Recent progress in surface NMR-electrochemistry
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NMR spectroscopy is one of the newer spectroscopic technigues for investigating the static, dynamic and electronic structures of
molecules adsorbed onto metal cataltyst surfaces. We review recent progress in the spplication of solid-state NMR methods to the
investigation of molecules adsorbed onto metal surfaces in an electrochemical environment: in the presence of electrolyte, and at
an electrified interface under external potentiostatic control. While at a very early stage of development, the NMR-
electrochemistry approach has considerable potential for investigating otherwise inaccessible aspects of electrode and sdsorbate
structure, and should enable a comparison of results obtained from different spectroscopies, in particular from IR spectroscopy.
We present 8 beief review of the development of the subject, followed by details of the instrumentation necessary for NMR- -
clectrochemistry studies. We show how spin—spin relaxation can give information on surface structure and surface diffusion, how

" spin-lattice relaxation can give information on the presence of conduction electron spillover onto the adsorbate, and how the
NMR of surface species responds to an externally applied electric field. The *C-NMR of CO on Pt in an electrochemical
environment is compared with the *2C-NMR of CO on Pt catalysts in vacuum, which are well characterized. In the case of CN
on Pt, we show large spectral shifts of the resonance as the electrode potential is varied, providing an independent measurement
of the effects of the electrified interface on the chemisorption bond. Spectral sensitivity is also now adequate to observe nuclei
which produce even weaker signals than 13C, such as 1*N. The NMR-electrochemistry method thus opens up a broad new array
of possibilities for probing static structures (from T;), surface diffusion (from the temperature dependence of Ty) as well as
electronic properties of the chemisorption boad (from 7T}, and from electrode potential effects) at electrochemical interfaces, and

cells.

for studying reactive intermediates and poisons on high-surface-area catalysts, such as those utilized in hydrogen and organic fuel

Solid-state NMR spectroscopy’ can, in principle, provide con-
giderable new insights into problems of importance in electro-
chemical surface science and catalysis such-gs: (i) the nature of
the surface chemical bond and the local surface density of
atates; (i) the intramolecular structure of adsorbates; (iii) dis-
tances between adsorbates and (iv) intra- and inter-molecular
motions of adsorbates (eg. surface diffusion). Unfortunately,
NMR is a very low sensitivity technique, ‘a" problem- which
tends to be exacerbated in samples of metaltic powders (where
the radiofrequency has difficulty penetrating a sample owing
to skin-depth effects). Further difficulty may arise if a sample
is connected to an external device such as a potentiostat,
where noise can be readily picked up from the local environ-
ment,

To illustrate the general difficulty of applying NMR to
surface investigations, consider the fact that 1 cm? of & metal
surface contains ca. 10'% atomic sites, while a typical NMR
experiment (for '*C) requires ca. 10'? spins.2* Assuming a
complets 1:1 adsorbate/metal coverage, this demands ca. §
m? of & surface. One is, therefore, usually compelled to work
with relatively large-surface-area samples, such as small metal
particles supported on non-conducting substrates, such as »-
alumina, silica, or titania. However, the requirements for an
electrochemical sample differ significantly from those which
are typically found for gas-phase heterogenecus catalysis
studies. For electrochemistry, the sample must be an electrical
conductor, and it should be at equipotential throughout its

1 Prescat address: Lynntech, Inc., 7610 Bastmark Drive, Suito 105,
College Station, TX 77840, USA.

volume, With these caveats in mind, we first consider what
msshtbeieamodd‘oneeouldm'factearryoutNMRexpm
tsmmelectrochenncalenmonment.'!‘hcn.weshowthat
mchexpmentscnnmdeednowbecamedout.

Surface NMR invesligat:ons of selected gas-plnse
adsorbates -

We review below, surface NM&dnta on w‘m aclectgd
adsorbates obtained from the gas phase, that have a direct
relevance to species studied at the solidliquid interfacs, par-
ticularly surface CO, but also hydrogen, ethylene and acety-
lene. Work on adsorbed hydrogen started early on when the
substrate was first palladium* then later platinum, copper
andtungsten."’wmetbesevcryeaﬂystudmdultpmdom

nately with physisorption (see the review by Pleifer®), more
recent investigations have been concerned with chemisorbed
species (for reviews see ref 2, 3 and 9--12). The adsorption of
earbonmonoxidehasbeenol’pa:ﬁcula:intemt,andhubm
widely investigated in materials such as rhodium supported
on alumina,!® ruthenium, rhodium and palladium supported
on silica,!7 and platinum gnd palisdium on alumina.'*-22
Two forms of surface CO, both well known in ultra-high
vacuum(UHV)sudwemrd;.havebemdetectcdhyNMR

linear- and bridge-bonded CO, as well as in some cases iso-
lated metal carbonyls.!* More detailed studies have enabled
considerable structural information to be obtained, such as:

C—0 bond distances,?? the local packing density of CO on
metal particle “uwﬂluthemtesol’COsurﬁee
diffusion,!3-1%-22 for example.
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A LwvuiuUUud LY UBS UECL HElEMpted using magic
angle sample spinning (MAS) of CO on silica-supported
rutheniam end rhodium samples,?® and has sevealed isotropic
shifts for the linearly bonded CO, but failed to detect narrow
lines ¢ ing to bridge-bonded CO. This was attributed
1o an inherent heterogensity of the bridge-bonded site. The
hnkof,theMASnmowing,of“CONMRlpemaon
slumina-supported platinum and palladium?* has also been
noted, and has been attributed to the heterogeneity of the CO
adsorption site, as well as more complex problems associated
withthehrgemlsnuictumpﬁbﬂityof!’t.l‘hus,whﬂemagic
mglcumplerpinningtechniquesmquiterouﬁnelyusedto
investigate e.g. organic solids or metal carbonyls, they have
_ been less successfu! in generating high-resolution NMR
* spectra of molecules adsorbed to metal {especially platinum)
surﬁces.Ontheonehand,thisisunfortunatebut,onthe
other.oneis&eedfromthcneousityofspinningametaﬂic
sample in 2 magnetic ficld, while attached to a potentiostat,
since clearly much useful information can be obtained by use
of stationary samples.

" Such solid-state NMR studies have also provided consider-
able information about the molecular structure of some other
adsorbates. For example, acetylene adsorbed on supported

'um.omiumandiridiumhasbeeninlensively

studied**~2" Slichter and co-workers?S investigated low levels -

of acetylene on alumina.supported Pt uging spin-echo double

resonance and multiple-quantum coherence techniques and .

concluded that, at low coverage and at room temperature, the
main gurface species was =CH,, with a bond length of
1.44 A, midway between a single and a double bond. At high
coverage, ethylidine was the main surface product,?” in agree-
ment with previous UHV work (ref. 28 and teferences therein),
At high temperature, the C—C scission in ethylene and acety-
lene was shown 1o occur vig different intermediates, but with
very similar activation energies. -

These investigations of metal-adsorbate interactions in gas-
phase systems using static samples have resulted in many
important observations relating to the static, dynamic, as well
as the electronic structures of molecules adsorbed to metal
surfanes.mdtheypmmptedustowxoexmdthesctypesof
studies to an ical environment.?*~*! The motiva-
ﬁonforthismmhwassimplytobeabietometgeelwu'o-
chemical techniques with the familiar solid-state NMER
amammuﬂum,mbﬁng,inprindple,allthetypimtypesof
solid/gas-phase NMR experisnents, T, 7;, Tp, diffusion, but
at electrified - interfaces, under potential control, Of course,
other spectroscopies offer important alternative probes of
surface structure in an i i
cesses such as surface diffusion, thermodynamic properties,
densiﬁuofmtea,uwellugeometﬁcproperﬁesmxhas
bondlen'sths,areoﬁendiﬁuﬂttodeterminemingmormt-
tering techniques and, at least, it was thought that the NMR-
clectrochersistry method should be a useful complementary
technique—certainly one which might be very valuable for
investigating real world ¢lectrocatalyst samples.

It was however, necessary to overcome the following major
problems.

(1) Measurements were to be carried out with self-supported
metal powder electrodes, precluding the standard high-
temperature cleaning procedure used with supported metal
catalysts.

{2} Conducting liquid (supporting electrolyte) was always to
be present.

(3) A threc-electrode electrochemical cell, operating in- the
NMR probe, was desirable.

(4) Radiofrequency pickup introduced into the probe by the
potentiostat leads needed to be eliminated.

Fortunately, none of these problems produced insurmount-
able obstacles to obtaining NMR spectra, and recent instru-
mentation improvements, which are described below, provide
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oxperiments to be per_formec_l_.-.,
Electrochemical NMR
Sealed samples

The ﬁﬂ\t surface ll'lvcsﬁsated by NMR R T T

involved the use of ca. 1 g of platinum, correspoading to ca.
20 m* of platioum surface area. The nical adsorp-
tion and vo} i

described in the following section. The particles; 80 &

This collection of electrically connected placiiiny ‘utiro-
particles exhibited voltammograms characteristic 6f % poly-
crystalline platinum eclectrode. The CO adsorbate was
generated from 99% '*C-enriched methano] decomposed on
the platinum electrode in a preparative electrochemical cell.2?
The platinum powder, covered by the 3¢ adsorbate, as well
as the solution containing !*C-enriched methanol, was then
quickly transferred to an NMR tube (1.0 crn in dismeter and
l.Scminlength)andﬂmeMedunderaninenguauno-
sphere. Fig. 1 shows the 3C NMR spectrum of such a PtCO
(ads) sample?® Background samples containing platinum
black powder in direct contact with clean electrolyte (0.5 m
H,50,, without any methanol) provided featureless baselines.
The sharp peak at ca 50 ppm downfield from tetra-
methylsilane (TMS) is due to methano! in solution, while the
broad spectral feature centred at ca. 340-375 ppm downfield
from TMS is characteristic of the '*C surface product of
methanol oxidation, PtCOfads). _

NMR samples with potential control

After these initial observations in a sealed sample, Slezak and
Wieckowski constructed the first NMR electrochemical
cell,'3% Fig. 2. The electrode was fabricated with 2 7 mm
glass frit and had & reservoir for the 1 u NaCl ¢lectrolyte for
the Ag/AgCl reference electrode. The counter-electrode was
madeofaﬁ.?Smmdiameterplaﬁnumwiremaahedtoa
platinumfoildisk.Thediskwasplaeeda:thesuIadendof
theoell,andthewirewasextendedoutthroughatube.'l‘he
working eloctrode consisted of 1 mm diameter platinum wire,
0.25 mun thick platinum foil, platinum wire gauze, and plati-

num black powder. The bent portion of the platinum strip,

andthewiregauudisk,urudtoreuintheplaﬁnumblack
powder in a near cylindrical configuration within the NMR

Using this cell, these authors showed, for the first time, that
NMR spectra could be observed within an electrochemical

N
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Fig. 2 Diagrum of NMR electrochemical cell prototype. The fuel cell
grade Pi-black powder is contained in a platinum foil boat.

cell, and the spectra observed were electrode potential depen-
dent,?*3? with the surface CO being stripped off the surface
{as CO,) at positive potentials,’> However, there were severe
limitations in the eriginal design. The large number of acquisi-
tions (ca. 10%) needed in order to obtain a spectrum with &n
acceptable signal-to-noise ratio was prohibitive for detailed
relaxation studies, and this led to our recent development of
new probe designs and sample preparation methods, which we
" now discuss in rore detail.

Sample preparation and spectroscopic aspects

We show in Fig. 3 a schematic of our new NMR clectrochemi-
cal cell. The new cell was designed to permit both sample
preparation and signal acquisition, avoiding sample transfer
from a preparative electrochemical cell. That is, the sample
can be generated and characterized in sitw in the NMR
magnet, without interruption of circuit continuity, imme-
diately prior to performing the NMR measurements. The
large electrolyte reservoir, which houses the counter and refer-
ence electrodes, provides ample electrolyte for complex and
lengthy measurements to be made, without solvent evapo-
ration. The location of the platinum black powder is within
the long sample region of the cell. The sampie cell is wrapped
with a copper wire (the NMR coil) which serves for both exci-
tation and signal acquisition, Fig. 3. The NMR electrochemi-
cal cell also incorporates the ability to exchange the
electrolyte without removing the probe from the magnet.
When directly connected to a potentiostat, use of the NMR
electrochemical cell requires extensive clectronic filtering of
the electrochemical leads entering the probehead, in order to

Fig. 3 Improved electrochemical NMR cell. A, platinum foil counter
electrode, encased in & 14/20 mals joint; B, wpper eloctrolyte :
C, sample chamber for Pt-black; D, working electrode lead connected
whpuuhumplechmbu;z.mum}wmelmeonmcﬁon;ﬁ
Ag/AgCl reference electrode Luer connection.

climinate environmental radiofrequency pickup, as discusseq
in more detail below.

The NMR electrochemical cell is housed in the NMR
probe, illustrated schematically in Fig. 4. The probe is
designed for an 8.45 T (360 MHz) wide-bore (89 mm) super-
conducting magnet, and is loaded into the top of the magnet
with the centre of the sample positioned at the magnetic
centre, The electrochemical leads are connected to 0.141 inch
diameter semi-rigid coax, which are part of the probe, by
BNC connectors. The semi-rigid coax runs the length of the
probe and enters into the probehead where the NMR electro-
chemical cell is located. Low-pass LC filters are installed at
this point, as shown in Fig. 5 and in Table 1. These filtets
serve the dual purpose of minimizing the introduction of
environmental noise, which can be transmitted through the
electrochernical leads, plus they also act as f chokes in the
reverse direction, preventing the leakage of high-power excita-
tion pulses out into the potentiostat. Typical circuit values for
13C and *N NMR at 845 T are given in Table |, and a
typical time for obtaining a single spectrum from a '3C
sample at room temperature is 30 min (which is about the
same as needed for an IR measurement of a common elec-
trode adsorbate from smooth surfaces).

The. techniques and equipment necessary for NMR signal
acquisition are those typically used in solid-state NMR at the
solid/gas interface. The frequency domain linewidths of typical
13C or 15N signals (**CO, *CN, C'*N) on platinum at 845 T
are ca. 20 kHz (full width at half maximum), requiring fast
digitization for faithful reproduction of the rapidly decaying
signal in the time domain (ca. 1 to 5 ps dwell times) At
present, we are using the following equipment: for digitization,
a Nicolet Bxplorer IIIA fast digitizer; for pulse control and
data acquisition and Fourier transformation, a Nicolet 1280
comgputer system. Signal acquisition is accomplished by apply-
ing a Hahn spin-echo sequence followed by a signal acquisi-
tion period: [x/2-t,—n—r,-acquire], where r, <7, so that
acquisition begins before the echo maximum. Typical valucs
for 7, are in the range of 25-40 ys. The precise echo maximum
is located prior 1o Fourier transformation by lefi shifting the

. 3 x0.141 in Agid comx
terminated in BNC connectons
.. Bbout 3.5 leet long
i {tor slectochemigtry}

Fig. 4 Schematios of the NMR-slectrocheistry probe and circuitey.
The probe casing and cap are made of brass. All the internal pieccs
are made of copper. el nic e s R R
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tisted in Table I

time-domain data, For low-temperature work, we use, at
present, conventional sealed samples which are not under
externilpotcnﬁaleonu‘oLAvnﬁetyofsamplesimhavebeen
uaodand,insomesealedsamples,wehavedﬂutedoursamplcs
with fine glass powder, which enhances rf penetration and
thereby, seasitivity. The 90° pulse widths vary depending on
samaple size and nucleus under investigation, but are typically
intheran;e?—-lOps,witheompositepulsesbeingusedto
- enhance the excitation band width.3?
'Ihefaetthatthe‘echodecaysveryrapidlyiatheﬁme
domainleadstoaproblmoommoninnolid-sute NMR
work: the appearance of a ‘pulse feedthru’. This artifact
mu!a&omthemovuyofthcmccimdrwitsmdnﬁng-
downofthemmuﬁtte:mdprpbea‘mﬁtsaﬂuthehigh-
povéerexdtaﬁonpulses.Tomduoethispmblem;apulse
aequencensedtodiminate‘rinsdown‘inquadmpolaredm

Electrochemical adsorption and voltammetry
As noted above, we have used polycrystalline Pt-powder elec-

associated with

S T

adsorpﬁonhuniedontinawwm
coll, with a rolled platinum gauze as the Eonnier electrode, and

A#/AgCl (1 4 NaCl) as the referonce clectrods, In this el the
platinum powder is evenly distributed over the Pt gauze,
which is spot-welded 10 a platinum wire which is connected to

8 potentiostat. Prior to electrochemical adsorption of cyanide

finally electro-

to pH 11.2 with sodium hydroxide. A vacuum is applied in
order to speed up the rinsing-replacement procedure. The
cyclic voltammogram (CV) curve in 0.5 m Na,SQ, is shown in
Fig. 6B. A concentrated solution of **C-enriched sodium
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Fig. 6 CVsofPt-powdereleclrodes,lmVs“mme.A,ino.Sn
H,S0,; B, in 0.5 M N80, , pH 11.2; C, in 0.5 w Na,SO,, pH 112,

trodes to help overcome the inherent sensitivity problems  pre-treated with NaCN (02 M),
Table 1 Configuration of filter elements
13C fea. 90.8 MiHz) 15N (ca. 36.5 MHz)
probehesd ; probe input probehead probe input
electrodes LipH. C/pF LuH C/pF LivH CipF LiuH C/pF
working L1 680 = — 80 680 — 300
reference 1.1 680 —_ — 1 —_ e _—
counter 1.1 680 - 35 680 -— 3%
1020 J. Chem. Soc., Faraday Trans,, 1997, Vol. 93
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cyanide is then added to give a final concentration of 0.2 M
CN~, and adsorption carried out at —300 mV (ps. Ag/AgCl)
until no current flow can be measured (ca. 1 h). When adsorp-
tion is complete, the solution containing excess cyanide is
washed out using fresh deaerated 0.5 M Na S0, {pH 11.2)
electrolyte. A basically similar procedure is used for MeOH
¢lectrodecomposition. Voltammetric characterization shows
that the CN adsorbate results in a complete blocking of the Pt
surface sites, Fig. 6C, and that there is no significant anodic
current upon scanning up to +0.6 V (where platinum surface
oxidation begins). However, holding the potential at 1.00 V
for 30 min allows for oxidation of cyanide to cyanate (CNO™)
and/for carbonate (CO,27),*® and restores the surface to its
original condition, as deduced from subsequent voltammetric
profiles.

Surface NMR spectra

We have now obtained the 1*C NMR spectra of *2CN and
13CO (ex MeOH, ref. 29) electrochemically adsorbed onto
polycrystalline fuel cell grade platinum (Johnson Matthey), as
well as the N NMR spectrum of C'*N adsorbed onto the
same material. Typical spectra are shown in Fig. 7. The '*C
spectra have similar line widths (full inewidths at half-height)
of ca. 230 ppm, Fig. 7A, while the '*N spectrum is somewhat
broader, ca. 400 ppm, Fig. 7B. For '*CO on Pt, the ¢lectro-
chemical cell results are quite similar in breadth and shift to
- those observed previously for CO from the gas phase on small
supported-platinum particles, with frequency shifts of ca. 350
ppm from TMS being observed. *C NMR studies of CO on

PiCN — A

1500 1000 500 0 500 -1000 -1500

Y ghift (ppm from TMS)

2000 1500 1000 500 O -500-1000-1500 2000
58 ghift (ppm from CHaNO,)

H’.T The 845 T carbon-13 and nitrogen-15 surface spectra, A,
Pt1*C0(ads) and Pt'*CN(ads). For Pt1*CO, in 0.5 m H,50,, 13200
acquisitions, 1 s recycle delay, 5000 Hz line-broadening, 1024 points;
for PtY'CN, in 0.5 % Na,SO,, pH 11.2, 5000 acquisitions, 1.5 5 recycle
delay, 5000 line-brosadening 2048 points. B, PtC'5N{ads), in 0.5 M
Na SO, pH 112, 20000 acquisitions, 2 s.recycle delay, 5000 line-
broadening, 204€ points.

supported Pt in vacuum have shown that this ift i

be ascribed to a Knight shift. The }3CN Mﬁm
much smaller, 52 170 ppm from TMS, implying a much
smaller Knight shift. The observed linuhapes represent a
combination of Knight shift anisotropies, chemical shift anjso.
tropies, and broadening from magnetic field gradients from
thePtdema;neﬁzingﬁelds.Aswiththemphmsymm;_
their detailed interpretation will require a future in depth

Atheoretical analysis. However, in these gas-phase investiga-

tions, the NMR of surface atoms of metals has been
observed®” and already modelled phenomenologically.?® The
position of the surface Pt resonance has been detived from ab
initio calculations,*® and a local density formulation for the
NMR parameters (Knight shift and T;} has been applied for
metals.*® o addition, the electronic processes produced by
chemisorption have also been addressed, e.g. ref. 41, although,
overall, very few calculations are available for comparison
with NMR data.** Fortunately, however, much detailed struc-
tural information can be deduced from relaxation measure-
ments, in particular the spin—spin and spin-lattice relaxation
times T; and T,, and this will be the focus of the following
sections, where we compare NMR-electrochemistry results for
PtCN(ads) and PtCO(ads) with earlier studies of CO chemi-
sorbed on supported Pt in vacuum, '

Surface coverage and diffusion from T,
measurements

In previous work, Slichter and co-workers have made exten-
sive investigations of the spin-echo decay behaviour of 13C
nuclei in 13CO adsorbed onto small supported metal catalyst
particlesi®2143  gand  therefore, we begin our NMR-
electrochemistry studies here using 7, as a structural probe.
When investigating sarnples under H,O, there is clearly a pos-
sible problem associated with the presence of 'H spins, which
can contribute to a dipolar dephasing of the **C nuclei. This
effect is shown in Fig. 8, where we present spin-echo-decay
results for Pt!3CN(ads) and Pt:*CO{ads) in H,O and D,0.
At 80 K, where ligand and water mobility is low, the presence
of the abundant *H spins clearly causes a large enhancement
in echo decay rate. However, this is effectively removed when
a deuteriated electrolyts is mployed, enabling an analysis of
static structure using the methods previously employed for the
supported catalysts in vacuwmn systems.*** This approach is

0'01- T L T T T 1 X o
0 200 400 600 800 1000 1200 1400 1600
. T/ue '

Fiz.8 T, decay results of Pt'*CN(ads) and Pt!*COfads) at 80 K in
electrolyte with H;O and D,0 as the solvent
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- simpler than implementing proton decoupling in our current

instrument set-ups. -

In the latter systemns, the spin—echo decay was found to be
produced by two mechanisms. The coupling of 13C to the Pt
spins produces a relaxation of Lorentzian character, with a

- characteristic time T, , as was shown previously by measure-

ments with *CO diluted in *2CO on supported Pt particles.?!
The other is the 3C-*3C dipolar coupling which produces the
so-called slow-beat of the spin-echo-decay, fronti which infor-
mation on C~~C distances or clustering was obtained.?! In
cases where many neighbours in all spatial orientations are

- present, the slow beat can be approximated by a Gaussian

with a time constant T,5. Therefore, the spin-spin relaxation
is expected to take the form: - : oG

My = Mg, exp[ f(‘f Do) lexp(—1/Ty)

Our relaxation curves are such that it is not possible to
deduce from them both T, and T, , in large part because of
limited sensitivity achicvable with the Pt electrocatalysts at
8.45 T. We have therefore taken the value of T,, measured
independently of T, in the supported Pt systern, namely 2.7
ms.** We believe this is a reasonable approach since this
process is in the strong collision limit in which the relaxation
time is equal to the correlation time (see below) and is inde-
pendent of the strength of the coupling. .

In order to get theoretical estimates for T, we have used
the well known adlayer patterns on single crystal surfaces of
CO to calculate the slow beat behaviour. Such patterns are
similar or identical to those obtained from electrochemical
adsorption of CO on single crystals.**—* Gas-phase T4 is ca.
1.6 ms for a c(4 x 2) pattern on P(100), and 3.2 ms for a low
CO coverage on Pt(100).2! Hence, T,q is very sensitive to the
coverage. Our results for CO indicate that Ty values are ca.
29 ms (31% coverage) and 2.1 ms (40% coverage) for decom-
position times of 1 h at ~150 mV and 4 b at 150 mV in
deuteriated solvents, respectively. Thus, NMR measurements
in an electrochemical environment permit a determination of
coverage at the microscopic level which complements the elec-
trochemical estimate. Such measurements could permit tests
ofposdbhlocal:urfwemucturedmngesinducedbysn
applied electric field. Of course, unlike diffraction methods, we
capnot directly ‘invert’ our NMR data into a surface struc-
ture, although this can be done for bond lengths?22:26 with
isolated pairs of nuclei

The température dependence of T, is known to provide
information .on surface diffusion.?*43-5! We ghow, in Fig 9,
the **C T, relaxation resuits of PtCO(ads) and PtCN(ads)
samples in D, 0, &3 a function of temperature. For PtOO(ads),
there is a minimum in 7; at ca. 170 K. This occurs when the
oorrdaﬁonﬁmeforOOmoﬁonisoftheorderofthemdpro-
cal of the '3C-13C dipolar coupling, that is at the cross-over
from the strong-collision to the weak-collision limit. There-
fore, we account for the data using a simple model! It
involves two relaxation mechanisms: the fluctustions of the
13C-13C dipolar coupling by local motion of the adsorbate,
and the random motion over the entire surface of the particle
in the field gradient produced by the particle itself:

(1) 2 13C-13C dipolar coupling with a splitting Aw, ;

(2} diffusion through a local magnetic field gradient, AH..
due to the magnetic polarization of the paramagnetic par-
ticles, producing a frequency change Ao,

(3) 1/T; (other), to represent all other relaxation mechanisms,
incinding the relaxation by Pt spin flips (which is a term' pro-
portional to temperature, see e.g. Fig. 2 of ref. 21).

There are also two motional regimes, the strong-collision
Iimit, where:

T D—l-'wh —l—-=l
[ ] AGJ' 1—2 T
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Fig. 9 Temperature dependence of spin—spin relaxation rate of Pt
HCN (@) and Pt12CO (O) in deuteriated electrolyte

and the motional narrowing regime, whers:

1 1
| T, € s -:r-,; = Aw?t
For the dipolar interaction, the characteristic time s, =
Tjemp» While for diffusion over the Pt particle, e = Notpps
where N is the number of jumps needed to travel over one
quarter of the Pt surface circumference. The average jump
time .., is given by an Arrhenius relation:

Thump = T, EXE*fky T)
where E* is the activation energy.

This model accounts for the basic features of the tem-
perature dependence of 1/7, with: Aw, = 1 kHz, Aw, =25
kHz, N=25, 7,= 1 x 10°% 5, E* = 79 kcal mole™!, and
1/T{other) = 400§~ 4. 4 gt K1 T 8¢

These results obtained for CO on Pt in an electrochemical
environment are quite close to those obtained previously for
CO on a single crystal, and on supported-Pt catalysts in
vacuum, where, in the latter case, an activation energy of
6.5 + 0.5 keal mol~! was deduced from the time evolution of
a half-flipped lineshape.*® For CN on Pt, we see basically
gimilar behaviour (Fig. $). As with PtCOf{ads), we again find &
maximum in the 1/7; relaxation rate, however, the activation
energy increases from 8 + 1 t0 9 + 1 keal mol™2, and the te-
perature of the 1/T, maximum increases from ca. 170 to 205
K. Both values are larger than that of the CQ adsorption, and
are likely to be associated with stronger Pi-CN metal-
adsorbate interactions, consistent with previous work. 5

Towards electrocatalyst electronic structure from
T,

The spin-lattice relaxation of !>CO on supported Pt in
vacuum has been shown to be due to conduction electrons at
the site of the C nucleus.*®2® The ‘strength of the relaxation
depends on the nature of the bonding to the metal {extent of ¢
bonding and backbonding) and on the position of the energy
levels relative to the Fermi level of the metal. Therefore, T,
measurements give information on the bonding of the chemi-
sorbate. Consequently, we have investigated the 13C T} values
for PtCO(ads) and for further comparison PtCNyads), both in
electrolyte solution. We show in Fig. 10A a typical inversion—
recovery data set for Pt'3CN(ads), whete we find that the dats
can be well fit to a single exponential, Fig. 10B. Similarly, we
find a single-exponential recovery for PtCO(ads).5! We have
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Fig. 10 Typical inversion—recovery spectra for Pt*3CN{ads), A, and
_ similar data fit to & single exponential, B

also been able to obtain !*N 7, relaxation data, although
there is a substantial increase in the amount of acquisition
time required, as expected on the basis of the small gyromag-
netic ratio of ’N. Interestingly, for all three systems,
Pt'*CN(ads), PIC'*N(ads) and Pt**COfads), we find single
exponential behaviour at temperatures where the adsorbartes
do not move on the NMR timescale, implying either a single
site, or the presence of spin-diffusion. Since T, T was not a
function of temperature, we conclude the presence of a major,
singie site, in the electrochemical environment, as opposed to
the two sites {terminal and p,-bridging) found in gas-phase
studies of PtCO. We have also determined the spin-lattice
relaxetion times of ¢ach of these systems over a wide tem-
perature range. In all three cases, we find that the spinJattice
relaxation rate is inversely proportional to temperature:

1/, «c T or T, T = constant.

Of all possible spin-lattice relaxaticn mechanisms, the obsery-
ation that I, T is constant is the hallmark of relaxation by
conduction electron spins, or Korringa relazation.!®3? The
strength of the relaxation mechanism implies that the conduc-
tion electrons are at the site of the nucieus.2°

‘The smallest Korringa product is found for CO ex MeOH
on Pt, where T, 7T = 80 £ K (Table 2), while the Korringa
product for electrochemically adsorbed cyanide is ca. 1355 K
at low temperatures, decreasing to ca. 90 s K at room tem-
perature, Table 2. For the **N nucleus in PtCN(ads), we also
find a compiex temperature dependence of the Korringa
product, as shown in Fig. 11. At low temperatures, 7T =
4000 s K, while above ca. 200 K, T; T a 3000 s K, as shown in
Fig. 11. A similar decrease was obsérved in the T; T product of
13CO on supported Pd in vacuum,*® and may indicate a smali
structural rearrangement.

Now, the spin-lattics relaxation induced by the contact
hyperfine coupling is related to the Knight shift by the Kor-

ringa relation:
IREAY
WL (K’4«k.)(v.) s

Table2 '3CN and '*CO spin-lattice relsxation data fo sealoed
PtCMN{aq) and PtCO{aq) samples (20% Pt)uafuneﬁonrofm.

perature, and & comparison between sesled and
et catl e sample and NMR electro-
sample temperature/K* /s LTAK

20% P/*CN (scaled) 10 133 133

12 115 138

15 03 140

20 71 142

25 48 120

33 ; 41 135

30 28 140

7 15 116

150 0.93 140

200 0.68 136

250 0.53 13

298 03 89

100% Pt (sealed) 28 028 = 34

100% Pt (NMR 298 0.30 B9

electrochemical cefl)

20% Pt33CO (sealed) 25 237 72

50 1.59 80

80 1.00 80

110 072 ™

145 0.59 85

180 0.45 81

“ Accuracy is estimated to be ca. t K. * Accuracy is 4+ 10%.

where K ig the Knight shift, kg is Boltzmann’s constant and y,
is the gyromagmetic ratio of the nucleus of interest. The
greater *C T, T product for CN than for CO is consistent
with the 3C NMR of CO having a greater Knight shift than
CN. The much greater *N T, T product is consistent with the
idea that both CN and CO are directly bonded to Pt through
carbon, since the strength of the relaxation depends on the
probability for a conduction electron to be at the location of
the nucleus, While 4 ¢ bond is expected to produce relaxation
dominated by the contact hyperfine interaction and a Knight
shift, x bonding can contribute to the relaxation only, via
orbital and dipolar couplings. For example, with CN, the
observed frequency shift is much less than might reasonably
be expected from the Korringa relation, suggesting weak o
bonding. On the contrary, for CO, the ;T of ca. 802 K and
the Korringa reiation yield-a _Knight shift of ¢a. 230 ppm,
which trapslates to a total shit from TMS of ca
(230 + 165) = 395 ppm downfield from TMS, quite close to
the = 350 ppm we observe experimentally. Ultimately, such
considerations have the potential to provide considerable
information on the electronic properties of the interface.’* For
example, they could provide insights, from an slectronic point

0.12

0.10 ; ) ¢

0.02 4

0.00

0 50 100 150 200 250 ' 300

TK

Fig. 11 Temperature dependence of the spin-lattice relexation rate
as a function of temperature for C'*Non Pt Coe
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of view, into the differences in the bonding of CO to Pt which
have been observed betwees UHYV and solution spectroscopic
studics,5*%3 where Weaver and co-workers$1-52 have shown
that the surface potential for platinum in an electrochemical
cell is ca. 1 V lower than in UHYV. As a consequence, while the
metal-CO back donation to the 2x orbital in an electrochemi-
cal environment is enhanced, donation from the COQ 5¢ is
retarded, and a weakening of the metal-CO bond occurs.
Comparison of CO on Pt in an electrolyte and under vacuum
conditions is of course complicated by the presence, in the
latter’ case, of several sites having different 7,7 products,

400

g

3

3¢ shift (ppm from TMS)

2040 2060 - 2080 2100 2120
‘Vg...g’Oﬂ"“‘

Fig. 13 13C NMR chemical shift of CN (®) and CO (O) on Pt ps.
IR frequency, as a function of applied potential
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fangmg trom 2U to 400 3 K, but once firm gas-phase assign-

ments are in  hand, comparison’ withy the NMR-
electrochemistry results can be readily made. ; ...

We now move to consider the final fopic of this article, the

observation of electric-field induced effects in the spectra from
ical samples, i

A

Electrostatic field effects on NMRspectra

Electric ficlds at the elsctrode/electrolyte interface are known
to be very large, of the order of (1-3) x 107 V cm™'%40°
Indeed, the effects of these enormous fields at the electrode/
electrolyte interface are, in a sense, the essence of cloctrochem-
istry.** It is, therefore, highly desirable to try to develop new
techniques to probe these fields, including how they might, for
example, modify the electronic structure and interactions of
species reacting at electrodes, ' ’ 5

We have begun, therefore, to study the effects of potential
control on NMR observables in the PtCN(ads) and
PtCO(ads) systems, and typical spectra for **CN adsorbed on
2 Pt electrode as a function of applied potential are shown in
Fig. 12. These results are of some interest since they represent
the first observation of NMR frequency shifts dus to electric
fields in an electrochemical cell. Related ‘Stark tuning’ shifts
have of course been cbserved previously in the IR,*$57 and
we can utilize these earlier results to obtain the NMR-IR
correlations shown in Fig 13.

For '3CN, we are able to investigate & large range of
applied potentials, and we obtain a reasonably accurate vibra-
tional shiélding derivative, 8¢/8v, of —0.81 ppm am™! (Fig.
13). For '3CO, a much smaller range of applied potentials is
accessibie (before CO oxidation). There is, therefore, more
scatter in the data, a problern which we believe will be sub-
stantially alleviated in the future by working at higher mag-
netic field strengths where sensitivity will be enhanced, For
3CO, the vibrational shiclding derivative is ca. —2.8 ppm
em™L
In both cases, we find that the 1*C resonances become more
shiclded on application of a more positive applisd potential.
This is the response which is to be expected if both CN and
CO have C directly attached to platinum, although the com-
plexities associated with the presence of conduction electrons
willnwdtobecamfullyaddressedinﬁxturework,usingc.g.
density functional theory on large Pt clusters (treated using
effective core potentials).%% Careful NMR investigations of
shift and spin-lattice relaxation rates as a function of applied
potential could help resolve the controversy as to whether the
effect of the electric field is a Stark effect, or is to be ascribed
to charge transfer.”® At this point, we can state thst we do sse
responses of the NMR resonances to applied electric fields,
and it is of interest that the experimental NMR/IR vibrational
shiclding derivatives we see are of the same sign for both
PtCN(ads) and PtCO(ads) (Fig. 13). In the future, it is likely
that each of the other NMR observables we have discussed
above: T;, T;, AE*, T(T, min), will also be susceptible to the
efiects of E.fields. For example, if CN is stabilized by an
applied E-field, then we expect that the activation barrier to
diffusion, as well as the temperature of the T, min, will reflsct
this in a readily interpretable way. Also, of course, it may be
possible to detect the effects of E-fields on the electronic den-
sities of states from Knight shifts and T;7" results, although
this is a more challenging proposition, for both theory and
expetiment.

Future prospects

The results we have presented above represent the first
detailed foray into the new field of electrochemical NMR. Our
results indicate that surface NMR resonances can be observed
in an electrochemical environment, and under potential



control. To date, we have obtained variable-temperature T}
and T; results on *C and '*N spins. Sensitivity at 845 T
(correspounding to a 360 MHz '"H NMR resonance frequency)
is only moderate, but will be enhanced cousiderably in the
near future with the use of a novel muitiple-probe 600 MHz
spectrometer, which will enable investigation of two electro-
chemical samples, simultaneously.”® In the future, many other
nuclei of interest in electrochemistry/electrocatalysis can also
be mvestlgaled, eg. lI.L 1'70. I.DF. :TAL 31P' i“Pt’ and
02,3031, It should be possible to observe e.g. surface and sub-
surface Pt and hydrogen, to investigate anion chemisorption
processes on metal electrodes via e.g. *'P NMR of adsorbed
phosphate, to use 2’Al NMR to investigate aluminium corro-
sion science, essentially everything which has been investi-
gated in analogous gas-phase/heterogencous catalysis/
solid-state NMR should now be accessible viz the NMR-
electrochemistty approach, and the reader is referred to
several reviews of the basic scope of NMR in heterogeneous
catalysis for further details.?—12.73

NMR is, in a sense, unique in its ability to probe static
structure (bond lengths, bond angles, surface geometries),
dynamic structure (diffusion from T, and lineshape, as well as
internal rates and types of motion), and electronic structure
(from chemical shifts, shift tensors, Knight shifts, electric field
gradients). In the presence of strong electric fields, each of
these parameters can be expected to respond due to polariza-
_ tion of the corbital or conduction electrons. The results we
have presented in this article open up broad new areas in elec-
trochemical surface science, since we have now shown that it
is possible to perform many conventional solid-state NMR
experiments in an electrochemical environment. Since electro-
chemistry provides a means of cleaning surfaces at much
lower temperatures than those used for supported catalysts,
samples of much greater overall metallic surface area can be
used in NMR-electrochemistry than can be obtained for
NMR studies of heterogeneous, gas-phase catalysts. Hence,
NMR-electrochemistry methods will, hopefully, soon become
a valuable new tool for electrocatalysis surface science.
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