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The construction of highly active catalysts for methanol oxidation reaction (MOR) is central to direct
methanol fuel cells. Tremendous progress has been made in transition metal phosphides (TMPs) based
catalysts. However, TMPs would be partially damaged and transformed into new substances (e.g., Pt-M-P
composite, where M represents a second transition metal) during Pt deposition process. This would pose
a large obstacle to the cognition of the real promoting effects of TMPs in MOR. Herein, Co,P co-catalysts
(Pt-P/Co,P@NPC, where NPC stands for N and P co-doped carbon) and Pt-Co-P composite catalysts (Pt-Co-
P/NPC) were controllably synthesized. Electrocatalysis tests show that the Pt-Co-P/NPC exhibits superior
MOR activity as high as 1016 mA/mgp, significantly exceeding that of Pt-P/Co,P@NPC (345 mA/mgp). This
result indicates that the promoting effect is ascribed primarily to the resultant Pt-Co-P composite, in
sharply contrast to previous viewpoint that Co,P itself improves the activity. Further mechanistic studies
reveal that Pt-Co-P/NPC exhibits much stronger electron interaction and thus manifesting a remarkably
weaker CO absorption than Pt-P/Co,P@NPC and Pt/C. Moreover, Pt-Co-P is also more capable of producing
oxygen-containing adsorbate and thus accelerating the removal of surface-bonded CO*, ultimately boost-
ing the MOR performance.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Advanced clean energy technologies, such as solar cells and
fuel cells, are expected to play a crucial role in energy conversion
and storage in the future due to their environmental friendliness
and sustainability [1-3]. In recent years, direct methanol fuel cells
(DMFCs) receive intensive attention due to their abundant fuel
sources, high conversion efficiency as well as low pollutant emis-
sion [4-6]. However, its commercial success is seriously obstructed
by the low activity of anode methanol oxidation reaction (MOR)
catalysts to a large extent [7]. To date, expensive Pt-based cata-
lysts are irreplaceable in DMFCs because almost all Pt-free catalysts
exhibit negligible MOR activity in acidic medium. What's worse,
Pt-based MOR catalysts are highly prone to be poisoned by CO
that is generated from the dehydrogenation of methanol molecules,
degrading the activity and durability [8,9]. Despite tremendous
progress has been made in MOR catalysts, such as some bimetallic
alloys [10], most synthetic methods usually involved expensive and
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toxic precursors [2,11], severely hindering their large-scale com-
mercialization. Accordingly, developing highly active and alterna-
tive MOR catalysts is central to wide penetration of DMFCs [4,12].

To design excellent MOR catalysts, another strategy, i.e., in-
troducing co-catalysts, has been investigated, such as transition
metal oxides, hydroxides, carbides, nitrides, and phosphides [13-
20]. Among the above listed co-catalysts, transition metal phos-
phides (TMPs) stand out due to their relatively high electrical con-
ductivity [21]. For example, Xing's group reported a significantly
improved MOR activity by using Ni,P and CoP as co-catalysts.
Chang et al. found that bimetallic phosphides had overwhelm-
ing advantages over single TMPs counterparts in MOR [20,22-24].
Moreover, these outstanding progresses have led to a bi-functional
mechanism and an electronic mechanism that rationalize the pro-
moting effects of TMP co-catalysts. The former asserts that TMPs
can catalyze water dissociation at a lower potential (< 0.7V vs. re-
versible hydrogen electrode) due to the existence of positive metal
center (M%+) and negative P®~ active sites [21]. As a result, affluent
oxygen-containing adsorbates (OH*) are generated, facilitating the
elimination of surface-bonded CO* [10,25]. The latter claims that
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Scheme 1. Schematic illustration of the fabrication process of Pt-Co-P/NPC.

TMPs induces an electronic effect that lowers the p-band center of
Pt, and thus weakens the adsorption strength of CO* [25].

Different from non-supported catalysts (e.g., some hydrogen
evolution catalysts in which TMPs act as active sites), Pt deposition
is inevitable for MOR, chloroplatinic acid (H,PtClg) is usually the
Pt source and additional reducing reagents are required [11,20]. In
other words, the TMPs must endure the acidic and reductive envi-
ronments. Otherwise, TMPs may be transformed into other species.
A careful inspection of many pioneers’ reports revealed that the
morphology and structures of TMPs changed dramatically after Pt
deposition [11,24]. Specifically, the X-ray diffraction peaks were re-
markably weakened, indicating that the structures of TMPs were at
least partially destructed. Besides, element mapping reflected that
Pt, transition metals and P exhibited a synchronous distribution.
These results clearly manifested the formation of new substance
[11,26]. Therefore, the questions arise: What is the active species
that catalyzes MOR when TMPs are applied?

In this work, we aim at ascertaining the promoting effect and
especially identifying the real active species of TMPs in MOR, se-
lecting the widely used Co,P as a prototypic paradigm. Controlled
experiments were conducted to achieve both well-preserved Co,P
co-catalyst (Pt-P/Co,P@NPC) and in-situ formed Pt-Co-P compos-
ite catalyst (Pt-Co-P/NPC) from Co,P/NPC. The comparison between
the two catalysts provides an ideal platform to explore the authen-
tic promoting effect of TMPs in MOR due to their similar fabrica-
tion processes, identical specific surface area and graphitic degree.
Electrocatalysis tests show that Pt-Co-P/NPC exhibits a significantly
higher MOR performance than Pt-P/Co,P@NPC. The results clearly
indicate that the promoting effect of Co,P is ascribed primarily to
the resultant Pt-Co-P composite rather than Co,P itself. This find-
ing is in sharp contrast to previous studies, which claimed that
TMPs themselves play the dominant role in promoting MOR per-
formance. In addition, further designed experiments and density
functional theory (DFT) calculations reveal that the electron inter-
actions and bi-functional effect are enhanced in Pt-Co-P. Therefore,
the composite exhibits superior CO tolerance ability and ultimately
higher MOR activity.

The target Pt-based catalysts were fabricated through three
simple steps (Scheme 1). Initially, two types of leaf-like ZIF pre-
cursors (Fig. S1 in Supporting information) were obtained via
an organic solvent-free method, followed by a synchronous
phosphorization-pyrolysis  procedure, the catalyst supports
(Co,P@NPC and NPC) can be yielded. The Co,P@NPC exhibits
a carbon framework morphology, embedded with crowds of vis-
ible particles (Fig. S2a in Supporting information), while the NPC
exhibits a particle-free porous structure (Fig. S2b in Supporting in-
formation). Transmission electron microscopy (TEM) images (Figs.
1a and b) and elements mapping results (Fig. 1c) confirm that the
Co,P particles, with a mean size of ca. 40 nm, were formed and
enclosed in NPC. The X-ray diffraction (XRD) results (Fig. S3a in
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Fig. 1. (a) TEM, (b) HR-TEM image and (c) element mapping of Co and P for
Co,P@NPC. Inset in (a) shows the particle size distribution of Co,P. (d) TEM, (e)
HR-TEM image and (f) element mapping of Pt, Co and P for Pt-Co-P@NPC.

Supporting information) indicate that the formed Co,P particles
can be assigned to the orthorhombic phase [27]. Moreover, the
energy dispersive X-ray (EDX) spectroscopy (Fig. S4 in Supporting
information) shows that the Zn species are removed from the
supports after thermal treatment.

The specific surface area is a vital structural parameter for the
follow-up Pt deposition process. Both Co,P@NPC and NPC exhibit
a typical type IV isotherm (Figs. S5a and b in Supporting informa-
tion). There are obvious tails in the low pressure and noteworthy
hysteresis loops in the middle pressure region, manifesting their
hierarchical porous structure [28,29]. The Co,P@NPC shows a large
Brunauer-Emmett-Teller specific surface area of 327.88 m2/g, which
is comparable to that of NPC (344.38 m?2/g). Raman spectra (Fig.
S5c in Supporting information) reveal no significant difference in
the intensity ratio of D and G band (denoted as Ip/Ig) of Co, P@NPC
(1.05) and NPC (1.06), indicating that the two supports have nearly
identical graphitic degree and therefore comparable charge trans-
fer resistance [30,31]. Therefore, the influences of specific surface
area and electrical conductivity are expected to play a minor role
in the differences of the electrocatalytic performance and thus can
be safely ruled out [32].
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In Pt deposition process, controlled experiments were con-
ducted to prepare Pt-Co-P/NPC, Pt-P/NPC and Pt-P/Co,P@NPC cat-
alysts. Specifically, H,PtClg and K,PtClg were used as different Pt
sources to produce the former two and the latter catalysts, respec-
tively. Clearly, the characteristic diffraction peaks of face-centered
cubic Pt emerge in the XRD patterns of the three catalysts (Fig.
S3c in Supporting information) [33]. Besides, the synthesis of Pt-
Co-P/NPC was accompanied by the apparent disappearance of Co,P
nanoparticles (Fig. 1d and Fig. S6a in Supporting information) due
to the acidic condition. This is also confirmed by the XRD pattern
of Pt-Co-P/NPC, where the diffraction peaks of Co,P are completely
disappeared (Fig. S3c). The morphology of Pt-P/Co,P@NPC and Pt-
P/NPC was almost unchanged after Pt deposition (Figs. S6b and c
in Supporting information). The diffraction peaks of Co,P are well
preserved in Pt-P/Co,P@NPC (Fig. S3c). The above results demon-
strate that the controlled synthesis using different Pt sources not
only successfully prepared Pt-based catalysts but also achieved
preservation or disappearance of Co,P.

High-resolution TEM (HR-TEM) images (Fig. 1e) of Pt-Co-P@NPC
reveal a lattice spacing of 0.223 nm, which can be well indexed to
the (111) plane of face-centered cubic Pt [33]. Meanwhile, the el-
ement distribution mapping (Fig. 1f) and EDX results (Fig. S7 in
Supporting information) demonstrate that Pt, Co and P exhibit an
analogous distribution feature, indicating the loading of Pt-Co-P
composite on the surface of NPC rather than pure Pt [34]. Sim-
ilarly, the Pt-P composite nanoparticles are also observed in Pt-
P/Co,P@NPC and Pt-P/NPC (Figs. S8 and S9 in Supporting infor-
mation). The formation of Pt-Co-P can be attributed to the fact
that Co and P were leached from Co,P in the acidic environment
and then co-reduced with Pt [35]. In contrast, Pt-P/Co, P@NPC was
synthesized in the non-acid solution, and Co,P nanoparticles were
well preserved. Meanwhile, the formation mechanism of Pt-P com-
posite can be interpreted as soluble P was leached from the car-
bon frameworks and subsequently co-reduced with Pt. On the ba-
sis of above results, it is reasonable to deduce that the formation
of Pt-based composite is inevitable under similar acidic conditions
adopted by previous reports [11,24].

The MOR performances over the synthesized catalysts were
comparatively investigated by cyclic voltammetry (CV) in 0.5 mol/L
H,S0,4 + 1 mol/L CH30H electrolyte, taking Pt/C-JM as the bench-
mark. The mass activity curves are normalized by the actual Pt
mass percentage (Table S1 in Supporting information) and shown
in Fig. 2a. Clearly, there are two scan peaks, indicating that all cata-
lysts exhibit a typical MOR feature. Specifically, the forward (If) and
backward peak (I,) corresponds to the oxidation of the methanol
molecules and reaction intermediates, respectively [36]. Pt-Co-
P/NPC exhibits a much better mass activity of 1016 mA/mgp,, re-
markably outperforming Pt-P/Co,P@NPC (345 mA/mgp;), Pt-P/NPC
(617 mA/mgp;) and Pt/C-JM (640 mA/mgp;) (Fig. 2b). Moreover, this
activity is also comparable to the state-of-the-art catalysts (Table
S2 in Supporting information) reported in literatures. Of note, the
support (Co,P@NPC) is inactive for MOR (Fig. S10 in Supporting
information). The comparison of MOR performances manifest that
the promoting effect of Co,P in MOR should originate from the re-
sultant Pt-Co-P composite rather than Co,P itself or the formed Pt-
P composite.

In order to understand the remarkable advantages of Pt-Co-
P/NPC over the other catalysts, their electrochemical active sur-
face area (ECSA) values were firstly evaluated by CV in 0.5 mol/L
H,S04 electrolyte. As shown in Fig. 2c, the ECSA value of Pt-Co-
P/NPC (41.3 m?2/gp) is nearly twice that of Pt-P/Co,P@NPC (21.6
m?/gp;). This should be ascribed as the fact that the former has
a smaller average particle size (Fig. S11 and Table S3 in Support-
ing information) [37]. Accordingly, the resultant Pt-Co-P/NPC has
the advantages in downsizing the particle size and thus increasing
the ECSA value in comparison to Pt-P/Co,P@NPC. As a result, Pt-
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Co-P/NPC enables a larger number of active sites readily accessi-
ble to the reactants, partially responsible for its higher mass activ-
ity than that of Pt-P/Co, P@NPC [12]. Besides, Pt-P/NPC and Pt/C-]M
exhibit an ECSA of 47.2 and 44.9 m?/gp;, respectively. These values
are comparable to that of Pt-Co-P/NPC, even though the particle
size of Pt/C-JM is remarkably larger than the other two catalysts.
This may be because the surfaces of particles in Pt-Co-P/NPC and
Pt-P/NPC are not completely comprised of Pt atoms [38].

The specific activity is a good indictor to characterize the in-
trinsic activity of MOR catalysts [5]. As shown in Figs. 2d and e,
Pt-Co-P/NPC possesses a specific activity of 2.58 mA/cm?2, which is
significantly higher than those of Pt-P/Co,P@NPC (1.60 mA/cm?2),
Pt-P/NPC (1.25mA/cm?) and Pt/C-]M (1.43 mA/cm?2). Thus, Pt-Co-
P/NPC composite possesses the highest intrinsic activity to cat-
alyze MOR. An electrochemical impedance spectroscopy (EIS) anal-
ysis was further applied to explore the electrode kinetics in the
MOR process. The results are shown in Fig. 2f, and the fitting data
are presented in Table S4 (Supporting information). Clearly, Pt-Co-
P/NPC exhibits the lowest charge transfer resistance (R.¢) value in
the Nyquist plots, further confirming its highest catalytic activity
[23,39].

To understand the high activity of Pt-Co-P composite for MOR,
the surface environment and valence states of the synthesized
catalysts and the Pt/C-JM were delicately investigated by XPS. As
shown in Fig. 3a, the Co 2p spectrum of Pt-Co-P/NPC can be well
fitted to Co3* (780.7 and 796.3 eV), Co?*+ (782.7 and 798.6eV) and
satellite peaks (787.6 and 803.1eV) [5,27]. Analogous features can
be also seen in Pt-P/Co,P@NPC, but these characteristic peaks in
Pt-Co-P/NPC exhibits an obvious positive shift. P 2p spectra of Pt-
Co-P/NPC, Pt-P/Co,P@NPC and Pt-P/NPC (Fig. 3b) are quite similar.
All can be classified as the P-O and P-C characteristics [35,40]. Of
note, the binding energy of P 2p in Pt-Co-P/NPC delivers a posi-
tive shift than that in Pt-P/Co,P@NPC and Pt-P/NPC. The above re-
sults suggest that the formation of Pt-Co-P composite may enhance
electron depletion of Co and P atoms [13,34].

The Pt 4f spectra of the four catalysts are given in Fig. 3c.
Clearly, Pt-Co-P/NPC exhibits characteristic peaks that can be well
attributed to Pt9 (71.21 and 74.60 eV) and Pt2* (72.40 and 75.85eV)
[15]. The binding energy of Pt 4f in Pt-Co-P/NPC exhibits an ev-
ident down shift of 0.6eV in comparison to that of Pt/C-JM. The
shift is more remarkable than that of Pt-P/Co,P@NPC and Pt-
P/NPC. In light of the above-mentioned variations of Co 2p and
P 2p states, the formation of Pt-Co-P composite enhances elec-
tron transfer from Co and P to Pt and thus results in electron-
rich Pt centers. This is also supported by our theoretical calcula-
tions (Fig. S13 in Supporting information). The calculated charge
density difference of embedding a P or a Co atom in the surface
of Pt (111) reveal that charge transfers from P or Co to Pt atoms.
These results clearly indicate a significantly stronger electronic ef-
fect between Co, P and Pt in Pt-Co-P/NPC composite catalyst than
in Pt-P/Co,P@NPC. The down-shift of Pt 4f binding energy in Pt-
Co-P/NPC suggests a lower p-band center, which is expected to re-
sult in a weaker CO adsorption on Pt sites [41]. Accordingly, Pt-Co-
P/NPC may enable a higher CO tolerance and thus a higher intrin-
sic activity for MOR [5], partially contributing to its higher mass
activity than that of Pt-P/Co, P@NPC.

To gain deep insight into the superior MOR performance upon
the formation of Pt-Co-P composite, we performed comparative
DFT calculations about two crucial descriptors for MOR, i.e., wa-
ter dissociation and CO adsorption on modeled Pt (111), Pt-P (111)
and Pt-Co-P (111) surfaces [42,43]. As shown in Fig. 3d, the cal-
culated free energy of water dissociation on Pt (111) is posi-
tive. The endothermic nature reflects a sluggish kinetics, consis-
tent with previous studies [44]. Upon introduction of P, the pro-
cess becomes exothermic, indicating a faster reaction rate. Specif-
ically, the reaction is even more exothermic when Pt-Co-P com-
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Fig. 2. (a, d) CV curves, (b) mass activity and (e) specific activity values of Pt-Co-P/NPC, Pt-P/Co, P@NPC, Pt-P/NPC and Pt/C-JM in 0.5 mol/L H,SO4 + 1 mol/L CH30H electrolyte.
(c) CV curves of the catalysts in 0.5 mol/L H,SO, electrolyte. (f) The Nyquist plots of the above catalysts in 0.5 mol/L H,SO4 + 1 mol/L CH30H electrolyte. The inset in (f) is
the relevant equivalent circuit.
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Fig. 4. (a) CA curves of Pt-Co-P/NPC, Pt-P/Co,P@NPC, Pt-P/NPC and Pt/C-JM in 0.5 mol/L H,SO4 + 1 mol/L CH30H electrolyte. Inset shows the magnified image of the marked
region. (b) The retained mass activity and activity declined ratio of the catalysts after CA test. The ADT curves of (c) Pt-Co-P/NPC and (d) Pt/C-JM in 0.5mol/L H;SO4

electrolyte. Insets show the corresponding ECSA variations after ADT cycles.

posite is formed. According to the well-known Brensted-Evans-
Polanyi relations [45], the more negative reaction energy means
the lower water dissociation barrier. Thus, water would dissoci-
ate most readily into H* and OH* on Pt-Co-P (111). The remark-
ably promoted OH* production on Pt-Co-P (111) would facilitate
the removal of adsorbed CO* through a bi-functional mechanism
(CO* + OH* =CO0, +H*) [25,46]. As for CO adsorption, it is clear
that Pt-Co-P (111) exhibits the weakest strength towards CO* ad-
sorption (Fig. 3e).

The above calculated results clearly indicate the formation of
Pt-Co-P (111) surface would promote the removal of tightly bonded
CO* from the surface and alleviate the well-known poisoning ef-
fect of CO [42]. These results are consistent with the CO stripping
experiment, which is regarded as a convincing technique to eval-
uate CO tolerance in MOR [4,47]. As shown in Fig. 3f, the Pt-Co-
P/NPC presents an obviously lower onset and peak potential (0.632
and 0.666V) than Pt-P/Co,P@NPC (0.640 and 0.676V), Pt-P/NPC
(0.649 and 0.680V) and Pt/C-]JM (0.658 and 0.690V). The experi-
mentally observed superior activity of Pt-Co-P/NPC towards MOR
should originate largely from a high intrinsic activity for CO re-
moval [5,48]. Moreover, theoretical calculations indicate that water
energetically prefers adsorption on Co site (Fig. S14 in Supporting
information) while CO adsorption on Pt sites is energetically more
favorable. In combination with the strong electronic effect between
Co, P and Pt in Pt-Co-P/NPC, the precise role of Pt-Co-P becomes
clear. The presence of P and Co would result in electron-rich Pt
centers and promotes water dissociation. Particularly, the Pt and
Co sites may work in concert to properly address CO oxidation and
thus synergistically act as active sites to accelerate MOR.

Apart from the catalytic activity, long-term stability of catalysts
is equally important to the commercial application of DMFCs [4].
As is well-known, the MOR catalysts’ stability is influenced by both
chemical and physical factors. The former refers to the CO poison-
ing, degrading the catalytic activity promptly [48]. The latter is the
structure damage during MOR, such as the dissolution, migration,

ripening of Pt nanoparticles as well as support corrosion and col-
lapse [49,50].

In this study, the chemical factor was evaluated by chronoam-
perometry (CA) at a fixed potential of 0.6V. As shown in Fig. 4a,
the mass activity decreases rapidly at the initial stage (< 1000s)
due to the quick methanol consumption and CO poisoning near
the electrode [14]. As the reaction proceeds, the methanol concen-
tration tends to be constant, meanwhile, the production and con-
sumption of CO reaches a dynamic equilibrium. As a result, the CA
curves gradually flatten out. After 3600s, Pt-Co-P/NPC possesses
the lowest declined ratio (Fig. 4b), reflecting its best stability on
account of its enhanced CO tolerance [5,51].

As for the physical factors, the accelerated durability test (ADT)
of Pt-Co-P/NPC and Pt/C-JM were operated (Figs. 4c and d). The
areas of the hydrogen desorption region decrease with the in-
crease of ADT cycles, signifying the gradual destruction of both
catalysts [49,50]. The ECSA of Pt/C-JM catalyst is decayed rapidly,
and only 3.3% and 1.1% are maintained after 500 and 1000 cycles,
respectively. In comparison, the Pt-Co-P/NPC has correspondingly
72.7% and 37.0% of ECSA values retained (the insets in Figs. 4c
and d). Fig. S15 (Supporting information) shows the TEM images
of Pt-Co-P/NPC and Pt/C-]JM after ADT for 1000 cycles. Pt nanopar-
ticles in Pt/C-JM suffer from serious agglomeration and are un-
evenly dispersed. In contrast, the dispersion of Pt-Co-P nanoparti-
cles remains uniform though inevitable particle agglomeration still
occurs. Therefore, Pt-Co-P/NPC possesses better structure stability,
explaining its higher retained ECSA values.

Our controlled experiments demonstrate that the resultant Pt-
Co-P composite is the real active species when Co,P is applied as
the co-catalysts for MOR. The advantages of Pt-Co-P in catalyz-
ing MOR can be ascribed as the following aspects: (i) The in-situ
formed Pt-Co-P enables a larger ECSA value and thus more exposed
active sites accessible for reactants. (ii) The enhanced electron in-
teraction in Pt-Co-P weakens the chemisorption strength of CO*
and promotes water dissociation into OH*. Accordingly, the Pt-Co-
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Scheme 2. Schematic illustration of the catalytic mechanism for MOR of Pt-Co-
P/NPC.

P composite could facilitate the removal of adsorbed CO* through
a bi-functional mechanism (Scheme 2) and ultimately accelerate
MOR. Our study not only presents an effort to identify the real pro-
moting species and mechanisms of TMPs in MOR, but also makes
an essential step in development of high-performance TMPs-based
MOR catalysts. Such mechanistic understanding is undoubtedly of
significance for the development of advanced TMPs-based MOR
catalysts and ultimately the wide penetration of DMFCs devices.

In summary, to probe the real promoting effects of TMPs-based
MOR catalysts, we conducted a series of controlled experiments to
preserve or etch Co,P respectively using K,PtClg and H,PtClg as
Pt sources during deposition process. Co,P is well-preserved and
totally transformed into Pt-Co-P in the former and latter cases,
respectively. Our results demonstrate that the promoting effect
of Co,P is ascribed primarily to the resultant Pt-Co-P composite
rather than Co,P itself. This is in sharp contrast to previous re-
ports, which claimed that TMPs themselves play the dominant role
in enhancing MOR performance. Mechanistic analysis reveals that
Pt-Co-P/NPC exhibits better CO tolerance than Pt-P@Co,P/NPC, Pt-
P/NPC and Pt/C-]JM due to its weaker CO* adsorption strength and
higher OH* supply capacity. This work sheds a new light on the
promoting effects of TMPs-based MOR catalysts, which will stimu-
late the exploration of advanced MOR catalysts.
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