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ABSTRACT: Metal oxides have been attracting extensive interest in the design and
engineering of effective electrocatalysts owing to their unique electronic structure and
natural abundance. However, the limited electrical conductivity and sluggish electron-
transfer kinetics have hampered their widespread applications. These issues can be
mitigated by structural engineering with the incorporation of select precious metal species.
Herein, iron oxide nanostructures decorated with platinum species are prepared by the
facile thermal annealing of a MIL-101 precursor along with the addition of a controlled
amount of PtCl, and exhibit apparent electrocatalytic activity toward the hydrogen
evolution reaction in 0.5 M H,SO,. The best sample needs only an ultralow overpotential
of —15 mV to reach the current density of 10 mA cm ™2, along with a low Tafel slope of
25.4 mV dec™!, a performance markedly better than that of commercial 20 wt % Pt/C.
This is ascribed to the synergistic interactions between the Pt and Fe,O; scaffold that

impact the material’s electrical conductivity and electron-transfer kinetics and the Cl

residuals that regulate the adsorption free energy of H, as confirmed in computational studies based on density functional theory.
Results from this study highlight the unique potential of metal oxide-based nanocomposites as high-performance, low-cost
electrocatalysts for electrochemical energy technologies where the performance can be further regulated by anion residuals.

B INTRODUCTION

With the rapid depletion of conventional energy sources and
the environmental impacts arising from the combustion of
fossil fuels, the development of sustainable energy technologies
has been attracting increasing attention.' ™ Within this
context, hydrogen (H,) has been hailed as a unique alternative
energy source thanks to its zero-carbon emission and high
gravimetric energy density.” ® The hydrogen evolution
reaction (HER), a crucial halfreaction of water splitting,
serves as a key technology for hydrogen production,”'® and
platinum-based nanomaterials have been used as state-of-the-
art catalysts for HER."" However, the high cost and scarcity of
platinum greatly impede large-scale applications.'”"* To
mitigate these issues, one effective strategy is to develop
high-performance HER catalysts with a minimal amount of
platinum. This can be achieved by dispersing Pt within a select
structural scaffold, such as carbon derivatives, transition-metal
oxides, and metal nanoparticles, among others."* For example,
Wu et al."® anchored Pt clusters onto Ti,C,T, MXene and
observed a low overpotential (7,,) of —34 mV to reach the
current density of 10 mA cm™ in 0.5 M H,SO,, and the HER
activity was accounted for by the oxygen and fluorine terminal
groups of MXene that weakened the adsorption of hydrogen
on Pt. A similar performance was reported by Kuang et al.,'’
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where they immobilized Pt species onto N-doped hollow
carbon spheres and observed an 7;, of —40 mV, due to the
electronic interactions between the Pt single atoms and the
carbon scaffold.

Metal oxide-supported catalysts have also been attracting
particular interest largely because of the ready availability and
wide range of oxide scaffolds, their unique electrochemical
activity, and synergistic interactions with metal dopants. For
instance, Zhou et al.'” embedded Pt single atoms in NiO/Ni
nanosheets supported on a Ag nanowire network, which
exhibited a remarkable HER activity (17,0 = —26 mV) in 1 M
KOH due to the preferred adsorption of both OH* and H* on
metallic Ni and oxygen vacancy-modified NiO active sites.
Wang et al.'® immobilized Pt atomic species onto monolayer
WO; nanosheets via a hydrothermal and pyrolytic method and
observed a low #;, of =22 mV in 0.5 M H,SO,, which was
ascribed to the strong synergetic interactions between the Pt
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Figure 1. TEM images of (a, b) Fe,O5 and (c, d) Pt;/Fe,05. (e) SEM image and elemental maps of C, O, Cl, Fe, and Pt of Pt;/Fe,05. Scale bars

are (a) 50, (b) 2, (c) 50, (d) 2, and (e) 500 nm.

single atoms and WOj; support. Such metal—support
interactions were also found to dictate the HER activity of
nanocomposites with subnanometer-sized PtO, clusters
supported on TiO,," which featured an 77,y of =125 mV in
0.5 M H,SO,.

Notably, in these previous studies, metal chlorides (e.g,
PtCl, and H,PtCly) were used extensively as the precursors,
and the final products typically consisted of a non-negligible
number of anion residuals. Yet, their impacts on the HER
performance were largely unexplored. In a series of recent
studies,”®"*? it has been demonstrated that the anion residuals
can significantly impact the electronic properties of the
catalytic active sites, the interactions with key reaction
intermediates, and ultimately the electrocatalytic performance.
That is, the anion residuals can also be exploited as a unique
variable to manipulate the electrocatalytic activity of the
functional nanocomposites.

Herein, we report a facile procedure to prepare platinum-
anchored iron oxide nanostructures (Pt,/Fe,0;) by thermally
annealing MIL-101 along with the addition of a calculated
amount («x) of PtCl, in a muffle furnace. The incorporation of
Pt onto the iron oxide scaffold markedly improves the HER
activity in acidic media, and the best sample exhibits an
ultralow 77,5 of only —15 mV and a Tafel slope of 25.4 mV
dec™’, along with remarkable cycling stability. Such perform-
ance is markedly better than that of commercial Pt/C and
relevant catalysts reported recently in the literature. This is
ascribed to the synergistic interactions between Pt and the
Fe,O; scaffold that enhance the material’s electrical con-
ductivity and charge-transfer kinetics as well as Cl residuals
that impacted the electronic properties of the Pt centers and
hence the adsorption of H, as confirmed by results from
density functional theory (DFT) calculations.

B EXPERIMENTAL SECTION

Chemicals. Ferric chloride hexahydrate (FeCly-6H,0,
Fisher Chemicals), platinum(IV) chloride (PtCl,, 99%, Acros
Organics), Pt/C (20 wt %, Alfa Aesar), N,N-dimethyl-
formamide (DMF, Fisher Chemicals), terephthalic acid
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(C¢H4(COOH),, 99%, Acros Organics), Nafion 117 solution
(95%, Aldrich), 2-propanol (HPLC grade, Fisher Chemicals),
and sulfuric acid (H,SO,, 98%, Fisher Chemicals) were used as
received. Deionized water was obtained from a Barnstead
Nanopure water system (18.3 MQ cm).

Sample Preparation. MIL-101 was prepared by adopting
a protocol reported previously.”® Briefly, 8 mmol of FeCls:
6H,0 and 4 mmol of terephthalic acid were dissolved in 60
mL of DMF under magnetic stirring at room temperature. The
solution was then transferred into a 100 mL Teflon-lined
stainless steel autoclave and held at 120 °C for 24 h, producing
an orange precipitate which was collected by centrifugation
and rinsed with DMF three times before being dried under
vacuum at 60 °C for 12 h.

The MIL-101 (100 mg) prepared above was then dispersed
in 50 mL of deionized water under sonication for 15 min,
followed by the addition of a series of PtCl, solutions at
various concentrations (i.e., x = 0.5, 1,2, 5, and 10 mmol L™')
under magnetic stirring for 3 h at room temperature. The
precipitates were collected by centrifugation, dried under
vacuum at 50 °C for 12 h, and referred to as Pt,/MIL-101.

A certain quantity (50 mg) of the MIL-101 or Pt,/MIL-101
obtained above was loaded onto a ceramic boat, which was
placed in a muffle furnace and held at 300 °C for 4 h in the air.
The resulting powders were iron oxide nanostructures
decorated with various amounts of Pt and denoted as Fe,O;,
Pty s/Fe,0s;, Pt;/Fe,0; Pt,/Fe,0; Pt;/Fe,0; and Pt,y/
Fe,0;, respectively.

Characterization. Transmission electron microscopy
(TEM) images were acquired with a Tecni G2 operated at
200 kV. Scanning electron microscopy (SEM) and energy-
dispersive spectroscopic (EDS) mapping studies were carried
out with an Apreo SEM microscope. X-ray diffraction (XRD)
patterns were collected with a Bruker D8 Advance diffrac-
tometer using Cu K, radiation (4 = 0.15418 nm). Raman
measurements were carried out with a Horiba Jobin Yvon
LabRAM ARAMIS automated scanning confocal Raman
microscope under 532 nm excitation. X-ray photoelectron
spectra (XPS) were collected with a Thermo Fisher K-Alpha
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Figure 2. High-resolution XPS spectra of the (a) Pt 4f, (b) Fe 2p, and (c) Cl 2p electrons and (d) VBM profiles of Fe,05, Pty s/Fe,0;, Pt;/Fe,0;,

Pt,/Fe,0;, Pt;/Fe,0;, and Pt;/Fe,0;.

system with the binding energy calibrated against the C 1s
electrons. X-ray absorption spectroscopy (XAS) measurements
were conducted at 10 K at beamline 4-1 of the Stanford
Synchrotron Radiation Lightsource using an Oxford liquid
helium cryostat. The contents of metal elements in the
catalysts were evaluated by inductively coupled plasma-optical
emission spectroscopy (ICP-OES) measurements with a
PerkinElmer Optima instrument.

Electrochemical Measurements. The electrochemical
performance was examined with a CHI 710 electrochemical
workstation in a three-electrode configuration using a Ag/AgCl
reference electrode, a graphite rod counter electrode, and a
glassy carbon disk working electrode (surface area 0.196 cm?).
The reference electrode was calibrated against a reversible
hydrogen electrode (RHE), and all potentials in the present
study were referenced to the RHE. The catalyst inks were
prepared by dispersing 2 mg of the samples prepared above
along with 8 mg of carbon black into a mixed solution
containing 740 uL of isopropanol, 250 uL of H,O, and 10 L
of Nafion under sonication for 30 min. Then 20 uL of the inks
was dropcast onto a glassy carbon disk electrode surface and
dried naturally at room temperature before being coated with 5
uL of 20 wt % Nafion. The catalyst loading was 0.204 mg
cm™2 The HER polarization curves were collected in 0.5 M
H,SO, at a scan rate of 10 mV s™! with the correction of iR
compensation, and the electrode double-layer capacitance was
quantified by cyclic voltammetric (CV) measurements in the
non-Faradaic potential range. Electrochemical impedance
spectroscopy (EIS) measurements were performed within the
frequency range of 0.1 to 10° Hz at the AC amplitude of 5 mV.
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Chronopotentiometric measurements were conducted at a
current density of 10 mA cm ™ for 30 000 s.

B RESULTS AND DISCUSSION

The sample structures were first characterized by XRD
measurements. From Figure S1, it can be seen that all samples
exhibited only a featureless profile, suggesting the formation of
a largely amorphous/nanocrystalline structure. In TEM
measurements (Figure la—d and Figures S2—S7), one can
see that all samples roughly retained the octahedral
morphology of the starting MIL-101 after thermal annealing,
with a lateral length of ca. 600 nm, but exhibited only an
amorphous background embedded with nanocrystalline
particles up to a few tens of nanometers in size, which
featured an interplanar spacing of 0.25 nm that can be ascribed
to the (110) planes of Fe,O; (PDF 33-0664).”"*° This
suggests the successful conversion of MIL-101 to nanocrystal-
line hematite. In addition, no obvious features can be resolved
for Pt or PtO,, likely due to the atomic dispersion of Pt within
the Fe,O; scaffold. In elemental mapping analysis based on
energy-dispersive X-ray spectroscopy (EDS) (Figure le), one
can indeed see a homogeneous distribution of the C, O, Cl, Fe,
and Pt elements, with Pt being far more discrete than Fe and O
(Figure S8).

Consistent results were obtained from Raman measure-
ments. From Figure S9, one can see that all samples possessed
five major vibrational bands within the range of 100 to 700
cm™! that can be ascribed to the A, modes (211 and 480
em™') and E, modes (270, 382, and 581 cm™') of hematite
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Figure 3. (a) Fe K-edge and (b) Pt L;-edge XANES spectra. (c) Fourier transforms of the EXAFS spectra of the sample series, Fe foil, and
commercial Fe,05. (d) Fourier transforms of EXAFS spectra of the sample series, Pt foil, and PtO,. (e) Fe K-edge and (f) Pt L;-edge WT-EXAFS
of Pt;/Fe,0;. Ball-and-stick structural models of (g) Fe,O5 and (h) Pt;/Fe,0;, with red for O, gold for Fe, silver for Pt, and green for CL

Fe,0,.%" Yet, it can be seen that in comparison to the
standard spectra of Fe,O,,” these vibrational bands all
exhibited a slight red shift of the wavenumbers, likely due to
the mostly amorphous structure of the samples.”” The metal
contents were then evaluated by ICP-OES measurements.
From Table S1, it can be seen that the Pt loading increased
with the increasing initial feed, Pty s/Fe,0; (0.70 wt %) < Pt,/
Fe,0, (2.84 wt %) < Pt,/Fe,0; (9.69 wt %) < Pt;/Fe,0,
(19.93 wt %) < Pt,y/Fe,0; (26.17 wt %), in good agreement
with that from EDS measurements (Figure $10). However, the
Fe contents were all below the stoichiometric expectation of
Fe,O; but increased with the Pt feed. This may be ascribed to
the formation of a mostly amorphous structure where the
incorporation of the Pt species appeared to facilitate the
thermal generation of Fe,O; nanostructures, likely because of
increasing consumption of carbon in the reduction of the
platinum species at elevated temperatures (vide infra).

XPS measurements were then performed to investigate the
elemental composition and valence state of the samples. Figure
S11 shows the survey spectra of the sample series, where the
Fe 2p, O 1s, Pt 4d, C 1s, Cl 2s, Cl 2p, Pt 4f, and Fe 3p
electrons can be readily identified for all samples at ca. 724,
531, 316, 285, 269, 200, 76, and 56 eV, respectively (no Pt
signals for the Fe,O; sample). From the integrated peak areas,
the elemental contents were then evaluated and are listed in
Tables S2 and S3, where the Pt contents can be seen to be
rather consistent with those from ICP-OES measurements
(Table S1). In addition, the samples all contained a substantial
amount of carbon derived from the MIL-101 precursor that
diminished markedly with the Pt feed (Figure S12 and Table
S2), again suggesting that the Pt species facilitated the thermal
transformation of MIL-101 to Fe,O;. Figure 2a shows the
high-resolution scans of the Pt 4f electrons which can all be
deconvoluted into two doublets. The lower-energy pair at ca.
72.3/75.7 eV can be ascribed to the 4f;,/4f;,, electrons of
Pt**, whereas the higher-energy one at ca. 74.2/77.6 eV to
those of Pt* (Table $4).>>' Additionally, the fact that the
Pt**/Pt* atomic ratio increased, and concurrently the carbon
contents diminished (Table S2), with increasing Pt loading
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suggests partial reduction of the PtCl, precursor during
thermal annealing to Pt** most likely by carbon at elevated
temperatures. Indeed, one can see that the Pt 4f binding
energies exhibited a clear red shift (by ca. 0.6 eV for Pt** and
1.0 eV for Pt*) from Pt,;/Fe,O; to Pt;,/Fe,0; (Table S4),
indicating an increasing electron density of the Pt species in
the samples, most likely due to electron transfer from the
reducing carbon (with additional contributions from residual
Cl, vide infra).

The corresponding Fe 2p spectra are shown in Figure 2b,
where it can be seen that all samples possessed a doublet at the
binding energies of 711.0/724.7 eV due to the 2p,,3/2p,,,
electrons of Fe®* species, with the corresponding satellite peaks
located at 717.1 and 729.5 eV (Table S4).>>** Additionally,
the Fe 2p binding energies also exhibit a slight red shift with
increasing Pt loading in the sample by ca. 0.3 eV from Fe,0; to
Pt,,/Fe,0;, again likely arising from electron transfer from the
reducing carbon.

Figure 2c shows the Cl 2p spectra of the sample series. One
can see that no Cl species could be resolved in Fe,O; and
Pty s/Fe, 05, whereas the other samples entail two doublets, the
first one at 197.99/199.59 eV due to metal—Cl and the other
at 199.51/201.11 €V to organic Cl (Table S5).”" This suggests
that the metal—Cl species arose primarily from the incomplete
decomposition of the PtCl, precursor and mostly involved Cl
bonded to Pt. Interestingly, whereas the organic Cl binding
energy remained largely unchanged, the Pt—Cl species showed
a clear increase in binding energy with increasing Pt loading by
ca. 0.3 eV from Pt;5/Fe,0O; to Pt)o/Fe,O; suggesting
enhanced charge transfer from Cl to Pt (Table SS).

The corresponding O 1s spectra are shown in Figure S13,
where all samples can be seen to contain a metal—O peak at ca.
530 eV (in addition to C=0 at 531.2 eV and C—O at 533.1
V), in good agreement with the formation of metal oxides by
thermal annealing of MIL-101 and PtCl,. Note that whereas
the peak at ca. 531 eV has been assigned to oxygen vacancies in
some earlier studies,””** electron paramagnetic resonance
(EPR) measurements of the Pt/Fe,O; samples exhibited only
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Figure 4. (a) HER polarization curves, (b) comparison of 77, (inset is the mass activity at the overpotential of —S0 mV), and (c) Tafel slopes of
Fe,0;, Pty s/Fe, 05, Pt,/Fe,0;, Pt,/Fe,0;, Pt;/Fe,0;, Pt,o/Fe,05, and 20 wt % Pt/C in 0.5 M H,SO,. (d) Comparison of 7,, between Pt;/Fe,05
and other state-of-the-art Pt-based electrocatalysts. (e) HER polarization curves of Pt;/Fe,0; before and after S000 CV cycles. The inset is the
current—time profile of Pts/Fe,0; at the overpotential of —40 mV for 10 h, with hydrogen bubbles shaken off at the third, sixth, and ninth hours.
(f) Nyquist plots of Pt;/Fe,O5 and 20 wt % Pt/C at the overpotential of —10 mV.

featureless profiles, ruling out the formation of oxygen
vacancies in the samples (not shown).

Figure 2d shows the valence band maximum (VBM) profiles
of the sample series, where the Pt-free Fe,O5 can be seen to
exhibit the lowest VBM at 1.50 eV, which was then up-shifted
markedly upon Pt loading to 1.31 eV for Pty/Fe, O3, 0.58 eV
for Pt;/Fe, 03, and 0.31 eV for Pt,/Fe,0; and became negative
at —0.05 eV for Pt;/Fe,O; before bouncing back to 0.55 eV for
Pt,,/Fe,0;. That is, the incorporation of Pt into Fe,O; led to
an apparent change in the nanocomposite electrical con-
ductivity, where Pt;/Fe,0; actually behaved like a conductor
(with a negative VBM), whereas others were mostly semi-
conducting (with a positive VBM).*® In addition, one can see
that the VBM of Pt;/Fe,O; was the closest to the Fermi level,
suggesting the highest activity in electron-transfer reactions.
Such an apparent difference of the intrinsic electronic
properties led to a marked differentiation of their electro-
catalytic activity (vide infra).””

Consistent structural insights were obtained from XAS
measurements. From the Fe K-edge X-ray absorption near-
edge structure (XANES) spectra in Figure 3a, it can be seen
that the absorption edge of the sample series was very close to
that of commercial Fe,O; but deviated markedly from that of
the Fe foil (Figure S14a), indicating that the Fe valence state in
the samples was close to +3, in good agreement with the
results from XPS measurements (Figure 2b). Additionally, one
can see that the white line intensity diminished somewhat with
increasing Pt loading in the sample (Figure 3a inset),
suggesting a slightly decreasing valence state of the Fe centers.
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This is in accord with the slight red shift of the Fe 2p binding
energy (Figure 2b).

The corresponding Pt L;-edge XANES are shown in Figure
3b, where the absorption edge of the sample series can be
found to be situated between those of the Pt foil and PtO,
(Figure S14b), suggesting that the Pt valence state was
between 0 and +4 and the average valence state diminished in
the order of Pt,;/Fe,O; > Pt,/Fe,O; > Pt,/Fe,O; > Pty/
Fe,0; > Pt;/Fe,0;, again, in good agreement with the results
from XPS measurements where both Pt** and Pt** species
were found in the samples and the atomic ratio of Pt**/Pt*
increased with increasing Pt loading (Figure 2a and Table S4).
In addition, the fact that the absorption peak intensity also
diminished from Pt s/Fe,0; to Pt;o/Fe,O; (Figure 3b inset) is
in line with the red shift of the Pt 4f binding energy observed
in XPS measurements (Figure 2a and Table S4).

The corresponding Fourier transforms of the extended X-ray
absorption fine structure (FT-EXAFS) spectra are shown in
Figure 3c,d. All samples exhibited a prominent peak at ca. 1.45
A in the Fe K-edge FT-EXAFS profiles (Figure 3c) due to the
Fe—O path, which is consistent with that of commercial
Fe,0;.*" The samples also exhibited a minor peak at around
2.78 A that was somewhat longer than that observed with
commercial Fe,O; (2.66 A) for the Fe—Fe path, likely due to
the amorphous structure of the samples.’ For the Pt L;-edge
FT-EXAFS (Figure 3d), a major peak at ca. 1.57 A can be
identified for the two samples with a low Pt loading, Pt;s/
Fe,O; and Pt;/Fe,0;, which can be ascribed to the Pt—O
path.40 However, with an increase in the Pt loading, an
additional peak appeared at 1.89 A with Pt,/Fe,0; and became
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the dominant feature in Pt;/Fe,O; and Pt,y,/Fe,O;, which
most likely arose from the Pt—Cl path.”' This is in good
agreement with results from XPS measurements where the
contents of Cl residuals increased from Pt,/Fe,O; to Pt;,/
Fe,0; and the Cl residuals were mostly bonded to Pt (Table
S2).

Such a dynamic evolution of the atomic configurations can
also be manifested in the corresponding wavelet transforms
(WT) using commercial Fe,O; and PtO, as the references
(Figure S15). From the WT-EXAFS of the Fe K-edge spectra
(Figure 3e and Figures S16 and S17a—S20a), only the first-
shell Fe—O can be identified in all samples at (3.38 A", 1.32
A). However, for the WT-EXAFS of the Pt Ly-edge profiles,
Pt,s/Fe,0; (Figure S17b) and Pt,/Fe,0, (Figure S18b) can
be seen to exhibit only the first-shell Pt—O at (3.16 A™, 1.47
A) and both Pt—O and Pt—Cl (4.71 A™!, 1.69 A) can be
resolved in Pt,/Fe,0; (Figure S19b), whereas for Pt;/Fe,O,
(Figure 3f) and Pt,o/Fe,O; (Figure S20b), the Pt—Cl
scattering now becomes the dominant feature. It is worth
noting that no significant metal—metal scattering can be found
in the WT-EXAFS spectra, in good agreement with the
amorphous nature of the Fe,O; scaffold and atomic dispersion
of Pt within the matrix.

The fitting results of the Fe K-edge and Pt L;-edge FT-
EXAFS spectra of the sample series are listed in Figures S21—
$22 and Table S6. The coordination number (CN) of the first-
shell Fe—O remained rather consistent for the series of samples
at 3.2 to 4.5, which is slightly lower than that of pristine
hematite (Table S6). Concurrently, the CN of Pt—O was
estimated to be 3.6 for Pt,;/Fe,0; and diminished to 2.8 for
Pt,/Fe,05, 1.9 for Pt,/Fe,05, and 1.2 for Pt;/Fe, 05, whereas
for Pt,y/Fe,0;, no Pt—O can be resolved. In contrast, the CN
of Pt—Cl increased from ca. 1.2 for Pt;/Fe,O5 to 1.5 for Pt,/
Fe,0;, 2.8 for Pt,/Fe,03, 3.6 for Pt;/Fe,0;, and 4.4 for Pt;,/
Fe,0;. This is in excellent agreement with the dynamic
transition observed above from Pt—O to Pt—Cl as the Pt
loading was increased. Note that no Pt—Fe path could be
resolved from the data, implying that the Pt species were most
probably attached to the surface of the Fe,O; scaffold rather
than embedded in the Fe,Oj; crystal lattice. Figure 3g,h depicts
the ball-and-stick structural models for Fe,O; and Pt;/Fe,0;,
respectively.

Taken together, these results show that at low Pt loadings
(ie, Ptys/Fe,O; and Pt;/Fe,0,), the samples consisted
primarily of Fe,O; decorated with individual Pt centers with
minimal ClI residuals, whereas at higher Pt loadings (i.e., Pt,/
Fe,0;, Pt;/Fe,0; and Pt,y/Fe,0;), PtCl, species became
increasingly dominant, likely due to the incomplete decom-
position of the PtCl, precursor, and exerted significant impacts
on the HER activity, as manifested below.

The Pt/Fe,0; samples exhibited remarkable activity toward
HER in acidic media. Figure 4a shows the polarization curves
of the various nanocomposites in 0.5 M H,SO,, where upon
the negative sweeping of the electrode potential, nonzero
cathodic currents started to appear, suggesting apparent
electrocatalytic activity toward HER. However, the activity
varied markedly among the samples. For instance, one can see
that the Pt-free Fe,O; exhibited only minimal activity, with a
high 7,5 of —660 mV. Upon the incorporation of Pt into the
Fe,0;, the activity increased significantly, where 7,, decreased
drastically to —221 mV for Pt,;/Fe,O;, —60 mV for Pt/
Fe,0;, —22 mV for Pt,/Fe,0;, —15 mV for Pt;/Fe,0;, and
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—24 mV for Pt;y/Fe,O;. Remarkably, the last three samples
even outperformed commercial Pt/C (—34 mV).

Notably, in CV measurements (Figure S23), none of the
samples showed any voltammetric profile that resembled the
conventional butterfly feature arising from hydrogen adsorp-
tion/desorption on a platinum domain,*** consistent with
results from the above microscopic and spectroscopic
measurements that Pt was most likely atomically dispersed
on the Fe,O; scaffold. In addition, the fact that Pt;/Fe,O4
exhibited the most prominent voltammetric currents of
hydrogen adsorption and desorption close to 0 V was likely
due to the high electrical conductivity as suggested in the VBM
measurements.

Consistent results were obtained from the analysis and
comparison of the mass activity by normalizing the HER
current to the Pt mass. From Figure 4b, at an overpotential of
—50 mV, Pt;/Fe,0; exhibited a mass activity of 8.12 A mgp, ',
greatly surpassing those of Pt,s/Fe,O5 (0.43 A mgp, '), Pt/
Fe,0; (1.52 A mgp '), Pt,/Fe,0; (5.29 A mgp, '), and Pt,/
Fe,0; (4.61 A mgp, ). In fact, the mass activity of Pt;/Fe,O5
was about 4 times that of commercial Pt/C (2.17 A mgp, "),
and the turnover frequency (TOF, details in the Supporting
Information) of Pt;/Fe,O; was estimated to be ca. 0.15 and
6.57 s™! at overpotentials of —10 and —50 mV, respectively,
drastically higher than those of Pt/C (0.02 and 1.75 s7')
(Figure S24).

The Tafel plots are shown in Figure 4c, where Pt;/Fe,O;
exhibits a slope of 25.4 mV dec”’, significantly lower than
those of others in the series, Pty s/Fe,0; (135.8 mV dec™),
Pt,/Fe,0; (40.4 mV dec™"), Pt,/Fe,0; (26.8 mV dec™"), Pt,,/
Fe,0; (27.6 mV dec™), and even Pt/C (25.9 mV dec™"). This
suggests facile electron-transfer kinetics of HER on Pt;/Fe,0;.
Indeed, from the Nyquist plots in Figure 4f and Figure S25,
Pt;/Fe,O;3 can be seen to possess a charge-transfer resistance
(R, = 1.28 Q) at an overpotential of —10 mV that was
drastically lower than those of the other samples, Pt;/Fe,0;
(1960 Q), Pt,/Fe,0, (55.50 Q), Pt,/Fe,0, (11.70 Q), Pt,y/
Fe,0; (3.94 Q), and Pt/C (1.36 Q) (Table S7). Taken
together, these results indicate that Pt;/Fe,O; stood out as the
best HER catalyst in the series. In fact, Pt;/Fe,O; even
outperforms a number of state-of-the-art Pt-based electro-
catalysts (Figure 4d and Table S8), such as PtRu/RFCS-6h
(10 = —=19.7 mV),* Pt-PVP/TNR/GC (—21 mV)," and Pt-
SA/ML-WO; (=22 mV)."®

Notably, Pt;/Fe,O; also exhibited excellent durability in
acidic media. From Figure 4e, it can be seen that 7, decayed
by only 4 mV after 5000 cycles between —0.05 and 0 V. In fact,
the chronoamperometric measurements (Figure 4e inset)
exhibited virtually no decay during 10 h of continuous
operation at an overpotential of —40 mV. (The diminishment
of the voltammetric currents was due to the generation of H,
bubbles that blocked the electrode surface, and almost 100% of
the current was recovered once the bubbles were shaken off.)

Additionally, as shown in Figures S26—S31, the double-layer
capacitance (Cg) can be found to increase from 0.070 mF
cm™2 for Fe,0; to 0.130 mF ¢cm™ for Pty:/Fe,0;, 0.117 mF
cm™2 for Pt;/Fe,0;, 0.145 mF cm™> for Pt,/Fe,0;, 0.499 mF
cm™2 for Pt;/Fe,0;, and 0.676 mF cm™? for Pt,y/Fe,0;. This
suggests an apparent increase in the electrochemically
accessible surface area, likely due to the enhanced electrical
conductivity of the samples by Pt modification, as suggested in
the XPS and EIS measurements presented above.
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Figure S. Structural models of a hematite Fe,0; slab functionalized with (a) PtCl, (b) PtCl,, (c) PtCly, and (d) PtCl,. (e) Gibbs free energy of H*
(AGy+) adsorption on the various models. (f) Projected density of states (PDOS) of the d electrons of Pt active sites in the various models.

To unravel the electrocatalytic mechanism, DFT calculations
(details in the Supporting Information) were carried out with
structural models based on a hematite slab functionalized with
various PtCl, species, as suggested in the above experimental
characterizations. Notably, when a Pt atom was anchored onto
Fe,O; with no Cl residual (Fe,O;—Pt) (Figure S32), the Gibbs
free energy of H adsorption (AGy«, Figure S33a) was
estimated to be —0.52 eV (Figure Se), yet with the anchoring
of PtCl onto the hematite surface (Fe,O;—PtCl, Figure Sa,e
and Figure S33b), AGy: decreased to —0.49 eV and further to
—0.25 €V for Fe,0,—PtCl, (Figure Sbe and Figure S33c),
—0.12 eV for Fe,0;—PtCl; (Figure Sc,e and Figure $S33d), and
—0.20 eV for Fe,0;—PtCl, (Figure 5d,e and Figure S33e). As a
IAGy:l close to zero is preferred for HER electrocatalysis,*"*®
this suggests that the HER activity can be markedly enhanced
by the Cl residuals, and Fe,O;—PtCl; represents the optimal
configuration. This is in excellent agreement with the
electrochemical performance described above.

The projected density of states (PDOS) of the Pt 3d
electrons was then calculated to better understand the
electronic configuration and interactions between the Pt
atom and its coordination environment. From Figure 5f, it
can be seen that the highest PDOS peak shifted from —1.54 eV
for Fe,O;—Pt to —1.63 eV for Fe,0;—PtCl, —1.67 eV for
Fe,0;—PtCl,, and —1.85 eV for Fe,O;—PtCl; and bounced
back to —1.49 eV for Fe,O;—PtCl,. That is, among the series,
Fe,0;—PtCl; possessed a PDOS distribution the farthest away
from the Fermi level (E;), which is anticipated to weaken H
adsorption and facilitate H, desorption. Such a shift of the
PDOS peak is likely due to p—d hybridization between the Cl
and Pt elections (Figure S34). By contrast, a higher Cl
coordination (i.e., Fe,0;—PtCl,) would delocalize the Pt d
electrons and render a significant splitting of the Pt d orbitals
and generation of a new highest PDOS peak that is closer to E;
(Figure S35), according to crystal-field theory."”*® Therefore,
too high a Cl coordination is not beneficial for H adsorption
(additional contributions may arise from steric hindrance), as
suggested in the above AGy: analysis. Furthermore, the
number of Pt 5d electrons can be quantitatively assessed by the
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integration of the PDOS of the Pt Sd orbitals f (_E&),nd(E) dE,
where ny(E) is the function of the density of states),”” which
increases from 8.26 for Fe,O;—Pt to 8.41 for Fe,O;—PtC],
8.53 for Fe,0;—PtCl,, 8.67 for Fe,O;—PtCl;, and 8.62 for
Fe,0;—PtCl, (Table S9). This suggests charge transfer from
the residual Cl to Pt, which is consistent with the diminishing
(increasing) binding energy of the Pt 4f (Cl 2p) electrons, as
observed in XPS measurements (Figure 2), and the increasing
content of Pt** (5d*) species (Table S2).

Bl CONCLUSIONS

A series of Pt-anchored Fe,O; nanostructures were readily
prepared by the thermal annealing of MIL-101 along with the
addition of a controlled amount of PtCl,, TEM and
spectroscopic measurements suggested the formation of a
largely amorphous Fe,0O; scaffold with nanocrystalline
domains, and the Pt species were most likely atomically
dispersed onto the Fe,O; surface in the form of PtCl,. It was
found that the loading of Pt into the samples led to a marked
change in the electronic properties, with the Pt;/Fe,O3 sample
behaving like a conductor whereas the rest behaved as
semiconductors. Electrochemically, the Pt;/Fe,O; sample
was found to exhibit the best HER activity in acidic media,
with a performance at least 4 times better than that of
commercial Pt/C, due to the unique VBM that facilitated
electron-transfer reactions, as manifested in EIS and CV
measurements. Results from DFT calculations showed that the
anchoring of the PtCl, species onto the Fe,O; surface
significantly diminished |AGy:l, with Fe,O;—PtCl; being the
optimal configuration, among the series, where charge transfer
from the Cl species to Pt weakened H adsorption, due to p—d
hybridization between the CI and Pt electrons. Results from
this study highlight the enormous potential of metal oxides in
the rational design and engineering of high-performance
catalysts for electrochemical energy technologies and the
impacts of anionic residuals on the electrocatalytic perform-
ance.
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