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ABSTRACT

A highly active heterogenized molecular CO; reduction catalyst on a conductive carbon support is investigated to identify if its improved
catalytic activity can be attributed to strong electronic interactions between catalyst and support. The molecular structure and electronic
character of a [Re“(tBu-bpy)(CO)g Cl] (tBu-bpy = 4,4'-tert-butyl-2,2"-bipyridine) catalyst deposited on multiwalled carbon nanotubes are
characterized using Re L3-edge x-ray absorption spectroscopy under electrochemical conditions and compared to the homogeneous catalyst.
The Re oxidation state is characterized from the near-edge absorption region, while structural changes of the catalyst are assessed from
the extended x-ray absorption fine structure under reducing conditions. Chloride ligand dissociation and a Re-centered reduction are both
observed under applied reducing potential. The results confirm weak coupling of [Re(tBu-bpy)(CO);Cl] with the support, since the supported
catalyst exhibits the same oxidation changes as the homogeneous case. However, these results do not preclude strong interactions between
a reduced catalyst intermediate and the support, preliminarily investigated here using quantum mechanical calculations. Thus, our results
suggest that complicated linkage schemes and strong electronic interactions with the initial catalyst species are not required to improve the
activity of heterogenized molecular catalysts.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0129724

INTRODUCTION in solution presents challenges in product separation and isolation
while making use of only a small fraction of the electroactive cata-
lyst, which is located necessarily in the diffusion-reaction layer of the

electrode. To address these issues, there has been significant inter-

Electrocatalytic reduction of carbon dioxide coupled with
renewable energy, such as solar, can provide a promising way
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to form green fuels. Considering the plethora of possible reduc-
tion products, the catalyst must provide high product selectiv-
ity for this application. Molecular catalysts, having well-defined
reaction centers, are generally more selective than their heteroge-
neous counterparts and present ideal platforms for elucidation of
structure-activity relationships.”” However, homogeneous catalysis

est in heterogenizing molecular catalysts on conductive supports.
Such heterogenized systems require low catalyst loading while main-
taining the selectivity, tunability, and efficiency of the molecular
catalyst."”’

In heterogenized catalysts, the surface-immobilized species are
electroactive; thus, large surface area supports, such as porous
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electrodes,””  gas  diffusion  electrodes,” and  carbon
nanostructures,”’ have been explored. The catalyst is often
supported by the electrode through n-m stacking interactions or
covalent bonding, such that the catalyst preserves the electronic and
structural properties of the homogeneous molecular system and
therefore operates with the same catalytic mechanism. Alternatively,
cases of molecular catalysts strongly coupled electronically to a
conductive support have been demonstrated, in which the catalyst
electronic states are no longer distinguishable from those of the
electrode.'””"” This is typically achieved by a covalent linkage,"' "
or in rare cases by strong n-7 stacking,'” of the catalyst and support.
Strong electronic coupling has important implications for catalysis
since it can avoid the high energy redox intermediates involved
in homogeneous catalysis; instead coupling electron transfer and
substrate activation steps to increase catalytic activity.m 2

[Re+1(tBu—bpy)(CO)3CI] [fac-Re(4,4’-tert-butyl-2,2"-bipyri-
dine)-(CO);Cl, termed here as Re*'-chloro and shown in
Scheme 1(a)], is one of the most robust homogeneous molecular
catalysts for CO; reduction (COzRR).m“ It was reported to convert
CO;-to-CO with high (>99%) faradaic efficiency (FE).'® In addition,
this family of Re-based catalysts have been non-covalently'”'®
and covalently attached to electrode surfaces'”'””" and imbedded
into polymer films,”’ to form heterogenized catalysts. Notably,
immobilization of the Re*'-chloro catalyst on multiwalled carbon
nanotubes (CNTs) led to improved catalytic behavior compared
to the homogeneous system: including lower overpotential, higher
FE, and constant CO production for longer operation times.”> Fur-
thermore, the heterogenized catalyst showed these improvements
in aqueous medium (in contrast to the organic solvent electrolytes
used for homogeneous catalysis) despite the lower solubility of CO,
in water.'””” While a full explanation for the enhanced catalytic
properties of the heterogenized system was not established, it
was noted that sequential cyclic voltammograms (CVs) led to
disappearance of faradaic features.”” This is consistent with the
absence of CV peaks previously demonstrated for strongly coupled
catalyst/electrode systems.'’”"” This intriguing similarity leads to
questions regarding the strength of catalyst-support interactions
in this system that does not have the direct covalent linkage or
large conjugated structures present in previous examples of strongly
coupled systems,'’"* but still exhibits enhanced catalysis.

In this work, the interactions between the Re*'-chloro catalyst
and conductive CNT support are investigated using Re L3-edge x-
ray absorption spectroscopy (XAS). The near-edge region (XANES,
x-ray absorption near-edge structure) of transition metal complex
L-edge spectra is characterized by large dipole-allowed transitions
of 2p core electrons to unoccupied orbitals with metal d character
(Re 5d, in this case). The Re L3-edge XANES region is there-
fore sensitive to the Re oxidation state and is used here to probe
metal reduction in Re*'-chloro under applied potential. Re Ls-
edge XANES has been used previously to investigate the elec-
tronic structure of Re(bpy)(CO);X (X = Cl, Br) complexes:":1
and their homogeneously reduced analogs.”> The in situ XANES
approach applied here has also been used previously to distin-
guish the differences in oxidation state changes occurring in other
weak or strong electronically coupled molecular catalyst/support
systems.'"”'”  Additionally, the extended x-ray absorption fine
structure (EXAFS) region of the XAS spectrum is sensitive to
metal-ligand bonding, which we use here to investigate structural
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SCHEME 1. (a) Structures of the catalyst and reference compounds used in this
study. lllustration of Re@CNT and expected behavior upon reduction in the case
of weak (upper panel) and strong (lower panel) catalyst-CNT electronic coupling.

changes of the catalyst upon heterogenization, as well as under
applied reducing bias. We demonstrate that the Re*!'-chloro cata-
lyst does not have strong electronic communication with the CNT
support.

RESULTS AND DISSCUSION

The heterogenized electrodes [Re@CNT, Scheme 1(b)] were
prepared by spray coating a suspension of Re*'-chloro catalyst and
CNTs onto carbon fiber paper (used as a current collector). The
same preparation of Re@CNT was previously demonstrated for
CO;RR catalysis, showing improved performance toward CO pro-
duction compared to the homogeneous catalyst analog.”” Here, the
Re L3-edge XAS was measured at the Stanford Synchrotron Radia-
tion Lightsource beamline 9-3 under reducing conditions using an in
situ electrochemical flow cell (Fig. S1) to identify the electronic and
structural properties of the heterogenized Re@CNT catalyst. The CV
of Re@CNT measured in the in situ x-ray cell (Fig. S2) matches that
which was reported previously,” including the decreasing faradaic
current upon successive scanning.

The response of the XAS spectrum to applied cathodic potential
is expected to reflect the strength of catalyst-CNT electronic cou-
pling, as described below and demonstrated previously.'"'* Under
homogeneous conditions (acetonitrile solvent), the Re*!'-chloro
complex first undergoes a reversible one electron reduction that is
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thought to be bpy-centered based on x-ray and IR spectroscopy.”
This is followed by an irreversible second reduction, thought to
be metal centered (Re*' to Re”), accompanied by CI™ ligand
dissociation.”””” > On the basis of the above assignments of ligand-
and metal-centered reductions, we refer to the two-electron reduced
active catalyst species as [Reo(tBu-bpyf)(CO)3]7 [termed here
Re’-anion and shown in Scheme 1(a)]. For Re@CNT, if the molecule
is not strongly coupled to the electrode states [Scheme 1(b), upper
pathway], then it should behave essentially as the homogeneous
molecule, accepting two electrons from the electrode to form the
Re’-anion species. However, if the molecule is strongly coupled to
the electrode states, then varying the potential should not change
the driving force for electron transfer.!” In this case, electron
transfer would occur only when compensating for ion transfer
(CI” dissociation) to form [Re“(tBu—bpy)(CO);] [Scheme 1(b),
lower pathway].'” > This implies no change in the Re oxidation
state if the catalyst is strongly coupled to the CNT support. In both
the weak and strong coupling scenarios, dissociation of the CI™ lig-
and is expected upon reduction and is monitored by Re L3-edge
EXAFS to ensure that a large electroactive fraction of catalyst is
present. The difference in Re oxidation state for the two scenarios
is probed by changes in the Re L3-edge XANES strong absorption
peak (often referred to as the white line absorption peak), which
measures 2ps;-to-5d transitions and is therefore sensitive to the
Re 5d electron occupation.”””” The XANES white line feature is
expected to decrease in intensity upon reduction in the weak cou-
pling case (reflecting the change from +1 to 0 Re oxidation state),”
while no spectral changes are expected in the strong coupling
case, as was demonstrated before for strongly coupled Rh-based
catalysts.'""”

The homogeneous catalyst reference complexes shown in
Scheme 1(a) are used to directly predict changes in Re Lz-edge
XANES and EXAFS upon CI” dissociation or upon metal
reduction. [Re“(tBu-bpy)(CO)g(HzO)]+ (termed Re“-aqua) has
the same Re oxidation state as Re*!-chloro, but the CI~ ligand
has been replaced by a labile water ligand. Re’-anion is formed
following the two-electron chemical reduction of the Re™'-chloro
complex and Cl-ligand dissociation.”” The Re L3-edge XAS spectra
of the three reference complexes are shown in Fig. 1. The XANES
region shown in panel A is comprised of a strong white line feature,
enhanced in Re carbonyl complexes due to mixing of the Re 5d and
unoccupied carbonyl * orbitals.”” The XANES white line intensity
does not change significantly between the two Re*! species, consis-
tent with a lack of X ligand dependence reported previously for a
series Re(bpy)(CO);X complexes.”” The Re’-anion species has lower
white line intensity than either Re*" reference species due to the
decreased Re oxidation state, consistent with previous reports.”” The
change in oxidation state can be approximated from the integrated
L,3-edge absorption intensity, which is proportional to the number
of Re 5d holes.”” While only the Ls-edge was measured here, previ-
ous studies have shown the integrated intensity of the L3-edge white
line also depends linearly on the oxidation state.”””’ We observe
a decrease in the L3-edge white line area of 18.2% (see Fig. S3 for
analysis details). Assuming proportionality with the number of elec-
tron holes of the 5d° Re*'-chloro complex, our results indicate a
decrease in oxidation state by 0.7 electrons upon forming the two-
electron reduced Re’-anion species. This intensity difference also
indicates the expected XANES changes for the Re@CNT system if
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FIG. 1. Re L-edge XAS spectra for Re*'-chloro (black), Re*'-aqua (red), and
Re%-anion (blue) reference complexes: (a) XANES, (b) EXAFS in k space, and
(c) Fourier transformed EXAFS in R space (k?-weighted). (d) Calculated EXAFS
peaks corresponding to the single scattering paths for Re*'-chloro based on the
crystal structure data'® (solid lines), with the addition of the Re-O (H,0) path
(dashed red line) of Re*'-aqua. Each trace shows the sum of single scattering
paths for the specified Re-ligand bond type (i.e., the sum of three Re~C paths, two
Re-N paths, etc.).

all of the Re*'-chloro complex is reduced under applied potential, as
would be expected for the weak electronic coupling scenario shown
in Scheme 1(b).

The experimental EXAFS data for the three references is shown
in Fig. 1(b) as a function of wavevector k and in panel C after
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Fourier transform into R space (without phase correction). Cal-
culated scattering paths for Re*'-chloro and Re™'-aqua (Re-O
bond of aqua ligand only) are shown in panel D to aid in the
assignment of EXAFS peaks to specific Re-ligand bond distances.
Critical to this work is the Re-Cl bond distance observed at 2.2
A (not phase corrected) for Re*'-chloro. Upon Cl™-to-aqua lig-
and substitution, this peak decreases while a new Re-O (H,O) peak
appears at 1.8 A (not phase corrected, overlapping with the Re-N
(bpy) peak already present at similar distance). Similarly, Re’-anion
shows decreased intensity at the Re-Cl distance, as expected for
the doubly reduced species. Regardless of the coupling strength,
Cl™ ligand dissociation is expected under applied cathodic bias for
Re@CNT, which will result in a decrease of this same EXAFS feature.

For the heterogenized Re@CNT catalyst, we evaluated if the
molecular properties of Re*'-chloro are changed by electrode prepa-
ration. Re*!-chloro was mixed with CNTs as a suspension either in
dry isopropyl alcohol (IPA) or in an IPA/water mixture (1:1 vol-
ume ratio) prior to spray coating on a carbon fiber paper current
collector. The Re Ls-edge XAS was measured for the as-prepared
electrodes ex situ as shown in Fig. 2. The EXAFS of Re*'-chloro is
unchanged in Re@CNT prepared from dry solvent, implying that

Ex situ electrodes
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FIG. 2. Re L3-edge XAS spectra for dry electrodes as-prepared from IPA (yellow)
and IPA/water (green). (a) XANES spectra of the as-prepared electrodes and
Re*'-chloro (black) for comparison, (b) EXAFS spectra in k space, and (c) R
space plotted with the linear combination fit (dashed gray line) of the Re@CNT
IPA/water electrode (54% Re*'-aqua, 46% Re*'-chloro).
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the molecular structure of Re*!-chloro stays intact when deposited
onto CNT. However, the introduction of water, either during the
electrode preparation (green trace, Fig. 2) or through exposure to
electrolyte in situ (Fig. 3), results in a decreased Re-Cl peak and
increased Re-O peak, indicating that Cl™-to-water ligand exchange
occurs in the aqueous environment. We find that 54% of the het-
erogenized catalyst is in the water-ligated form when Re@CNT is
prepared from aqueous solvent using a linear combination fitting of
the Re@CNT IPA/water XAS data with the Re*'-chloro and Re*'-
aqua standards (Fig. S4). We find that ligand substitution continues
to increase with in situ exposure to aqueous electrolyte, resulting in
larger fractions of the water-ligated form (described below).

In situ XAS of the heterogenized Re@CNT catalyst was
measured under argon in aqueous 0.5M KHCOj3 electrolyte to
reproduce the catalytic conditions of Ref. 22. Figure 3 shows the XAS
spectra of Re@CNT collected under open circuit potential (OCP)
and then under applied negative bias sufficient to reduce the cata-
lyst (1.3 V vs Ag/AgCl applied as controlled potential electrolysis,
CPE). As the loading conditions may influence the electroactive
fraction of catalyst,”””"”* two loadings were explored: low Re loading
(0.008 mg/cm?, atomic ratio of CNT C atoms to catalyst Re atoms
Nc/Nge = 1800, Fig. 3) and high Re loading (0.06 mg/cmz, Nc/Nge
= 332, Fig. S5). The Re-Cl EXAFS feature was monitored to con-
firm the electroactive catalyst fraction (defined as the fraction of
pre-catalyst molecules that participate in the electrochemical reac-
tion, regardless of coupling strength). This fraction can be quantified
from the Re-Cl EXAFS feature in either strong or weak coupling
scenarios, as both cases predict Cl” ligand dissociation to form
five-coordinate species. Under high loading conditions, no Cl~ dis-
sociation is observed under applied potential (EXAFS unchanged),
indicating that the electroactive fraction is too small to be observed
by EXAFS (Fig. S5). Under low loading conditions, the Re-Cl
peak in the EXAFS diminishes under applied potential [Fig. 3(c)],
indicating the electroactive fraction is sufficient to be probed by
XAS. This seemingly minor point demonstrates the importance of
establishing the electroactive fraction independent of the in situ
XANES measurement. Under high loading conditions, the lack of
change in XANES could be interpreted as strong electronic cou-
pling when in fact it should instead be attributed to a very small
electroactive fraction.

The in situ XANES spectra of the low loading Re@CNT sys-
tem is compared under OCP and CPE conditions to distinguish
weak and strong electronic communication of the Re*'-chloro
catalyst with CNT support in Fig. 3(a). A decrease in the white line
intensity (normalized to a constant edge jump) is observed upon
reduction. This is consistent with the Re-centered reduction (from
Re*! to Re’) indicative of weak electronic coupling, as illustrated in
Scheme 1(b) (top panel). The magnitude of decrease in integrated
white line intensity is, however, significantly smaller in the in situ
measurements (—3.1%) compared to the Re™ and Re® reference
measurements (—18.2%). This can have two possible causes: (1) The
catalyst is weakly coupled with the support, but only a small fraction
is electroactive, or (2) some of the catalyst is strongly coupled with
the carbon electrode (no change in XANES expected) while the rest
is weakly coupled (change in XANES expected).

To distinguish these possibilities, we first performed a linear
combination fitting of the EXAFS data (weighted by k?, over range
of 3-13.3 A™") of the OCP and CPE in situ datasets using the
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FIG. 3. Re L3-edge spectra for Re@CNT under open circuit potential [pink, (a)—(c)]
and reducing potential [purple, (a)—(c)]: (a) XANES spectra, (b) k space EXAFS
spectra, and (c) R space k>-weighted EXAFS spectra. The decrease in ReCl
bonding indicated by the arrow in (c) indicates a significant electroactive fraction,
while the decreased white line intensity in (a) indicates a change in Re oxidation
state.

reference complex spectra. By fitting only the EXAFS region, the
results determine the overall fraction of electroactive molecules
based on changes in the Re coordination environment alone. This
method is insensitive to the electronic coupling strength, as both
strong or weak coupling will result in Cl~ dissociation. We find
that under OCP conditions, Re@CNT contains 31% Re*'-chloro
and 69% Re*"-aqua species (Fig. $6). Under applied cathodic poten-
tial, we observe 14% more Cl-to-aqua ligand exchange (83% Re*'-
aqua, due to the longer water exposure time) and 17% electroactive
fraction (17% of five-coordinate species formed, as modeled here by
the Re’-anion species EXAFS).

The results from the fits of the EXAFS data were then com-
pared to the XANES region to assess if all of the electroactive species
undergo a change in Re oxidation state under reducing bias, thus
distinguishing the presence of a strongly vs weakly coupled system.
If all of the electroactive fraction is weakly coupled, one expects the
XANES white line integrated intensity to decrease by 3.1%. This
prediction is derived from the decreased white line intensity of
the reduced reference complex XANES spectrum (—18.2%), scaled

ARTICLE scitation.org/journalljcp

according to the electroactive fraction extracted from the EXAFS
fit results (17%). If some fraction of the electroactive molecules are
strongly coupled, the XANES white line peak will decrease by less
than 3.1%, proportional to the strongly coupled fraction. Instead,
from the in situ XANES, we find that the white line feature is
observed to decrease by 3.1% upon reduction (see Fig. S7 for analy-
sis details). This is in excellent agreement with the expectation for a
weakly coupled system.

Our XAS analysis indicates weak electronic coupling between
the Re*'-chloro catalyst and CNT support, suggesting that the
disappearance of the CV peaks observed upon consecutive scan-
ning’’ cannot be explained by strong electronic communication
with this catalyst species. It is perhaps not surprising that the
six-coordinate Re*'-chloro complex cannot support direct interac-
tions between the metal center and CNT. However, we speculate
that upon reduction it is possible that the five-coordinate reduced
species, Re”-anion, could support a stronger metal-CNT interac-
tion. Such strong metal-CNT interactions were previously reported
for reduced Re carbonyl complexes with open metal coordination
sites {for example, Re’(CO)s and [Re™1(CO)4]~ species}, which are
proposed to bond with fullerene supports based on IR spectroscopy
and density functional theory calculations.”””" Based on the
experiments reported here, a preliminary assessment of possible
Re-CNT interactions is made on the comparison of the EXAFS mea-
sured in situ under cathodic potential to that calculated for a closely
interacting system.

In order to make a comparison with these experimental
results, we optimized the structure of an interacting Re’-anion
species and CNT fragment using density functional theory (DFT)
[Fig. S8(a)]. In this structure, we found the distance between
Re and the two closest CNT C atoms to be 2.86 A with the
corresponding Re-C scattering path centered at 2.42 A without
phase correction [Fig. S8(b)]. This DFT prediction is consistent
with the increased EXAFS intensity observed at 2.48 A under
cathodic bias in Fig. 3(c) [whereas for the homogeneous refer-
ence complexes, the EXAFS intensity also increases but shifts to
higher, not lower, R values compared to Re*'-chloro, as shown
in Fig. 1(c)]. At the short interaction distances predicted for the
optimized structure, Re’-anion may reside inside the electrical
double layer. This could cause disappearance of the faradaic cur-
rent because there would be no potential drop between the electrode
and molecule to drive electron transfer, as shown previously.”
While the EXAFS observations support the possibility of strong
Re’-anion/CNT interactions, further investigations are required to
provide definitive evidence.

CONCLUSIONS

In conclusion, we demonstrate here that the Re*'-chloro cat-
alyst is weakly coupled to a CNT support in the heterogenized
Re@CNT system using in situ Re Li-edge XAS measurements.
EXAFS was used to assess the coordination environment of the
Re atoms, quantifying the electroactive fraction of catalyst (strong
or weakly coupled) from the degree of Cl™ ligand dissociation under
reducing conditions. XANES was used to quantify the change in
Re oxidation state in Re@CNT by comparison with the reduced
catalyst reference complex. From comparing the EXAFS and XANES
results, we observe that all of the electroactive catalyst undergoes
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Re-centered reduction, consistent with a weak electronic coupling
scenario. Thus, strong Re*!-chloro/CNT interactions cannot
explain the diminished faradaic current observed in the heteroge-
nized catalyst system. Instead, we hypothesize that the lack of CV
features may be attributed to a short interaction distance between
the five-coordinate reduced species Re’-anion and CNT, which
likely resides within the electrical double layer, as predicted by
quantum mechanical (QM) calculations. This would suggest that
improved catalytic behavior of Re*'-chloro can be achieved by elec-
trochemical treatment, instead of more synthetically complicated
covalent linkage schemes, consistent with a previous observation for
heterogenized Co phthalocyanine catalysts.”

EXPERIMENTAL SECTION
General methods

All reagents and solvents were purchased from commercial
sources and used without further purification unless otherwise
noted. IR was collected in N,-filled glove box as a pellet in KBr
(10% by mass). Electrochemical measurements were performed
on a BioLogic SP-200 potentiostat. Proton nuclear magnetic reso-
nance (NMR) was collected on Jeol NMR spectrometer operating at
400 MHz (‘H NMR).

Synthesis

Re™ -chloro ([Re(tBu-bpy)(CO);Cl]): The previously pub-
lished procedure was followed."” In brief, 323 mg (0.89 mmol)
of Re(CO)sCl and 240 mg of 4,4'-di-tert-butyl-2,2’-dipyridyl (0.89
mmol) were heated to reflux in toluene overnight. The flask was
then placed in the freezer to precipitate the product, which was vac-
uum filtered and rinsed with cold diethyl ether. The product was
further purified by dissolving in a minimal amount of tetrahydro-
furan (THF) and layering with excess hexanes in the freezer to yield
405 mg (79% yield). The product was characterized by FT-IR and 'H
NMR, which matched previously published data.'

Re“-aqua ([Re(tBu-bpy)(CO)3(H20)](CF3S03)). Re“—aqua
was prepared using a modified published procedure.’” 10 mg (0.017
mmol) of Re*'-chloro was dissolved in 4 ml of dry acetone, fol-
lowed by the addition of 5.2 mg (0.02 mmol) of silver triflate. The
reaction mixture was stirred and heated to reflux in the dark for 4
h. The solution was filtered to remove AgCl formed during reac-
tion. The mixture was concentrated on a rotary evaporator, followed
by the addition of 1.6 ml deionized water to form Re*'-aqua as an
off-white precipitate. The mixture was filtered to yield 7.3 mg (0.01
mmol, 60%) of Re*'-aqua complex.

Re’-anion ([Re(tBu-bpy)(CO)3] [K(18-crown-6)]). 29 mg
(0.08 mmol) of Re™-chloro and 79 mg (0.3 mmol) of 18-crown-
6 in 17 ml of THF was placed in the freezer at —20°C. 41 mg
(0.3 mmol) of KCg was added slowly to the stirring solution. The
reaction is completed once the solution was heated up to room
temperature, indicated by formation of a dark green color product.
The total solution with filtered over celite. The product was further
purified by dissolving in a minimal amount of THF and layering with
excess pentane at room temperature. The solution was decanted off
and the bottom product was vacuum dried. The crystallized product
was dark red and characterized by FT-IR, in good agreement with
previously published data.'
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Electrodes preparation

Multiwalled carbon nanotube (MWCNT) preparation: The
MWCNTs were purchased from Sigma-Aldrich (product 724769,
6-9 nm OD, 5 ym length) and then purified with 1M trace metal
hydrochloric acid. The MWCNTSs was added to the HCI solution
to make a 1 mg/ml solution, followed by sonication for 1 h. The
solution was then stirred for 22 h on a stir plate followed by another
hour of sonication. The MWCNT's were vacuum filtered and then
rinsed with MiliQ deionized water until the water rinsed off was pH
neutral (checked with pH strips). The MWCNT's were dried under
vacuum and heated on a rotary evaporator. As-prepared MWCNTs
were characterized with Raman and IR spectroscopy to determine
the quality of MWCNTs.

Preparation of Re*'-chloro/MWCNT/CFP electrodes
(Re@CNT): The selected amount of Re*!-chloro catalyst (0.07
mg for thick electrodes and 0.013 mg for thin electrodes) and 5
mg of MWCNT are added to the IPA/water mixture (1:1 volume
ratio) or dry IPA for dry electrodes. The solution was sonicated
for 1 h. The ink solution was added to the spray coater. Carbon
fiber paper (AvCarb, MGL 190) was cut into 4 x 2 cm® strips,
rinsed with IPA, and sonicated for 1 min to clean the surface.
Teflon tape was wrapped around the sides to make a 2 x 2 cm?
area for coating. The electrode was heated on a hot plate at 80
°C while spray coating. Each layer was coated from a uniform
distance between the spray coater and the sample upon drying of
the previous layer. Following catalyst application, the electrode was
dried at 80 °C on the hot plate for 1 h. The mass before and after
spray coating was taken to determine the catalyst/ MWCNT loading
on the electrode of 0.345 mg/cm? (regardless of catalyst/ MWCNT
ratio).

X-ray absorption spectroscopy

Re L3-edge XAS was performed at Beamline 9-3 of the Stanford
Synchrotron Radiation Lightsource (SSRL). All data were collected
at room temperature. XAS measurements were made both using
transmission geometry and by detecting the total fluorescence yield
(TFY). Ion chamber detectors before and after the sample were
used for transmission measurements. TFY measured at 90° with
respect to the incident beam used either a PIPS diode (for reference
complex measurements) or 100-channel germanium detector (for
electrode measurements), positioned behind a Cu filter and Soller
slit assembly to minimize elastic scatter. A Si(220) double crystal
monochromator (¢ = 0°) was used to scan the incident x-ray energy.
A portion of the incident beam was transmitted through a 12.5 ym
thick Re foil, which was used as a calibration standard with the first
inflection point set to 10 535.0 eV. The x-ray spot size was 1 x 6 mm?.
The x-ray flux was significantly reduced using Al filters to ensure no
x-ray induced damage was observed (as assessed from the compar-
ison of subsequently measured spectra at a fixed sample position).
All reported spectra reflect the average of at least two individual
scans.

The reference complexes shown in Scheme 1(a) were measured
as pellets, prepared from powders diluted in sucrose (2.4% Re by
mass, finely ground). Re*'-chloro and Re*'-aqua were prepared and
measured in air, while Re-anion was kept air-free (prepared and
sealed in plastic inside an Ar-filled glove box). All reported XANES
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spectra for the reference complexes were measured in transmission.
The reported EXAFS spectra were measured by TFY.

In situ measurements of electrode samples were collected in
the one compartment electrochemical cell shown in Figure S1 (SI).
In brief, Re@CNT electrodes were used as both working electrodes
and x-ray windows. A Kapton film was epoxied on the front side
of the electrode to prevent electrolyte leaking. Pt mesh (EF-1355,
Bioanalytical Systems) was used as counter and Ag wire as refer-
ence electrodes. Electrolyte was 0.5M KHCOj3 in deionized water
and the electrolyte solution was flowed through the cell using
an HPLC pump. All measurements were carried out under inert
atmosphere by purging the electrolyte reservoir with Ar. Experi-
ments were performed either under open circuit potential (OCP)
or under controlled potential electrolysis at —1.2 V vs Ag/AgCL All
reported XANES and EXAFS spectra for electrode samples were
measured by TFY.

All XAS data processing was performed using the Athena soft-
ware package. All plotted XANES data have a linear background
subtracted (from linear fit in 10.39-10.51 keV region). All XANES
data were normalized such that the “edge jump” (selected to be
10.539 keV) is 1.0 based on a polynomial fit to the post-edge region
(defined from 10.699 to 11.319 keV for all in situ data or from 10.569
to 10.639 keV for select reference sample datasets when EXAFS
region was not measured). The XANES data were further processed
to extract an integrated intensity for the “white line” peak, which is
described in detail in the supplementary material, Sec. II (Figs. S3
and S7). For the EXAFS data processing, the window for Fourier
transformation was taken from the first zero-crossing point after 2
A" until the first zero-crossing point after 13 A, unless otherwise
noted. A Hanning windowing model was applied. The calculated
EXAFS corresponding to single scattering paths [Fig. 2(c)] was
determined using the FEFF program’® within the Artemis program
package.” The structures used for the EXAFS calculations came
from the crystal structure of Re™'-chloro.'” Re*'-aqua was predicted
from the DFT optimized structure of [Re“(bpy)(CO)g(HZO)]+
(LANL2DZ basis set for Re and 6-31 G for main group ele-
ments with B3LYP functional). The scattering paths for the closely
interacting Re’-anion and CNT fragment were predicted from
their optimized structure shown in Fig. S8 (calculation details
below).

Calculations of the closely interacting Re®-anion/CNT
species

The interacting Re’-anion/CNT species was optimized using
density functional theory calculations, carried out using Jaguar
v11.2 by Schrédinger, Inc.”’ Calculations were performed using the
PBE-D3 functional’ with the 6-31G”+ basis set and Los Alamos
large-core potential (LAV3P” + in Jaguar).

The calculation included implicit solvent treatment as
described by the Poisson-Boltzmann finite element method (PBF)
solvation model.””*’ Solvent parameters matching those of water
were used (probe radius = 1.4 A, dielectric constant = 80.37).

Vibrational frequencies were performed to confirm that
the optimized geometry was at a local minimum (0 imaginary
frequencies). Figure S8 shows the optimized structure for Re-anion
on CNT.
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SUPPLEMENTARY MATERIAL

The supplementary material includes schematics of the in situ
cell used, description of XANES white line intensity estimation, lin-
ear combination fitting of EXAFS analysis, and details of quantum
mechanical computations.
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