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Bisulfate as a redox-active ligand in vanadium-
based electrocatalysis for CH4 functionalization†

Danlei Xiang,‡a Sheng-Chih Lin,‡b Jiao Deng,a Hao Ming Chen *b and
Chong Liu *ac

The roles of unforgiving H2SO4 solvent in CH4 activation with

molecular catalysts have not been experimentally well-illustrated

despite computational predictions. Here, we provide experimental

evidence that metal-bound bisulfate ligand introduced by H2SO4

solvent is redox-active in vanadium-based electrocatalytic CH4

activation discovered recently. Replacing one of the two terminal

bisulfate ligands with redox-inert dihydrogen phosphate in the pre-

catalyst vanadium (V)-oxo dimer completely quenches its activity

towards CH4, which may inspire environmentally benign catalysis

with minimal use of H2SO4.

Abundance of CH4 welcomes sustainable methods of convert-
ing CH4 into fuels or commodity chemicals such as CH3OH at
low temperatures.1 Since the existing two-step industrial route
of CH4-to-CH3OH conversion is capital-intensive and operates
under high temperatures and pressures,2 direct activation and
two-electron oxidation of CH4 with molecular transition-metal-
based catalysts offers an alternative. In those systems, concen-
trated sulfuric acid (98% H2SO4) or even oleum (H2SO4�xSO3)

1c,3

are frequently applied as solvent in homogenous4 and electro-
chemical catalysis5 in order to mitigate undesirable further
oxidation, thanks to the formation of oxidatively stable methyl
bisulfate (CH3OSO3H),6 a precursor of CH3OH, as the product
of two-electron oxidation of CH4. Yet, it is proposed computa-
tionally that there are additional roles of H2SO4 solvent in the
critical step of homogeneous AuIII, PdII, HgII, and SbV-based
CH4 activation7—metal-bound bisulfate ligands (–OSO3H)
undergo an intramolecular abstraction of a proton from CH4

concurrent with formation of a metal–CH3 bond (Fig. S1, ESI†).

Other roles of bisulfate ligand are suggested in electrocatalytic CH4

activation in H2SO4. We previously reported room-temperature
electrochemical CH4 functionalization into CH3OSO3H in 98%
H2SO4 with molecular catalyst vanadium (V)-oxo dimer V2

V,V (1 in
Fig. 1).5c Kinetics suggests preceding CH4 activation, there exists a
turnover-limiting electrochemical oxidation of d0 V2

V,V into a CH4-
reactive cation radical V2

V,V+, which is computationally predicted to
be an oxygen radical mostly localized on monodentate bisulfate
ligand (Fig. 1a). Moreover, it is computationally suggested that CH4

activation on an electrochemically generated PdIII,III2 dimer is
initiated on metal-bound bisulfate via an H-atom abstraction

Fig. 1 (a) Proposed mechanism of CH4 functionalization initiated by the
electrochemically generated cation radical (V2

V,V�+) from a vanadium (V)-
oxo dimer (1, V2

V,V, based on DFT and EXAFS results).5c (b) Mono-
substitution of bisulfate with a dihydrogen phosphate ligand leads to
electrocatalytically inactive 2 in H2SO4–H3PO4 mixed solvent.
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process (Fig. S1, ESI†),8 which similarly hints at a redox-active
bisulfate ligand with an O radical. Such insights suggest the
bisulfate ligand and hence H2SO4 solvent is critical towards the
observed activities in homogenous and electrochemically catalytic
systems. However, experimental evidence remains elusive. A deeper
understanding about H2SO4 and bisulfate ligand’s role in CH4-
activating catalytic cycle will help us to design environmentally
benign catalytic systems with minimal use of 98% H2SO4 while
yielding CH3OH or its equivalent without excessive oxidation.

Here, we seek to experimentally validate the redox noninno-
cence of bisulfate ligand in the context of searching for an
alternative electrolyte other than unforgiving H2SO4. Because
the formal oxidation state of vanadium (V) metal centers cannot
be further increased, electrocatalytic CH4 activation based on
V2

V,V pre-catalyst5c (Fig. 1) is selected as a model system devoid
of the potential interference from metal-based redox changes.
We hypothesize substituting the monodentate bisulfate ligand
with a more redox-inert dihydrogen phosphate moiety
(–OPO3H2),

9 by partly replacing H2SO4 solvent with H3PO4, is
an effective perturbation of the catalytic center and a venue to
probe the role of bisulfate ligand (Fig. 1b).

We observed a chemical equilibrium between V2
V,V (1) and

the variant mono-substituted by a dihydrogen phosphate
ligand (2) in mixtures of H3PO4 and H2SO4. UV-Vis spectro-
metry was conducted when V2O5 was dissolved in H3PO4–H2SO4

electrolytes of different molar concentration ratios cH3PO4/
cH2SO4 (Fig. S2a, ESI†). A symmetric bimodal distribution of
the absorption peaks with an isosbestic point at 309 nm was
observed when the total vanadium concentration CV = 0.4 mM
(Fig. 2a). In 98% H2SO4 (i.e. cH3PO4/cH2SO4 = 0/18.0), the strong
absorption peak at lmax = 329 nm is assigned to LMCT band of
1.5c,10 With the introduction of H3PO4 solvent and hence the
dihydrogen phosphate ligand, an isosbestic point in Fig. 2a

suggests only one new species 2 at lmax = 291 nm formed at the
expense of 1. The blue-shifted LMCT band in 2 indicates 2 contains
a larger energy gap of LMCT and less oxidatively accessible ligand-
based molecular orbitals given the same d0 vanadium (V) metal
centers in 1 and 2.11 Such a stabilization of the ligand-like
molecular orbitals is consistent with presumed ligand substitution
by redox-inert dihydrogen phosphate.12 Taking advantage of the
isosbestic point,13 we established a model to determine the equili-
brium constant between 1 and 2 (Kc) and number of bisulfate
ligands substituted by dihydrogen phosphate (n),

1þ nH3PO4 $ 2þ nH2SO4 Kc ¼
2½ �1cH2SO4

n

1½ �1cH3PO4
n

(1)

log10
½1�
½2�

� �
¼ � log10 Kcð Þ þ n log10

cH2SO4

cH3PO4

� �
(2)

In amixed solvent of a specific cH3PO4/cH2SO4 value, the absorbances
at 329 nm and 291 nm depend on the concentrations of 1 and 2 ([1]
and [2], respectively), as well as their molar extinction coefficients at
329 nm and 291 nm. Analysis of Fig. 2a yields values of [1] and [2] at
different cH3PO4/cH2SO4 (Fig. 2b and Table S1, ESI†). When cH3PO4/
cH2SO4 4 4.7/13.5, biphosphate-substituted 2 becomes predomi-
nant. Following eqn (2), plotting log10([1]/[2]) against log10(cH2SO4/
cH3PO4) yields a linear relationship (Fig. 2c) with its slope and
y-intercept corresponding to n and �log10(Kc), respectively. As n =
1.18 and Kc = 2.9 from Fig. 2c (ESI†), an equilibrated mono-
substitution of bisulfate ligand with dihydrogen phosphate
between 1 and 2 is established.

X-Ray absorption spectroscopy suggests mono-substitution
occurs on the terminal bisulfate ligand. Two vanadium solu-
tions with cH3PO4/cH2SO4 = 3.5/14.6 and 7.0/11.3 were measured
with CV = 10 mM. In the results of XANES spectra for vanadium
atoms, the sample of cH3PO4/cH2SO4 = 7.0/11.3 displayed a slight
higher formal oxidation state of the vanadium center than the
one of cH3PO4/cH2SO4 = 3.5/14.6, which is consistent with the
substitution of a less oxidatively accessible –OPO3H2 that shifts
the rising-edge and edge maxima of vanadium atoms to higher
energy regions (Fig. S2a and b, ESI†). Fig. 2d shows the EXAFS
spectra for samples with cH3PO4/cH2SO4 = 3.5/14.6 (yellow trace)
and 7.0/11.3 (blue trace), mixtures of 1 and 2 with molar ratios
quantifiable from Fig. 2b. Fig. 2e shows the average fitting
results from EXAFS based on the coexistence of 1 and 2. In the
first coordination shell near the metal, there are five V-bound
O atoms with three different V–O bond lengths (Fig. 2d, blue
area). The second shell (Fig. 2d, 42.0 Å, green area) includes
the other V atom in the dimer structure and two S atoms from
two bridging bisulfates; more importantly, there are S or P
atoms less than one equivalent from the non-bridging –OSO3H
or –OPO3H2 moiety (V–S and V–P, respectively, with a subscript
‘‘a’’ in Fig. 2e) and the averaged coordination numbers of the
terminal –OSO3H and –OPO3H2 add up to one equivalent in
both samples. This suggests the mono-substitution observed
from UV-Vis in Fig. 2a corresponds to the replacement of one
non-bridging bisulfate ligand with dihydrogen phosphate. On
average, the ratios of the coordination numbers of the non-

Fig. 2 (a) UV-Vis spectra in different H2SO4–H3PO4 mixed solvents. CV =
0.4 mM. (b) The molar composition of 1 and 2 as a function of solvent
composition. (c) The logarithms of the concentration ratios between 1 and 2,
log10([1]/[2]), against the logarithms of the concentration ratios between H2SO4

and H3PO4, log10(cH2SO4/cH3PO4). (d and e) EXAFS measurements (d) and
structural optimization (e) for the vanadium (V)-oxo species in two represen-
tative electrolytes (cH3PO4/cH2SO4 = 3.5/14.6 and 7.0/11.3). CV = 10 mM.
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bridging terminal –OSO3H and –OPO3H2 ligand (C.N.V–S/C.N.V–P)
from EXAFS are quite comparable with the expected ratios
obtained from UV-Vis in Fig. 2b (Table S2, ESI†), corroborating
the mono-substitution on terminal bisulfate ligand (Fig. 1b) and
offering a suitable perturbation to the electrocatalyst to study the
role of terminal –OSO3H ligand.

The activities of electrocatalytic CH4 functionalization in
H3PO4–H2SO4 mixed electrolyte were observed to decrease with
the increase of cH3PO4/cH2SO4 value, and hence the percentage of
2 in the solution. Representative cyclic voltammograms (CVs) in
atmospheric N2 (Fig. 3a and Fig. S3, ESI†) and CH4 (Fig. 3b and
Fig. S4, ESI†) of CV = 10 mM were recorded at varying scan rates
in H3PO4–H2SO4 electrolytes with a 2 mm diameter Pt working
electrode, and all following potentials are reported with respect
to Hg2SO4/Hg. The vanadium V/IV redox couple was consis-
tently at B0.64 V. The generation of cation radical V2

V,V�+ via
one-electron oxidation presumably from terminal –OSO3H
(noted as TLS in Fig. 1a)5c was observed beyond 1.4 V. In
general, introduction of H3PO4 electrolyte suppresses or ano-
dically shifts oxidation current for the formation of a cation
radical and decreases the difference of oxidation current in N2

and CH4 when E 4 1.4 V (Fig. 3a and b). Such observations
reinforce mono-substituting one redox-active terminal bisulfate in
1 with redox-inactive dihydrogen phosphate in 2 leads to a more
oxidatively demanding electrogeneration of the CH4-reactive

cation radical and a smaller electrocatalytic current density in
CH4. Our investigation continued with bulk electrolysis under
1 bar CH4 with CV = 10 mM in H3PO4–H2SO4 electrolyte when E =
1.75 to 2.45 V with an FTO working electrode (Fig. S5, ESI†).
CH3OSO3H was the only product observed in the liquid phase
(Fig. S6, ESI†). Faradaic efficiency (FE) and partial current density
of CH4 oxidation to CH3OSO3H ( jCH4) were recorded in Fig. 3c and
d. At small E values, CH4 activation seemed to be kinetically
controlled and increased with larger E until E 4 2.25 V when
other limiting factors including mass transport surfaced. While
optimal values of FE and jCH4 were achieved at ca. 2.2 V, electro-
lytes of larger cH3PO4/cH2SO4 lead to lower values of FE and jCH4,
consistent with the presumed lower redox activities incurred by
dihydrogen phosphate substitution. More strikingly, Tafel analy-
sis by plotting log10( jCH4) versus E leads to different values of
Tafel slopes in different H3PO4–H2SO4 mixtures. In Fig. 3e,
when [1]/[2] ratios correspond to 100/0 and 67/33 (Table S1, ESI†
cH3PO4/cH2SO4 = 0/18.0 (red) and 3.5/14.6 (yellow), respectively),
nearly overlapping data points were recorded when E o 2.1 V
with Tafel slopes of 116 and 114 mV/dec, respectively. While
their differences at E 4 2.1 V may be indicative of the differences
in [1]/[2] ratios, the similar if not the same Tafel slopes of about
120 mV dec�1 indicate the same turnover-limiting step (TLS) of
electron transfer (E step),14 which is presumed to be the first
electrochemical oxidation of 1 into cation radical V2

V,V�+ with a
redox-active terminal bisulfate ligand as reported before (step
TLS in Fig. 1a).5c The same values of Tafel slopes at cH3PO4/cH2SO4 =
0/18.0 and 3.5/14.6 also suggest H2SO4 molecule does not partici-
pate in TLS and the TLS is independent of H2SO4 concentration.
However, a Tafel slope of 188 mV dec�1 was observed (blue
in Fig. 3e) when cH3PO4/cH2SO4 = 7.0/11.3 and [1]/[2] ratio is 35/65
(Table S1, ESI†). Such a Tafel slope much larger than 120 mV dec�1

indicates a TLS of chemical reaction (C step) preceding any
electrochemical charge transfers.14 This observation also excludes
a possible shift of TLS to the step of CH4 activation after formation
of V2

V,V�+, because a turnover-limiting chemical step of CH4 activa-
tion (C step) in an EC0 mechanism would have led to a smaller
Tafel slope14 that is not what we have observed experimentally. At
high cH3PO4/cH2SO4 values, a pre-equilibrium between 1 and 2 exists
due to the predominance of 2 (Fig. 1b) and a C step converting 2
into 1 becomes turnover-limiting before electrochemical oxidation
of 1 into CH4-reactive V2

V,V�+.
Analysis of the pseudo-first-order apparent rate constant kobs

of CH4 electrocatalysis at different values of cH3PO4/cH2SO4

supports the hypothesized redox inactivity of 2 and that only
1 is directly electrochemically oxidizable to yield CH4-reactive
cation radical V2

V,V�+. At E = 2.25 V, jCH4 was obtained at
different values of cH3PO4/cH2SO4 (Fig. 3f). The average values
of kobs based on CV were determined from the diffusion
coefficient of vanadium (V)-oxo dimer at different values of
cH3PO4/cH2SO4 (Fig. S7 and Table S3, ESI†).15 Fig. 3g depicts kobs
as a function of cH3PO4 and cH2SO4. In Fig. 3f and g, the average
activities of CH4 activation decrease with increasing cH3PO4

under the same CV. The 4.3-fold and 3.9-fold changes of jCH4

(Fig. 3f) and kobs (Fig. 3g), respectively, under a 1.6-fold
decrease of cH2SO4 suggest the observed changes of jCH4 and

Fig. 3 (a and b) CVs in 1 bar N2 (a) and CH4 (b) 100 mV s�1. (c–e) Faradaic
efficiencies (c) and partial current densities (d) and the Tafel plots (e) measured
at different potentials. (f–h) Partitioning the reactivities between 1 and its
dihydrogen–phosphate-substituted variant 2, E = 2.25 V. (f and g) Partial
current densities (f) and apparent rate constants (g) as a function of the
composition in H3PO4–H2SO4 mixed electrolyte. (h) The relationship between
the apparent rate constants andmolar composition of 1. Each data point shows
the average of three individual measurements. CV = 10 mM.
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kobs do not directly originate from the change of TLS’s kinetic
rate that might have been a function of cH2SO4, because Tafel
slope analysis suggests H2SO4 molecule does not participate in
turnover-limiting one-electron oxidation of V2

V,V. We further
plotted kobs as a function of the percentage of 1 in the mixture
of 1 and 2, [1]/([1] + [2]), under different values of cH3PO4/cH2SO4

at CV = 10 mM (Fig. 3h). A linear relationship was observed and
extrapolation of this linear relationship yields kobs = (4.2 � 0.5) �
10�4 and (�0.4� 0.3)� 10�4 s�1 when [1]/([1] + [2]) = 1.0 (pure 1)
and 0.0 (pure 2), respectively. The difference of calculated kobs
between 1 and 2 quantitatively confirms only 1 is electroche-
mically oxidizable to a CH4-reactive cation radical and 2 is
redox-innocent at E = 2.25 V. It is intriguing that replacing only
one of the two terminal –OSO3H moieties in 1 with –OPO3H2

leads to such a dramatic difference of kobs between 1 and 2.
Although the electrochemically generated cation radical V2

V,V�+

is computationally considered as a radical localized on the
terminal oxygen atom of monodentate bisulfate ligand
(Fig. 1a),5c our results hint the singly occupied molecular
orbital (SOMO) of V2

V,V�+ is highly delocalized across the
vanadium (V)-oxo dimer. A –OPO3H2 moiety away from the
formally electrooxidized –OSO3H has an impact on energetics
of electrogenerated cation radical. Such results are indeed
supportive of the computational results of the electrochemi-
cally generated PdIII,III2 dimer in H2SO4.

8 Thanks to the covalent
nature of Pd–O bond and possible formation of delocalized
biradicals, two equally viable CH4-activation pathways were
proposed for the PdIII,III2 dimer and both include the step of
H-atom abstraction from CH4 initiated by an O atom in metal-
bound bisulfate ligand (Fig. S1, ESI†).8 In our work, because the
pre-catalyst 1 has already been at vanadium’s highest formal
oxidation state that precludes any metal-based oxidation and
metalloradical formation, our experiments provide clear evi-
dence that bisulfate is redox-active during electrocatalytic CH4

activation. Given similar electrochemical driving forces
between vanadium-based electrocatalysis and others,5a,b,16
one working hypothesis is the redox noninnocence of metal-
bound bisulfate is universally present in electrocatalytic CH4

activation in H2SO4-based electrolyte. Indeed, the universal
reactivities of electrocatalytic CH4 functionalization across
early transition metals (Group 4 to 6, Period 4 to 6) reported
by our group recently offer additional support towards our
argument.16 While we do not have enough information to
extend such a hypothesis for homogenous CH4 functionaliza-
tion in H2SO4 or oleum through electrophilic activation,7a–d we
contend redox activity of metal-bound bisulfate should be
considered during the mechanistic investigation.

Our results offer a reminder in the context of translating
electrocatalysis of CH4 activation in currently prevailing yet
unfriendly H2SO4 solvent17 to a more benign electrolyte.
Removal of H2SO4 solvent not only destabilizes CH3OH or its
equivalent as the two-electron oxidation product6 but also may
inadvertently remove the electrocatalytic active species impor-
tant towards activating CH4 and alter the overall reaction

mechanism. Designing a bisulfate-rich microenvironment for
electrocatalytic active sites with minimal H2SO4 usage could be
a possible route to keep the electrocatalytic mechanism and
activity of CH4 functionalization with least infrastructure reli-
ance and environmental footprints.
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