanotubes, compensated by
the surrounding ions, is analogous to the double-layer
charging that gives electrolytic capacitors their high
capacitance. As shown by the DFT modeling, this
additional charging reduces the barrier to chemisorp-
tion, allowing the subsequent adjacent Tafel (note the
close quarters between nanotubes in bundles) and the
Heyrovsky reactions to proceed at low overpotential.
This is true even for the outermost nanotubes of the
bundles which can now have ions surrounding them
on their previously inaccessible bundled inner sides.
Further modeling and experiments are necessary for
confirmation, but this picture is consistent with the
results obtained to date.

Graphitic Carbons. These results for the SWNTs and
our proposed mechanism suggested the possibility
of inducing a similar activation in certain forms of
graphitic carbons. The premise here being that
near graphitic step edges, and at the edge “plane” of
graphitic crystals, acid intercalation would locally splay
apart the graphene sheets, giving electrolyte ions local
access to both sides of the sheets. DFT modeling of
graphene sheets in the relevant reactions (Supporting
Information) showed that the barriers to proton
chemisorption (Volmer process) and evolution by the
adjacent Tafel and Heyrovsky processes are (like for
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Figure 6. Activation of HOPG. Voltammograms recorded
over the course of activating a piece of HOPG. Inset: hydro-
gen bubbles developing at —200 mV overpotential on the
fully activated HOPG electrode.

the SWNTs) dramatically lowered by charge added
to the graphene sheets. Thus, as for the SWNTSs, the
introduction of ions to previously inaccessible regions
of the graphene layers would yield enhancement
of the local double-layer capacitance, allowing for
enhanced local charge addition and corresponding
reduction of the barriers to these reactions.

Figure 6 shows voltammograms recorded, at the
times indicated, during the activation of a piece of
HOPG in 1 M HNOs. The inset shows a photograph of
H, bubbles developing on the c-plane of this HOPG
(5.8 cm?face area x ~0.23 mm thick) at —200 mV over-
potential following the activation. The idealized c-face
is a single graphene sheet that would preclude our
mechanism, but in reality, it of course contains many
step edges. We have also found that some, though
not all, carbon rod electrodes, comprised typically
of microcrystalline graphitic particles held together
by a pyrolyzed binder, can be activated. In particular,
3.18 mm diameter graphite electrode rods from Bay
Carbon could be activated (Supporting Information and
movie: Rods-HER-at-90-200-400 mV), while graphite
electrodes from Electron Microscopy Sciences and Poco
Graphite EDM grade 3 behaved like the glassy carbon
electrodes and did not activate. For the Bay Carbon
electrode rods that could be activated, a 400 °C bake in
argon was effective at deactivating the rod, after which
the activation could again be induced by our proce-
dures. Other materials that we have found could
be activated by this process were highly graphitized
(heat treated to 3000 °C) carbon nanofibers obtained
from Pyrograph and a Rayon derived carbon felt (heat

METHODS

Materials. Nanotubes used in these studies were dual pulsed
laser vaporization synthesized and purified by nitric acid reflux
followed by cross-flow filtration. Films of the purified nanotubes
were formed from Triton X-100 surfactant suspensions filtered
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treated to 1400 °C) from Alpha Aesar. The Pyrograph
CNFs have a structure sometimes referred to as stacked
cup carbon nanotubes; less information is provided by
Alpha Aesar about their carbon felt material structure.
Ongoing analysis of the microstructural differences
between these materials and XPS studies may provide
further insights into the mechanism. Our ongoing
investigation of the activation with these other carbons
has also revealed that it occurs not only with electro-
chemical cycling but also with the use of constant or
pulsed potentials. What is important is that applied
potential be made sufficiently negative for some de-
gree of hydrogen evolution to initiate.

CONCLUSIONS

Our proposed mechanism for the activation may not
be the complete story. Acid intercalation in SWNTs is a
rapid process that does not take days, but such time
scales are necessary for reaching the saturation level of
activation, and electrochemical potentials that initiate
H, evolution are also critical. While we have performed
experiments designed to exclude precious metals from
having access to the working electrodes, reduction
below some persistent background level, measured
in parts per trillion, is not possible. If that trace metal is
somehow responsible for the activity observed, the
discovery remains important, even if only from the
perspective of a remarkable efficiency in precious metal
utilization. Irrespective of the complete explanation at
this early stage, these results have important practical
significance. The principle carbon-neutral energy
sources (solar, wind, and wave energy) have natural
interruptions that require an efficient means for storage
and recovery of their energy.3*** The generation of
hydrogen from water by electrolysis and reconversion
to energy and water in a fuel cell has an ideal thermo-
dynamic efficiency of 83% for recovery of the electrical
energy, higher if the fuel cell waste heat is also put to
work3* This makes for an attractive energy storage and
recovery solution. Finely divided platinum and its alloys
catalyze the necessary reactions with minimum over-
potential and thus permit the closest approach to the
thermodynamic efficiency. The scarcity of Pt, reflected
in its high cost, however, makes broad implementation
prohibitive. Alternative, inexpensive catalysts that pos-
sess high efficiency in the necessary reactions have
accordingly been highly sought after.'>>* The activated
carbons reported here may provide that long sought
solution.

onto 200 nm pore PTFE membranes (Sartorious). Water washing
removed the surfactant, and drying consolidated the film on the
membrane surface.

The highly ordered pyrolytic graphite used was a piece of
high-quality (low mosaic spread) HOPG random cutting from
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the fabrication of X-ray monochromator crystals (Union Car-
bide, Ohio) provided by Prof. David Tanner, University of Florida.

Microcrystalline graphitic rods tested were from Bay Carbon
(grade ST-21), impurities reported to be 1 ppm of Si and <1 ppm
of Al, Ca, B, Fe, and Mg; Electron Microscopy Sciences (part
number 70200); and Poco Graphite, EDM grade 3.

Carbon nanofibers were from Pyrograph (Pyrograph-Ill
PR-24 XT-HHT). Rayon derived carbon felt was from Alpha Aesar
(#43199).

The 0.5 mg Pt/cm? (30 wt % Pt) commercial Pt-loaded gas
diffusion electrode was obtained from the Fuel Cell Store.

Reagents were from Fisher Scientific, ACS reagent grade,
and used as received. In the metals-free activation experiments,
the acids were Optima grade (Fisher Scientific) and the water
was TraceSELECT Ultra water (Fluka Analytical).

Electrochemical Measurements. Potentials are reported relative
to the normal hydrogen electrode (NHE) by the addition of
210 mV to the Ag/AgCl (3 M KCI) reference electrode used in
the Teflon cell (description below) or by the addition of 197 mV
to the Ag/AgCl (saturated KCl) reference electrode used in the
RRDE cell. RRDE measurements were performed using a Pine
Instruments AFCBP1 bipotentiostat, AFMSRCE rotator with an E6
series RRDE with a Pt ring, and glassy carbon disk. Linear sweep
and cyclic voltammograms measured in the specially constructed
electrochemical cell were recorded using a Gamry Reference
600 potentiostat. Faradaic efficiency measurements were per-
formed in the RRDE setup, keeping the solution well stirred by
rotating at 1600 rpm. The pH was measured using a Denver
Instrument model 220 meter.

Spedally Constructed Teflon Electrochemical Cell. Figure S1 (Supporting
Information) shows a photograph of the Teflon electrochemical
cell (schematic shown in the Figure 1a inset). Nanotube films
used with this were formed by vacuum filtering SWNTs from
aqueous surfactant suspension to the surface of a PTFE mem-
brane, washing with DI water, and drying. The use of an over-
sized membrane (47 mm diameter) in the filter funnel allowed
for the 15 mm diameter SWNT film to be offset to one side of
the membrane. Except for the completely metal-free activation
experiment (described in the article), electrical contact was
provided by a Pd metal contact pad sputtered across the longer
bare membrane surface to one edge of the SWNT film (with
~2 mm of overlap). The nanotube film side of the membrane
was pressed to a circular opening in the sidewall of the electro-
chemical cell (inset Figure 1a). An O-ring surrounding the open-
ing defined the working area (0.50 cm® of the SWNT film
exposed to the electrolyte, with the Pd metal kept well outside
the electrolyte wetted region. The nanotube film and its support-
ing PTFE membrane were pressed to the cell body O-ring by the
gas delivery cover. The cover incorporated a gas plenum behind
the membrane, directly in line with the opening in the cell body.
Hydrophobicity of the PTFE membrane prevented the aqueous
electrolyte in the reservoir (contacting the SWNTs) from seeping
through the membrane to the plenum, while gases fed to the
plenum diffused through the membrane to the SWNTs. Not
shown in the Figure 1a inset are a Pt flag counter electrode, a
Ag/AgCl reference electrode, and inert gas (Ar) purge lines that
entered the electrolyte compartment through a lid that other-
wise sealed the cell (cover shown in Figure S1).

Rotating Ring Disk Electrode Setup. For the rotating ring disk
electrode measurements, nanotubes (27 g) were drop-cast from
ultrasonicated ethanol suspension onto the glassy carbon disk
(5 mm o.d.). The GC disk was mounted into an RRDE assembly with
a Pt ring (6.5 mm id, 7.5 mm o.d., Pine Instruments). Figure S2
(Supporting Information) shows the experimental setup.

Raman Spectroscopy. Spectra were recorded in a Renishaw
Ramascope 1000, using 532 nm excitation and T mW power.
Four spectra were recorded at distinct positions within the
region that had been exposed to the acid during cycling, that
is, within the region bounded by the O-ring (activated), and four
spectra were recorded at distinct positions well outside the
region defined by the O-ring (non-activated). Besides a consis-
tent peak upshift and a slightly reduced D/G band ratio in the
activated region spectra, the spectra recorded there were also
consistently lower in intensity by a factor of ~1.6. This provides
further evidence for the intercalation: the resonant Raman
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intensity depends on the electronic transition rate which is
reduced by a partial ground-state depletion upon charge
transfer intercalation/doping. Given the consistent differences
between the spectra in the two regions the four spectra com-
mon to each region were summed and normalized to the same
G band peak intensity, with the results shown in Figure 4.

ICP-MS. All reagents used for the ICP-MS elemental analyses
were Optima grade, and the sample preparation was done
under a clean lab environment in the Department of Geological
Sciences at the University of Florida. SWNT material was leached
in precleaned Savillex PFA vials (http://www.savillex.com)
with Aqua Regia (3 mL of HCl and 1 mL of HNOs) overnight
on a hot plate at 120 °C. Under these conditions, it is expected
that the elements of interest were transferred quantitatively
into solution. After digestion, part of the Aqua Regia solu-
tion was further diluted with 5% HNO; and loaded in the
ICP-MS for analysis. Elemental analyses were performed on a
ThermoFinnigan Element2 HR-ICP-MS in medium resolution
mode. Quantification of results was done by external calibration
using a combination of commercially available standards
(http://www.qcdanalysts.com) gravimetrically diluted to appro-
priate concentrations.
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