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High-Valence W®* lons Boost Cr?* Activity in CrWO, for

Ideal Water Oxidation

Chanseok Kim, Dasom Jeon, Nayeong Kim, Jungki Ryu,* and Jun Hee Lee*

1. Introduction

Electrocatalytic activity of multi-valence metal oxides for oxygen evolution

reaction (OER) arises from various interactions among the constituent metal
elements. Although the high-valence metal ions attract recent attentions due
to the interactions with their neighboring 3d transition metal catalytic center,
atomic-scale explanations for the catalytic efficiencies are still lacking. Here,
by employing density functional theory predictions and experimental
verifications, unprecedented electronic isolation of the catalytic 3d center
(M?*) induced by the surrounding high-valence ions such as W¢* is
discovered in multivalent oxides MWO, (M = Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
and Zn). Due to W®*’s extremely high oxidation state with the minimum
electron occupations (d°), the surrounding W+ blocks electron transfer
toward the catalytic M?* ions and completely isolates the ions electronically.
Now, the isolated M?* ions solely perform OER without any assistant electron
flow from the adjacent metal ions, and thus the original strong binding
energies of Cr with OER intermediates are effectively moderated. Through
exploiting “electron isolators” such as W®* surrounding the catalytic ion,
exploring can be done beyond the conventional materials such as Ni- or
Co-oxides into new candidate groups such as Cr and Mn on the left side of the

periodic table for ideal OER.
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Development of new cost-effective and
highly active catalysts for electrochemical
energy conversion and storage is a prime
challenge to address climate change issues.
The oxygen evolution reaction (OER) is
particularly important for the effective uti-
lization of renewable energy and electric-
ity using electrochemical devices such as
H,-0, fuel cells,[!l metal-air batteries, 2]
and water electrolyzers.[*] Transition metal
(TM) oxides and their derivatives are ex-
plored as OER electrocatalysts alternative
to expensive noble metal-based ones.[*?!
Conventionally, late 3d TMs (Fe, Co, and
Ni) are considered promising catalyst can-
didates for OER due to their abundance,
low cost, and electrochemical activities.
Their activity can be tailored by con-
trolling structure, morphology, dopants,
and defects.®1% Still, novel catalyst de-
sign strategies and better theoretical un-
derstanding of microscopic mechanisms
are urgently required to discover new
catalysts beyond Co- or Ni-based ones.

Tungstate is emerging since it is abun-
dant and can synergistically enhance the
OER activity of other transition metal
elements.l"'"13] According to the previous papers, transition-
metal-tungstates (TMTs) show good electrochemical OER
performance.'%1114161 However, the reported studies limit
the role of W as an auxiliary modifier to enhance structural
stability.['8] or electrochemical activity of other adjacent
metal elements.['] Moreover, in-depth understanding of the
underlying mechanism is still lacking.

In this study, we systematically analyzed the role of W in TMTs
for OER. For the computational analysis, six TMTs, monoclinic
MWO, (M =Mn, Fe, Co, Ni, Cu, and Zn), are considered because
they are reported as excellent catalysts for water splitting.!1%l and
three more TMTs (TiWO,, VWO,, CrWO,) are additionally in-
vestigated to determine volcano-type relation about OER activ-
ity. Strikingly, we uncover CrWO, shows the best OER perfor-
mance among the TMTs investigated, and our prediction was ex-
perimentally supported. Interestingly, when the active sites (3d
TM:s) are surrounded by the highly oxidized tungsten ions (W°*)
with minimum electron occupation (d°), W completely block
any electron flow toward the active 3d sites and now the active
site shows isolated single-atom-like catalytic properties.[2°2!] with
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Figure 1. a) Crystal structure of monoclinic MWO, (M =Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Zn). Red dotted line denotes the electron transfer blocking by
W&+ ions. b) Projected density of state (DOS) of CrWO,. W has relatively low energy level (black solid line) of d-orbital compared to Cr (blue solid line).
Therefore, the electron excitation occurs mainly in Cr rather than W because transferring electrons through W is energetically unfavorable. Due to this
d orbital energy difference, W is electronically inactive in systems where Cr and W are mixed in a 1:1 ratio, thereby producing a bulk material having Cr
as a single-atom catalyst. c) Structure of different OER adsorbents (“OH, *O, and “OOH) on crystalline CrWO, (010) that is A ion terminated surface.
Electron transfer blocking layer is marked with red dotted lines. Due to the electron blocking toward Cr on surface by W, Cr solely performs OER.

its extremely localized 3d electrons. Without any assistant elec-
tron flow toward Cr, the originally strong binding energies of
Cr with OER intermediates ("OH, “O, “OOH) are moderated for
ideal OER. This W% electronically isolates the 3d electrons of the
transition metal active site and makes the contribution of the d-
band center more significant than the previously known p-band
center.!?224] for OER activity. We show that this electron isolation
strategy using the surrounding high oxidation state ions will be a
novel route to expand OER material candidates beyond the con-
ventional late 3d TMs to the early 3d TMs.

2. Results and Discussion

2.1. Electron Isolation Mechanism in Monoclinic Catalysts

Figure 1 shows how the electron isolator (W®*) blocks electron
transfer to the active sites in the TMTs, M**WO, (M = Tj, V,
Cr, Mn, Fe, Co, Ni, Cu, and Zn). In the TMTs, W has 6+ oxida-
tion state, and the neighbor 3d TMs have 2+ oxidation state. This
extremely high oxidation state of W lowers the total energy of
the W electrons than that of the surrounding 3d TMs electrons.
This low-energy state below the Fermi level makes it difficult for
the electrons in Wb to participate in the electrochemical reaction
(Figure 1b; Figure S1, Supporting Information). Since the low
energy W ions hardly participate in OER and further geometri-
cally surround the active 3d TMs site as shown in Figure 1a, the 3d
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TM ions are electrically and structurally isolated by the W and
thus solely perform the OER reaction. When this type of mon-
oclinic catalyst is involved in OER, 3d TM ions engage as active
sites like single-atom catalytic systems. This postulation can be
verified by tracking the theoretically estimated number of elec-
trons that change with respect to the OER cycle. Figure 1c shows
the electron transfer resulting by OER on the CrWO, surface.
When the OER intermediates (‘OH, O, and “OOH) are attached
to Cr on the surface, electrons are transferred only from CrO,
(green dotted circle) to the intermediates (black dotted circle).
The electron extractions from the local CrO, geometry (—0.52,
—0.75, and —0.32e, green numbers) are strikingly similar to the
electron accumulation into the intermediates for “OH, “O, and
“OOH intermediates, respectively (+0.53e, +0.75¢, and +0.36e,
black number). This spatially localized transfer only from CrO,
unit might be attributed to the fact that MWO, is an insulator.
However, the local electron transfer does not appear in SrTiO,
and TiO,, which are also insulating oxide materials. (Figure S2,
Supporting Information)

2.2. OER Activity Prediction and Scaling Law Analysis About
MWO, with DFT

Figure 2 shows the scanned OER standard free energy diagram
of TMTs with 3d TMs, monoclinic MWO, (M =Ti, V, Cr, Mn, Fe,
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Figure 2. Standard free energy diagram of ideal monoclinic MWO, (M =Ti, V, Cr, Mn, Fe, Co, Ni, Cu, and Zn) for the OER at zero potential (U=0V),
and equilibrium potential for oxygen evolution (U = 1.23 V). nogg is overpotential of potential determining step. Note that CrWO, shows the lowest

NoER-

Co, Ni, Cu, and Zn). For Sc(WO,, the surface structure distorted
due to strong interaction between Sc and OER adsorbent oxygen
(*0), necessitating its exclusion from the comparison group. The
(010) surface terminated with 3d TM is recognized as the active
site for OER in MWO, . As depicted in Figure S3 (Supporting
Information), the creation of the (010) M surface necessitates the
cleavage of only two M=0 bonds. In contrast, the formation of
all other surfaces requires the breaking of W=0 bonds. Within
the MWO, crystal structure, M and W exist in the +2 and +6 ox-
idation states, respectively. This disparity in oxidation states sig-
nifies a significantly stronger bond between W and O compared
to M and O. Consequently, the cleavage of W=0 bonds necessi-
tates a greater expenditure of energy compared to the cleavage of
M=0 bonds. The method was developed by Nerskov and his co-
workers.[?°] is applied to analyze the complete OER process. The
potential determining step for Ti and V is the 3* OER step (“O
+ H,0 — "OOH + H* + e7), for Cr, Mn, Fe, and Co is the 2™
OER step ("OH — “O + H* + e7), and for Ni, Cu, and Zn is the 1*
OERsstep (" + H,0 — “OH + H* + e7). Through this tendency, as
the number of 3d orbital electrons increases, the overall energy
to adsorb OER intermediate species decreases. The minimum
theoretical overpotential that is the best for OER among them
is 0.42 V of CrWO,. In contrast to previous results that the best
OER originates from Co?*/Co** [l Ni** /Ni3* 1] or Fet /Fe3* 11
we show that Cr** shows the best performance with W in the
multivalent oxide system.

The data described in Figure 2 is utilized to predict the linear
correlation of the binding energies of “OH, *O, and “OOH on
TMT surfaces.[?””] As shown in Figure 3a,b, we obtained a wide
range of binding energies with the clear linear relations of “OH
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and “OOH about the O binding energy, AE,, respectively. The
slope (0.66) of the linear relation (AE,; = 0.66 AE, —1.17 eV) for
TMT surface is almost identical to that (0.61) found for the rutile
type (AO,) oxide surface,!?’] reflecting the double bond nature of
“=0 and the single bond nature of “=OH. (Figure 3a). According
to Nerskov and his co-workers, 72/ "OOH has also single bond
nature with the slopes of 0.53 for metals and 0.64 for rutile ox-
ides. However, TMT surfaces show a lower slope (0.26), denoting
“OOH makes a weaker bond than a single bond (Figure 3b).

We predict CrWO, would exhibit an excellent bifunctional ac-
tivity for both OER and ORR (oxygen reduction reaction) with
W in the oxide as shown in Figure 3c. With the determined
linear relations between the binding energies of “O, "OH, and
“OOH intermediates, the OER activity of TMTs is plotted as a
function of “O binding energy (AE,) (Figure 3c). The activity, de-
fined as the negative change of the free energy (—AG), is shown
for the four OER reaction steps. The closer to the dotted line (1.23
V) inside the gray area, the more OER active at the bottom and
ORR active at the top. Compared to the theoretical equilibrium
potential of 1.23 V, it is possible to find oxides associated with
very small overpotentials at AE, = 2.25 eV for OER and AE, =
2.55 eV for ORR. Strikingly, CrWO, would exhibit bifunctional
activity favoring both OER and ORR.

2.3. Simulated OER Activity Trend Validation with Experimental
OER Activity Data

Figure 4a shows overpotential (o) as a function of AE, for
the TMTs with that of perovskite oxides sourced from reference
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Figure 3. Scaling relationship between the binding energy of a) “O and *OH, and b) O and “OOH on 3d TM-based tungstates (010) surfaces. The linear
fittings to the data points are: AEgy = 0.66 AEq — 1.17 eV and AEggy = 0.26 AE + 2.94 eV. c) The theoretical activity of the four electron transferring
steps of oxygen evolution is described as a function of the oxygen binding energy The y-axis is the activity defined as AG of the different reaction steps,
calculated from the linear relations: AG; = AGoy — AG,4rer = AEgy +0.35eV, AG, = AGoy — AGoy = AEg +0.05 eV — AEg —0.35 eV, AG3 = AGpon
—AGp = AEgon +0.40eV - AEG —0.05eV, AG, = AGop — AGpon = 4.96 eV — AEgoy — 0.40 eV. The resulting volcano is indicated with the dark gray
areas. The best material would fall on the horizontal black dashed line representing the equilibrium potential of 1.23 eV.
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Figure 4. a) Volcano relation obtained from DFT calculated theoretical overpotentials (black rectangular) for the OER on monoclinic MWO, (010)
surfaces. The inset shows a volcano plot for OER in perovskite ABO; The negative theoretical overpotential was plotted against the oxygen binding
energy of the AEg. The blue rhombus is the experimental onset potential in alkaline media (room temperature, pH 13) b) Cyclic voltammograms of
CoWO, and Cry ,Cog gWO, in 1 M KOH (pH 14), c) Values of onset potential and current density of CoWOy,, Cry ;CoggWOy,.
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paper.2%! (Figure 4a; inset). Generally, among the 3d TM-based
oxide materials, the OER active materials are based on Co or Ni
since their appropriate binding energy with OER intermediates
("OH, *0, “O0H). In the case of perovskite oxides (Figure 4a; in-
set), SrCoO, and LaNiO, show excellent performance, while Cr-
based LaCrO, and SrCrO, show poor performance. However, in
the TMT system, CrWO, is the best OER catalyst. To evaluate the
reliability of this study, the calculation results are matched with
the reported experimental OER onset potentials.l'! (Figure 4a;
blue rhombus). Because Cr?* is difficult to be stabilized, there
is no CrWO, OER report. For the Cr-based TMT catalytic activ-
ity analysis, 10% Cr doping strategy was introduced in CoWO,
(Cry1Co,y o WO,) after optimization of the amount of Cr in CoWO,
(Figure S4, Supporting Information). Before assessing the perfor-
mance, we conducted XPS and XRD measurements to confirm
the successful chemical synthesis of catalysts (Figures S5 and S6,
Supporting Information). The XPS results confirmed the pres-
ence of W, Co, Cr, and O in Cr,; Co, s WO,. The XRD pattern also
revealed that Cr, , Co, s WO, exhibited crystalline peaks character-
istic of both CoWO, and CrWO,. Figure 4b shows the CV curves
of CoWO, and Cr,,,Co,,WO, in 1 M KOH (pH ~14). Obviously,
the OER activity of CoWO, is significantly improved by the in-
troduction of Cr doping. The onset potential of Cr,,;Co,, WO,
is reduced compared to CoWO,. At 1.6 V vs. RHE, the current
density of Cr,;Co,,WO, is 4.20 mA cm~2, more than twice that
of CoWO, (2.04 mA cm™2) (Figure 4c). To compare the activ-
ity of catalysts containing other transition metals, we also pre-
pared NiWO, and FeWO, (Figure S7, Supporting Information)
and found that NiWO, and FeWO, showed a negligible catalytic
activity. Based on the analysis of the polarization curves, we cal-
culated the Tafel slopes to assess the OER kinetics. Cr, ; Co,, WO,
exhibited a lower Tafel slope of 60.01 mV dec™! compared to
a blank GCE (474.39 mV dec™!) and CoWO, (73.29 mV dec™)
(Figure S8, Supporting Information). This finding suggests that
the rate-determining step for OER by Cr,,Co,,WO, is the for-
mation of “OOH.[??! To indirectly demonstrate the role of W%
in the OER performance, we measured the polarization curves
of Cr oxide and Co oxide without W (Figure S9, Supporting In-
formation). They showed no activity for OER, aligning with com-
putational findings and indicating crucial role of W°* in facili-
tating the OER performance. To further investigate the OER ki-
netics, we conducted electrochemical impedance spectroscopy.
In the Nyquist plots, Cr,;Co,,WO, showed a markedly lower
charge transfer resistance (R.) compared to CoWO,, indicating
rapid electron transfer between electrode and electrolyte (Figure
S10, Supporting Information). The electrochemically active sur-
face area (ECSA) was determined by measuring the double-layer
capacitance (Cy). Based on the CV curves in the non-Faradaic
region, the C, value of Cr,,Co,,WO, and CoWO, were calcu-
lated to be 170.80 and 118.39 mF cm™2, respectively, demon-
strating that Cr,,Co,,WO, has a higher bilayer capacity (Figure
S11, Supporting Information). Despite Cr, ; Co, , WO, having the
highest ECSA value, its current density remained the highest
among the ECSA-normalized polarization curves, indicating its
exceptional electrochemical OER performance (Figure S12, Sup-
porting Information). To evaluate the stability of Cr,,Co,,WO,,
we conducted chronopotentiometry (CP) for 100 h (Figure S13,
Supporting Information). Cr,,Co,, WO, maintained stable per-
formance with negligible voltage fluctuations throughout the ex-
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tended OER test. In addition, Figure S14 (Supporting Informa-
tion) shows the ORR activity of CoWO, and Cr,;Co,,WO,. As
with OER, the ORR performance of CoWO, is enhanced by 10%
Cr doping. These OER and ORR experimental results are consis-
tent with the bifunctionality of Cr-based TMT predicted by the
scaling relationship in Figure 3c.

2.4. Systematic Analysis About Mechanism and Novel OER
Activity Descriptor

For a mechanistic picture of TMT OER, the Bader charge distri-
bution before and after oxygen adsorption, and the correspond-
ing differential charge density were investigated (Figure 5). As
illustrated in Figure 5a,c that shows Bader charge distribution,
the adsorbed oxygen gained 0.75e (0.47¢) electron from CrWO,
(CoWO,) surface. The source is the oxygen adsorbed Cr (Co) ion
and four oxygen ions around it. In Figure 5b,d), which is visualiz-
ing the electron-charge difference between before and after oxy-
gen adsorption, the Cr (Co) and the neighboring only four oxygen
ions participated in the OER absorbate adsorption step as if they
are single-atom catalysts that are electrically unaffected by the
surroundings. This electrical isolation phenomenon occurs at the
boundary of the W+ ions surrounding the surface CrO, (CoO,).
However, in the case of LaCoO, perovskite oxide (Figure 5e), the
adsorbed oxygen gained 0.41 electron from LaCoO, surface, and
its source is distributed to all Co and O ions down to the three
layers of LaCoOj, surface except La ions (Figure 5f). Notably, sim-
ilar global electron flow patterns were observed on the OER sur-
faces of Cr,0, and Co,0, (Figure S15, Supporting Information),
indicating that W plays a critical role in the local electron flow
observed for TMT-based OER.

The difference between the local electron flow of TMT and
the global electron flow of perovskite affects the different de-
grees of OER contribution dominance between TM and O. In
the TMT5, the electron donation toward the adsorbed interme-
diate molecules is mainly originated from the d-orbital of TMs
as shown in the huge local amount electron extraction (—0.47e)
from Cr’* whereas in perovskite oxides, the oxygen p-orbital
mainly contributes.[?>3%31] So, we develop a new descriptor to ef-
fectively describe the degree of OER contribution dominance be-
tween the transition metal ion and oxygen atom in TMT.

To systematically support the electrical contribution of d- and
p-orbitals for OER activity, we conducted a study involving regres-
sion analysis of the oxygen binding energy (AE,) values, using
the metal d-band center (My) and oxygen p-band center (O,) as
descriptive parameters. The M, (O,) descriptor is defined as the
weighted projected density of states (pDOS) center of 3d-orbital
(2p-orbital) of TM ions (lattice oxygen ions), which can be de-
scribed by Equation 1:

E,
S EX i dE

M, (O,)
! /. —Eﬁo Psd(zp)dE

(1)

P3aqp) is the pDOS for 3d (2p)-orbital of the atoms at energy
E and E; is the Fermi level of the structure. Due to the limited
number of samples (MWO,, M =Ti, V, Cr, Mn, Fe, Co, Ni, Cu,
and Zn, with their respective values are shown in Figure S16,
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Figure 5. The Bader charge distribution before and after adsorption (top), and the corresponding differential charge density (bottom) of a,b) monoclinic
(010) CrWO,, ¢,d) monoclinic (010) CoWOy,, and e,f) Perovskite (100) LaCoOj;. The black, yellow, and red numbers are the Bader charge of lattice
oxygens, 3d metals (Cr and Co), and adsorbed oxygen ions, respectively. The ‘Sum’ values in green are the net Bader charge data in the volume enclosed
by the green dashed line, which is consistent with the charge difference of the adsorbed oxygen ion. The cyan and yellow surfaces correspond the

charge gain and lost regions, respectively (iso-value, 0.002). The electron transfer blocking layer by W ions is marked with red dotted line and electron
transferring feature is marked with green arrow.

Supporting Information), we performed a regression test with  (RMSE = 0.47, MAE = 043, and R? = 0.90), and M,
several combinations of O, and M, (Figure S17, Supporting In- ~ (RMSE = 0.91, MAE = 0.80, and R* = 0.63), which are re-
formation). Interestingly, O,/M, (Figure 6a, RMSE = 0.29, MAE  ported descriptors in previous papers.l*>*/ Additionally, we con-
= 0.25, and R* = 0.96) emerged as the best descriptor of the  ducted regression tests with other parameters, M;-O, (one pa-
96% linear relationship with AE, than single descriptors, O,  rameter, RMSE = 0.63, MAE = 0.56, and R” = 0.83), and M, &

a b -
(@) Optimum: O,/My= 1.73 (AE; = 2.2 eV) (b) Periodic table order (MWO,) R
B[ AE,=-2.560/M,+6.62 5. 1 V,Ti Cr E Mn,Fe,Co  Ni,Cu,Zn
o5 o ] *0 0 ! 0 *0
g Ni e Pl e e
E - E !
i Fé? Cu 1 ﬁ‘ ' 1
= Mn Wl M: 3d |
N - :
o ("] ] !
- cr 0:2p i
Jd ™ MWO, | :
V. RMSE =0.29, MAE=0.25, R*=0.96 M—= ~217 1.74 : ~1.13 ~0.69
0 i
9 1 2 3 : 5 6 d-band (M) “ p-band (O,)
AE,(eV)/ DFT dominant dominant

Figure 6. a) Parity plot between predicted by regression model and DFT-calculated AEg values for 3d TM-based monoclinic tungstate oxides (MWO,)
is depicted. b) Schematic representation to express the physical meaning of O, /My is depicted. In DOS of 3d TM, the shape of 3d orbital and 2p orbital,
and their contribution to the adsorbate (“O) are related to the O p/Mgy value.
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O, (two parameters, RMSE = 0.46, MAE = 0.44, and R? =0.91),
based on the previous papers.31"3] that emphasize the impor-
tance of hybridization of metal and oxygen ions. However, both
two-descriptor combinations were found to be less accurate than
O,/M,. It's worth noting that O, /M, also encapsulates informa-
tion about the degree of hybridization between metal and oxygen
ions; the closer to O,/M, = 1, the more hybridized. Note that O,
and M, are expressed as negative numbers, indicating how far
the entire orbital position is from Ey. By dividing O, by M, we
obtain a unitless value that is independent of the energy scale of a
specific material, allowing for a normalized representation of the
band structure for various TMs. For early (late) 3d TMs such as V
and Ti (Ni, Cu, and Zn), O, /M is #2.17 (0.69), signifying that the
d-orbital level is close (far) to E¢ ~2 times compared to the p-orbital
level. This indicates that d-orbital (p-orbital) has dominant role in
the electron transfer to the O adsorbate (Figure 6b). According
to the theoretical OER activity for TMTs (Figure 3c), the highest
OER activity is achieved when the oxygen binding energy is 2.2
eV, corresponding to an O,/M, value of 1.73. This implies that
in the TMT system, the optimal degree of hybridization between
p-orbital and d-orbital is 1.73 (indicating less hybridization), and
d-orbital is closer to E; than p-orbital. Consequently, CrWO, with
an O,/M value of 1.74 is identified as the most optimized mate-
rial within the TMT system.

To explore the versatility of O,/M,, we referred to the reported
oxygen-binding energy data of perovskites.?®! and calculated the
0,/M, value for each cited perovskite. As depicted in Figure S18
(Supporting Information), the regression results for perovskites
are less accurate (RMSE = 0.78, MAE = 0.69, and R? = 0.79)
than those for TMTs (RMSE = 0.29, MAE = 0.25, and R? = 0.96).
According to Ngrskov et al.,[?%] the optimal AE, value for per-
ovskite’s OER activity is ~3.0 eV, corresponding to an O,/M,
value of 0.48. This value (0.48) indicates that the oxygen p-orbital
is energetically closer to Fermi energy than the metal d-orbital,
similar to the orbital configuration observed in late TMs (Ni, Cu,
and Zn), as depicted in Figure 6b. This suggests that, for the
optimal OER of perovskites, electron donation to the reactant
molecules should be primarily driven by the oxygen p-orbital, as
reported previously.222*l However, reported papers have a limita-
tion of analyzing mainly late 3d TMs (p-band dominant) such as
Fe, Co, and Ni, omitting the analysis of early 3d TMs (d-band dom-
inant) such as V, Ti, and Cr. Therefore, it is noteworthy that the
0,/M, of perovskite shows a clear 79% linear relationship with
AE, from V to Zn. These results strongly suggest that the O, /M,
descriptor has the potential to describe the optimal orbital states
within various oxide systems for achieving the highest OER ac-
tivity. Just as the d-band dominant form (O,/M, ~ 1.73) of TMT
and the p-band dominant form (O, /M, ~ 0.48) of perovskite are
the most optimized orbital states for OER.

3. Conclusion

In the present study, electronic, structural, and surface proper-
ties of 3d TM-based tungstates, monoclinic MWO, (M =Ti, V,
Cr, Mn, Fe, Co, Ni, Cu, and Zn), are systematically investigated.
It was confirmed that the 3d TM active site is surrounded by
the highly oxidized W with minimum electron occupation (d°),
resulting in electronic isolation of the catalytically active atom.
Since W block any electron transfer toward M?* during OER,

Small 2024, 2400114

2400114 (7 of 9)

www.small-journal.com

M?** solely transfer electrons to OER intermediates, resulting in
an overall weakening of its binding energy with these intermedi-
ates. With the universally weakened binding energies, Cr, which
showed strong binding to OER intermediates in perovskites, is
now expected to exhibit the optimal biding and the best OER
performance among the 3d-transition metal ions. With the in-
vestigation of universal scaling relationship between the binding
energy of "OOH and “OH in TMTs, Cr-based TMT was iden-
tified as the most OER active. Our discovery uncovers Cr as a
main catalytic active site in contrast to previous studies show-
ing Cr as an auxiliary site for H,O adsorption,** p-band cen-
ter tuning assistance,*) or electrochemically accessible surface
area growth.3®%] The superior performance of the early transi-
tion metal such as Cr over Co and Ni is an interesting finding
because, for most TM-based oxides, materials based on the late
TMs such as Co and Ni show major OER activity. Even in the
other 3d metal-based system with W, it has been reported that
Fe* is more efficient than Co, Ni, and Cu.["®) However, our work
demonstrates that Cr?*, which is almost left side of the periodic
table, can exhibit the best performance with complete electronic
isolation by W®". We conject that the isolation arises because
the active site (M) of MWO, is completely surrounded by W°*,
while the M in the previous literature.l'”! is partially surrounded
by the less doped W. This form of electronic contribution can be
described by the new descriptor O,/M, applicable to both TMT
and perovskite oxides. This study enables us to move beyond the
conventional material candidate group of OER catalysts based on
late TMs such as Ni and Co and expand our scope to new material
candidate groups, including early TMs like Cr.

4. Experimental Section

DFT Computational Details:  All electronic structure calculations were
performed using the Vienna Ab initio Structure Package (VASP).[383°]
GGA-PBE exchange-correlation functionall*®] of DFT was used along
with projector-augmented wave (PAW) pseudopotentials to deal with the
core—valence interactions, and cutoff energy for pseudopotential was set
to 500 eV. MWO, (M =Ti, V, Mn, Fe, Co, Ni, Cu, and Zn) was modeled
as a monoclinic structure, and the stable (010).123] surface slab was gen-
erated with one layer of MWO, fixed as the bulk phase and another three
layers relaxed as the surface phase. A vacuum layer of at least 16 A was
added to rule out an imaginary interaction between repeating slabs in the
z-direction. The geometry relaxations were given until the residual force
on unconstrained atoms became less than 0.01 eV A~T with (6 x 6 x 1)
Monkhorst—Pack mesh. The optimized structures of bare MWO, sur-
faces and surfaces with adsorbed OER intermediates *, “OH, O, and
“OOH (asterisk denoting adsorbed species) were simulated for OER free
energy calculation. The GGA+U method was also applied to reduce the
self-interaction error and improve the description of correlation effects.
For the GGA+U calculation, the standard Dudarev implementation was
used'[*'] where the on-site Coulomb interaction for the localized orbitals
is parametrized by U.g = U — ] using the PBE functional. The optimized
effective interaction parameter U.g for the metal atoms was applied in
MWO, (U.s = 4.0, 3.1, 3.5, 3.9, 4.0, 4.5, 6.0, 4.0, and 4.7 eV for Ti,[2]
V431 Crl43] Min,[43] Fe,[43] Co,[251 N, 1431 Cu,[#3] and Zn,[*4] respectively).

In general, OER on an oxide surface occurs via four discrete electron
transfer steps as:

* 4+ H,0 >*OH + H* + e~ @

*OH -*O +HY +e” (3)
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*O+H,0 >*O0H + H + e~ (4)
*OOH — *+0,+HT+e~ (5)

where * denotes the surface site surface; and “O, “OH, and *OOH indicate
adsorbed species on the active site. The theoretical overpotential (1) is
calculated as:

n=max[AG,, AG,, AG;, AG,] /e — 1.23V 6)

where AG,_4 denotes the reaction free energies of four electron OER paths
in Equations (1)—(4).

Materials:  Chromium(lll) nitrate nonahydrate and cobalt(ll) nitrate
were produced by Sigma—Aldrich. Sodium tungstate was purchased from
Merck.

Synthesis of M-WO, OER Catalysts: To make Cry 1Coy WOy, a mixed
solution of Cr(NO3); and Co(NO;), was slowly added dropwise to a 35 mL
0.1 M Na, WOy, solution for 1 h, resulting in the addition of 0.1 equivalent
of Cr and 0.9 equivalent of Co compared to Na,WO,. After mixing the
metal nitrate and sodium tungstate solutions, an autoclave was conducted
at 180 °C for 12 h at 180 °C. For CoWO,, 0.1 M Co(NO3), was added
dropwise to 0.1 M Na, WO, for 1h, while maintaining the pH at 7.0 during
the precipitation process. The resulting mixture underwent hydrothermal
treatment at 180 C for 12 h. Subsequently, the purple powder was annealed
at 450 °C for 4 h.

Characterizations and Electrochemical Characterizations: The electro-
chemical performance was evaluated using linear-sweep voltammetry and
cyclic voltammetry with a scan rate of 5 mV s~ in a three-electrode con-
figuration: Ag/AgCl as a reference electrode, Pt wire as a counter elec-
trode, and our sample as a working electrode using a VSP potentio-
stat/galvanostat (Bio-Logics Science Instruments, France) in 1.0 m KOH
(pH 14). For working electrode, 200 mg mL™" catalysts in an isopropyl
alcohol/Nafion mixture (9:1, v/v) were drop-casted onto the glassy car-
bon electrode (GCE). The ORR performance was measured using rotating
ring (Pt)-disk (glassy carbon) electrode under the following configuration:
a reference electrode, Ag/AgCl; a counter electrode, Pt coil; electrolyte, 0.1
M KOH saturated with O,; 10 mV s71, scan rate. The 3 mm catalyst with
10% Ketjen black was drop-casted onto the disk electrode. The electron
transfer number was calculated following Equation (6):

41
Electron transfer number = — 2% — (7)
I, +1,/N

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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