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Abstract. Online metacognitive skills

are the real-time awareness of cognition,
which can effectively promote science
learning and improve performance in
solving scientific problems. Therefore, it

is important to enhance and diagnose
students’ online metacognitive skills in
science education. This study aimed to
evaluate ninth-grade students’ online
metacognitive skills while processing
chemistry problems. To achieve this goal,
this study constructed a framework for
guiding the development of an instrument
comprising 12 two-tier items. A total of 258
ninth graders took part in the field testing
in Jiangsu, China. A partial credit Rasch
model analysis was employed to inform
instrument development and evaluation.
The results revealed that this instrument
was valid and reliable for assessing
students’ online metacognitive skills.
Nearly 60% of the ninth-grade students
in this sample were able to monitor their
own thought processes or evaluate their
own cognitive performance in processing
chemistry problems. About one-third of
the students could regulate their thought
processes. However, less than 4% of the
students could make attributions about
their cognitive performance.
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Introduction

Metacognition refers to the knowledge and awareness of cognition (Fla-
vell, 1979), indicating a person’s ability to reflect upon their own thoughts,
experiences, and actions (Soto et al., 2018; Weil et al., 2013). Previous literature
has proposed two types of metacognition: offline metacognition and online
metacognition (De Clercq et al.,, 2000; Desoete, 2001). Offline metacognition
is a general reflection on past or future activities (Violeau et al., 2020). In
contrast, online metacognition is a mental process activated as the individual
is processing the task at hand (Ng et al., 2021; Quiles et al., 2014). The term
online, here, is a synonym for an ongoing situation where certain metacogni-
tive functions take place (Mazancieux et al., 2021).

In science education, online metacognition has been considered more
important than offline metacognition, specifically in solving scientific pro-
blems (Gilbert, 2005). The use of online metacognition can facilitate students’
abilities to actively control and regulate their thinking process for processing
tasks (Efklides & Misailidi, 2010; Goldstein & Naglieri, 2011; Kuzle, 2018; Lavi et
al., 2019; Seel, 2012; She et al., 2012). For instance, Cooper et al. (2008) found
that the learners who performed well on chemistry problems scored high
on measures of online metacognition. Rickey and Stacy (2000) also stated
that online metacognition could compensate for lacking chemical problem-
solving experience, and the students who were aware of and in control of
their own thoughts were better able to solve chemistry problems than the
students who were not online metacognitive.

Alarge number of studies, however, have shown that students have lim-
ited online metacognitive skills in solving chemistry problems, as measured
primarily by observation, verbal protocols or self-reports (Mathabathe &
Potgieter,2017; Sandi-Urena et al., 2011; Wang, 2022). For instance, Pulmones
(2007) discovered that many students were unaware of their thoughts, as
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seen by their failure to monitor the progress of their work, determine whether their solutions were accurate, and
explain why the problems were challenging. According to Bell and Volckmann (2011), at least half of the students
overestimated their performance, and the worse they performed, the more biased they were. Teichert et al. (2017)
noticed that students struggled with online metacognitive reflection on their problem-solving processes, and they
had trouble explaining their problem-solving results.

Therefore, there is an urgent need to develop students’ online metacognitive skills to help them to become
successful problem solvers and obtain their expected learning outcomes. To achieve this goal, one essential step
towards fostering students’online metacognitive skills is to diagnose the extent of students’ online metacognitive
skills in solving chemistry problems. However, to date, limited studies have focused on assessing students’specific
online metacognitive skills in solving chemistry problems (Schellings, 2011; Wang, 2015). In this regard, the pres-
ent study aimed to evaluate ninth-grade students’ online metacognitive skills in solving chemistry problems. To
fulfill this purpose, this study constructed a framework to guide the development of an instrument for identifying
the specific online metacognitive skills that are challenging for students, which in turn would allow appropriate
teaching aids to be provided.

Literature Review
Online Metacognitive Skills

In science education, current literature has not achieved a consensus regarding the construct of online meta-
cognitive skills (Desoete, 2001; Desoete & Roeyers, 2002; Efklides, 2002; Lee et al., 2019). According to Chen and
Goverover (2021), online metacognition skills comprise the abilities of monitoring (e.g., identifying mistakes) and
regulation (e.g., correcting responses). Similarly, Quiles et al. (2014; 2020) have identified two aspects of online
metacognitive skills, including online metacognitive monitoring that involves the subjective self-assessment of
confidence in answering the questions and online metacognitive control concerning the decision on whether to
validate the answers. Sporer and Horry (2011) have noted that online metacognitive evaluation is an essential abil-
ity to make estimates of the likely accuracy of decisions. In addition, researchers have also proposed that online
metacognitive skills consist of students’abilities to make attributions for the success or failure of their performance
when confronted with problems (Wong, 2007) and their consciousness of task processing (Efklides et al., 1998;
2008). In this sense, online metacognitive skills is an umbrella term encompassing the interrelated sub-skills nec-
essary for solving problems.

Online Metacognitive Skills in Solving Chemistry Problems

Online metacognitive skills are critical in tackling chemistry problems (Wang, 2015). Students who employed
more efficient online metacognitive strategies, such as using regulatory skills and reflective practices, could handle
more complex chemistry problems (Cooper et al., 2008; Sandi-Urena et al., 2011). A study conducted by She et al.
(2012) has shown that the top performers in solving chemistry problems were good at regulating their actions
and evaluating whether the answers were correct via checking information. Teichert et al. (2017) found that ac-
curate monitoring and reflection on ongoing mental processes could facilitate students’ application of cognitive
resources within chemistry problem contexts.

Specifically, Heidbrink and Weinrich (2021) proposed three iterative phases regarding the online metacogni-
tive process in solving a chemistry problem. While solving a chemistry problem, students first identify the given
information. They then deal with the information provided to ensure that it is working towards the goal, which
involves being aware of some mistakes and debugging the errors. Finally, students reflect on the whole process.
Similarly, Kipnis and Hofstein’s (2008) study has demonstrated that students judge whether the solutions to prob-
lems are logical by carefully checking their actions and asking themselves if they are doing the right thing and if
the results are reasonable.

Assessing Online Metacognitive Skills

In the field of chemistry education, students’metacognitive skills have been assessed in a variety of ways. For
instance, Cooper and Sandi-Urena (2009) developed a scale where students rated their degree of agreement with
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27 metacognitive statements (e.g., | do not check if the answers are reasonable). Hawker et al. (2016) and Testa et
al. (2023) asked students to estimate their performance after examinations and then computed the discrepancies
between the actual and predicted scores. Gamby and Bauer (2022) evaluated metacognitive awareness and skills
by examining students’ comments on their cognitive knowledge and beliefs.

However, many researchers have warned that the previous measurements of metacognitive skills cannot
assess online metacognitive skills because those measurements are unreliable, as they often fail to capture the
dynamic metacognitive processes within a particular task (Jacobse & Harskamp, 2012; Wang, 2015). The validity
of the online metacognitive data not gathered by online methods should also be questioned (Schellings, 2011).

To evaluate students’ online metacognitive skills, some researchers have proposed so-called online mea-
surement techniques (Bryce & Whitebread, 2012; Veenman et al., 2006), including think-aloud, observation, and
eye-tracking methods administered to students during actual task performance (Bannert & Mengelkamp, 2008;
Kinnunen & Vauras, 2010; Veenman, 2013; Winne, 2014). For instance, Dermitzaki (2005) conducted a direct obser-
vation to investigate second graders'self-regulative behaviour during the construction of a wooden vehicle or toy.

Although online measurement techniques have shed light on detecting students’ online metacognitive
skills, the majority of those techniques are labour- and time-intensive (Bannert & Mengelkamp, 2008; Veenman &
van Cleef, 2019). For example, the think-aloud method requires well-trained raters to put a huge effort into scor-
ing verbal protocols (Schellings et al., 2013). Observation of online metacognitive behaviour is time-consuming
(Veenman & van Cleef, 2019) and often requires a substantial amount of effort to collect data, and the behavioural
data must be examined by several observers according to a complex scoring system (McCord & Matusovich, 2019;
Veenman, 2017).

Compared with other online measurement techniques, questionnaires are the least labour-consuming
method of acquiring and analyzing a massive amount of information (Schellings et al., 2013), and have therefore
been widely used to measure online metacognitive skills. For instance, Lawanto (2010) developed the Engineering
Design Project Inventory to measure university students’online metacognitive skills in the process of engineering
design. All data from the questionnaire were collected from participants during the engagement process.

Specifically, two-tier items, consisting of one task and one question eliciting the online metacognitive activities
behind the task response, have been one of the most popular types of questionnaire items for efficiently investi-
gating online metacognitive skills (Dermitzaki, 2005). For example, Koren et al. (2005) and Quiles et al. (2014) used
two-tier items (the Wisconsin Card Sorting Test, WCST) to evaluate online metacognitive monitoring and control.
The participants first performed a matching task. Then, they were asked to rate their confidence in their responses,
from which the extent of online metacognitive monitoring was measured. The participants were also requested
to validate the task responses and decide whether the responses should count towards their overall grade, thus
examining their online metacognitive control.

In short, previous studies have made valuable contributions to investigating students’ online metacognitive
skills. However, the currently articulated online metacognitive skills in solving chemistry problems have received
too little attention in the research literature. While primary, upper-secondary, and university students were the main
subjects in most of the existing related studies, the extent of lower-secondary school students’ online metacogni-
tive skills in dealing with chemistry problems remains unknown. In order to address this gap, the present study
aimed to develop and validate a measurement instrument by applying Wilson’s Construct Modeling Approach
(Wilson, 2005). The findings of this study may provide a basis for further instruction regarding online metacogni-
tion in solving chemistry problems.

Research Purpose and Research Questions
The current study intended to develop and validate a measurement instrument to assess ninth-grade students’
online metacognitive skills in solving chemistry problems.
Specifically, two research questions were addressed:
(1) What evidence supports the reliability and validity of measures of the instrument developed in this
study for assessing students’ online metacognitive skills in solving chemistry problems?
(2) Whatis the extent of ninth-grade students’ability to monitor, evaluate, regulate, and make attributions
of their own cognitive performance?
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Theoretical Framework

In reference to previous studies (Chen & Goverover, 2021; Quiles et al., 2020; Sporer & Horry, 2011; Wong,
2007), this study defined online metacognitive skills as the ability to monitor, evaluate, regulate, and reflect on
one’s own performance in solving chemistry problems. In particular, four hierarchical levels comprise the construct
of this study, which is hypothesized to delineate a set of complicated online metacognitive skills, from the least
sophisticated (i.e., monitoring one’s own thought processes) to the most advanced (i.e., making attributions about
one’s own cognitive performance), as shown in Figure 1.

Figure 1
Online Metacognitive Skills Framework

The first level relates to students’ability to monitor their thoughts. Monitoring has long been emphasized in
scientific problem-solving literature (Hollingworth & McLoughlin, 2001; Rozencwajg, 2003). Monitoring processes
frequently occur in the early stages of problem-solving and play essential roles in helping students modify their
behaviour (Jacobse & Harskamp, 2012; Kuzle, 2013; Rickey & Stacy, 2000). Online metacognitive monitoring pro-
cesses require students to concentrate on ongoing task performance, recognize if the thinking is clear, and identify
whether the reasoning is correct or incorrect to ensure that the current thinking is going in the right direction.

The second level concentrates on students’ ability to evaluate their cognitive performance, asking students
to demonstrate the ability to assess their problem-solving processes, estimate the correctness and rationality of
the solutions, and check their answers. Evaluation has been widely considered an essential element of online
metacognitive skills that helps verify reasonable solutions to chemistry problems (Vo et al., 2022). Given that mak-
ing performance judgments often occurs after and is dependent on students’ monitoring behaviour (Jacobse &
Harskamp, 2012; Koriat, 2002), evaluating one’s cognitive performance is more demanding for students compared
with monitoring (Azizah et al., 2019).

The third level relates to students’abilities to regulate their thought processes. Students who achieve this level
are able to find and correct their mistakes, modify their operations, overcome their difficulties, and develop new
solutions to deal with problems in an efficient way. As a critical component of online metacognitive skills (Rickey &
Stacy, 2000), regulation is more advanced than monitoring or evaluating because it requires students to accurately
monitor and assess their performance before they can direct their cognition (Cheng, 2011).

The fourth level corresponds to students’ ability to make attributions of their own cognitive performance,
requiring students to learn from their successes and failures by reflecting on their problem-solving processes and
identifying the factors affecting their performance. Making attributions is not only important for solving chemistry
problems (Zoller & Pushkin, 2007), but it can also influence judgment, self-regulation process, and achievement
striving (Clifford, 1986; Lin, 2003; Ross, 1999). The ability to make attributions for their performance depends on
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abilities such as monitoring, evaluation, and regulation (Garner, 2009; Zimmerman, 2011; 2013). Therefore, this
ability is considered the most advanced in terms of online metacognitive skills.

Research Methodology
General Background

Until now, few studies have focused on evaluating lower-secondary school students’ online metacognitive
skills in processing chemistry problems. Therefore, the present study developed and validated an instrument to
assess ninth-grade students’ online metacognitive skills in solving chemistry problems. The validity and reliability
of the instrument were examined using Rasch analysis. Students’ online metacognitive skills were detected during
the 2020-2021 academic year.

Sample Selection

Convenience sampling was used to recruit participants from two lower-secondary schools in Jiangsu, China.
For the pilot test, 236 ninth graders (130 females and 106 males) were invited from one school to evaluate and
refine the initial instrument. For the field test, 258 ninth graders (123 females and 135 males) were selected from
the other school to confirm the revised instrument. The sample size was determined based on previous studies,
which suggested that at least 200 participants would be adequate (Liu, 2020). These students were academically
diverse and included low-, medium-, and high-performers. All the participants were volunteers and were assured
of confidentiality.

Instrument and Procedures

The instrument development was guided by Wilson’s Construct Modeling Approach (2005) through six itera-
tive steps: (1) developing a construct map; (2) generating items; (3) developing scoring rubrics; (4) administering
a pilot test and revising items; (5) conducting the field test; and (6) Rasch analysis.

Developing a construct map. A construct map specifies a continuum of skills that learners are expected to
progress through for the target construct (Rittle-Johnson et al., 2011). In this study, a construct map (see Figure 1)
for online metacognitive skills in chemistry problem-solving was developed.

Generating items. In line with previous studies (e.g., Dermitzaki, 2005), a two-tier response format was ad-
opted to generate the test items. The initial item pool was generated based on a comprehensive review of related
measurements, including the Engineering Design Project Inventory (Lawanto, 2010) and the Wisconsin Card Sort-
ing Test (Koren et al., 2005). A group of experts (three science education professors and two experienced science
educators) and the authors took part in the development of the items.

In particular, the following three tenets were used to review and revise the items in the initial pool: (1) each
item should be linked to one level of skills, and all levels should have corresponding items. (2) The chemistry
problems should be embedded in real-life contexts and could not be taken from the textbook, thereby avoiding
the possibility of students solving problems by memorizing, and the problems must be cognitively challenging
to promote students to think deeply and stimulate their online metacognitive thinking processes. (3) Given that
the test aimed to assess online metacognitive skills, the knowledge of chemistry required should be reduced to
aminimum.

The initial version of the instrument included 20 two-tier items embedded in five tasks. An example task and
details of the item illustrations are presented in Appendix A.

Developing scoring rubrics. After the items were designed, scoring rubrics were constructed to evaluate
students’ responses to the items. In this study, the scoring rubrics contained information about the performance
indicators and codes for identifying the anticipated responses corresponding to the related level of performance.
Among the initial 20 items, five items were scored from 0 to 1, and the other 15 items were scored from 0 to 2
(examples are shown in Appendix B).

Four graduate students in science education were recruited as raters to score each item independently. All
the discrepancies that arose during the rating processes were resolved through several extensive discussions. The
inter-rater reliability was determined as Cohen’s kappa value of .95 (p < .01).
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Administering a pilot test and revising pilot test items. To further refine the instrument, participants not
only took part in the pilot test but also were interviewed afterwards to collect information regarding their experi-
ences in the test. The results of the pilot test were analyzed using Rasch analysis to check the quality of the items.
Based on the pilot test results, two tasks were removed because of low item discrimination, and three controversial
items were modified following a focus group discussion with experts and student interviews.

The final version of the instrument comprised 12 two-tier items. Table 1 shows the distribution of the items
corresponding to the different levels of online metacognitive skills in solving chemistry problems.

Table 1
Field Item Distribution Regarding Online Metacognitive Skills in Solving Chemistry Problems

Levels Performance expectations ltems

Level 1 Monitoring one’s own thought processes Q2/Q3; Q8/Q9; Q14/Q15
Level 2 Evaluating one’s own cognitive performance Q2/Q5; Q8/Q11; Q14/Q17
Level 3 Regulating one’s own thought processes Q1/Q4; Q7/Q10; Q13/Q16
Level 4 Making attributions of one’s own cognitive performance Q5/Q6; Q11/Q12; Q17/Q18

Conducting the field test. A 40-minute field test was conducted to ensure the validity and reliability of the
revised instrument, as well as to determine the online metacognitive skills within the sample. The Rasch model
was employed to analyze the field test data.

Rasch analysis. In science education, Rasch measurement has been widely used for the rigorous development
and examination of measurement instruments (Boone & Scantlebury, 2006; Planinic et al., 2019; Sideridis, 2007;
Wang et al,, 2017; Wren & Barbera, 2014). This study conducted Rasch analysis taking into account the following
benefits: (a) the Rasch model is expressed both at the instrument level and the item level (Muller, 2005). (b) Rasch
measurement focuses on the likelihood of the response rather than the answer per se (Wilson et al., 2006). (c) The
features of the participants do not affect the item estimates (Chae et al., 2018). (d) Rasch measurement allows for
converting the raw ordinal scores into interval equivalent scores expressed on a linear scale (Engelhard & Myford,
2003).

Data Analysis

The development of the assessment instrument for this study and subsequent analysis of pilot and field test
results were all guided by the application of Rasch measurement. Given that all the items in this study did not
share the same scale steps, partial credit Rasch model analysis was applied for measurement development and
instrument evaluation. All raw data were converted into Rasch measures (in logits) to generate interval data for
further statistical calculations (Bond & Fox, 2015). Specifically, the person/item separation and person/item reli-
ability indices were calculated to examine the instrument’s reliability. Fit statistics and the person-item distribution
map (Wright map) were used to evaluate the validity of the instrument.

Research Results

In presenting the findings, this study focused on the revised version of the measurement instrument. Data
from the field testing were analyzed using Winsteps software (Linacre, 2009) version 3.72.3.

Evidence for Reliability and Validity

Unidimensionality. Unidimensionality is an explicit requirement for Rasch measurement (Smith, 1996), as-
suming that the test measures only one underlying construct (Wind & Schumacker, 2021). This study performed a
principal component analysis of residuals to check for unidimensionality (Bond & Fox, 2015). According to Linacre
(2020), unidimensionality is achieved if the unexplained variance in the first contrast is less than two eigenvalues.
The results indicated that the eigenvalue was 1.9 in the first contrast, thus supporting unidimensionality.
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Reliability. In Rasch measurement, item reliability refers to the consistency of relative item measure location,
and person reliability refers to the replicability of person placement across items (Bond & Fox, 2015; Linacre, 2020).
The Rasch measurement model provides indices of item/person separation and item/person reliability like Cron-
bach’s alpha for evaluating reliability across persons and items. The criteria for accepting reliability and separation
in the Rasch model are above .70 (Fitzpatrick et al., 2004) and 2, respectively (Fisher, 2007). As Table 2 shows, the
item reliability was high at .98, and the person reliability was .71. However, the item separation was acceptable at
7.96, and the person separation was low at 1.55.

Table 2
Field Test Summary Statistics from Rasch Model Analysis

Infit Outfit
Measure Error Separation Reliability
MNSQ ZSTD MNSQ ZSTD
Person -0.24 0.61 1.00 -0.10 1.02 -0.10 1.55 71
Item 0.00 0.11 0.99 -0.50 1.02 0.20 7.96 .98

Validity. Rasch fit statistics and the person-item distribution map (Wright map) are used to test the validity
of the estimated measures (Bond & Fox, 2015). The Rasch measurement model generates a set of fit statistics to
evaluate the extent to which each item matches the expectations of the Rasch model. This study reviewed Outfit/
Infit mean square residual (MNSQ) values and standardized mean square residual (ZSTD) values, with MNSQ values
between 0.5 and 1.5 and ZSTD values between —2 and +2 as fit criteria for quality assurance (Bond & Fox, 2015). The
point-measure correlation index (PTMEA) was also checked. The PTMEA refers to the Pearson correlation between
the item score and the Rasch measure (Linacre, 2020), ranging from —1.0 to 1.0. The expected point-measure cor-
relation value is positive, showing that the item-level scoring accords with the latent variable (Bond & Fox, 2015).
As Table 3 shows, all the field items had acceptable MNSQ (ranging from 0.57 to 1.43) and PTMEA values (ranging
from .39 to .63). However, nine of the twelve two-tier items had ZSTD values outside the fit range.

Table 3
Fit Statistics of 12 Two-tier Field Items from Rasch Model Analysis

Infit Outfit
item Measure Model PT-MEASURE
SE MNSQ ZSTD MNSQ ZSTD CORR.
Q17/Q18 1.60 13 0.63 -56 0.65 -32 .60
Q11/Q12 1.46 13 057 -6.5 0.59 -4.1 63
Q5/Q6 1.03 12 0.60 -5.7 0.76 -24 55
Q7/Q10 051 12 1.26 28 1.43 38 40
Q13/Q16 0.38 12 1.20 2.2 1.37 34 39
Q1/Q4 0.23 12 1.17 1.8 1.23 2.2 48
Q8/Q11 -0.28 12 0.80 -24 0.79 -24 54
Q14/Q17 -0.51 12 0.94 -07 0.93 -0.8 53
Q2/Q5 -0.61 12 0.96 -04 0.95 -06 44
Q8/Q9 -0.99 12 1.31 35 1.28 32 55
Q14/Q15 -1.20 12 1.1 13 1.09 11 46
Q2/Q3 -1.61 12 1.31 3.8 1.29 35 60
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The Wright map (person-item map) visually displays the relative difficulties of items and estimates of a per-
son’s ability on the same linear logit scale (Linacre, 2020). The left-hand side of the map locates the distribution of
students’ ability measures, from the most capable (top) to the least capable (bottom). The right-hand side of the
map presents the items from the hardest (top) to the easiest (bottom). In general, the mean of the item difficulty
is centered at 0 logits. As Figure 2 shows, the 12 field items covered a range of item difficulty from —1.61 to 1.60
logits. Ordered as hypothesized, the higher the items plotted on the Wright map, the higher the complexity level,
thereby providing evidence of the construct validity of the scales.

Figure 2
Wright Map for Online Metacognitive Skills

Ninth-grade Student Online Metacognitive Skills

To identify the extent of students’ online metacognitive skills, this study used the mean estimates of the
item difficulty of each level as the cutoff value of each complexity level. As Table 4 shows, the four cutoff values
are —1.27 logits for level 1, —0.47 logits for level 2, 0.37 logits for level 3, and 1.36 logits for level 4. These values
increased along with the proficiency levels as hypothesized. On average, items at higher levels are more difficult
than items at lower levels.

In Rasch analysis, respondents have a 50/50 chance of correctly answering an item if they have an identical
ability measure to the difficulty measure of the item (Boone et al., 2014). Therefore, students can be considered
to have attained a particular level when they have the same ability measure as the cutoff value for this level. For
example, a student with 0.0 logits reached Level 2 but had not yet achieved Level 3.
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Table 4

Items and Measures, and Cutoff Values of Levels

Levels [tems and measures Cutoff values
Level 1 Q2/Q3 (-1.61), Q8/QY (-0.99), Q14/Q15 (-1.20) -1.27
Level 2 Q2/Q5 (-0.61), Q8/Q11 (-0.28), Q14/Q17 (-0.51) -0.47
Level 3 Q1/Q4 (0.23), Q7/Q10 (0.51), Q13/Q16 (0.38) 0.37
Level 4 Q5/Q6 (1.03), Q11/Q12 (1.46), Q17/Q18 (1.60) 1.36

As Figure 3 shows, overall, 14.34% of ninth-grade participants reached level 0, indicating that they were not
able to utilize online metacognitive skills when solving chemistry problems. Of the participants, 81.78% were
classified as Level 1 (27.13%), Level 2 (29.84%), or Level 3 (24.81%), suggesting that these students were not
able to accurately evaluate, regulate, or make attributions of their problem-solving performance. Only 3.88% of
participants achieved Level 4, meaning that they were able to successfully employ online metacognitive skills to
complete chemistry problems.

Figure 3
Online Metacognitive Skills of Sample by Level

35%
29.84%

30% 27.13%
24.81%

25%

20%
14.34%
15%

10%
3.88%
5%

s ]

Level 0 Level 1 Level 2 Level 3 Level 4

Discussion

Following on from the paucity of research explicitly examining the online metacognitive skills of students dur-
ing specific cognitive activities (Schellings, 2011; Wang, 2015), the goal of this study was to develop and validate an
instrument for assessing ninth-grade students’online metacognitive skills in chemistry problem-solving. Specifically,
a construct map was developed to illustrate the different levels of online metacognitive skills, and an instrument
comprising 12 two-tier items was created to measure the construct. The instrument’s validity and reliability were
verified using Rasch analysis. Eventually, the online metacognitive performance of ninth-grade students was tested
and identified according to the assessment framework. In the following section, this paper discusses the quality
of the instrument and the performance of the students in online metacognitive skills.

Psychometric Properties of the Instrument
The results indicated that the instrument had good psychometric qualities. The principal components analy-
sis confirmed that the test measures only one underlying construct. The instrument’s reliability was considered

acceptable, with evidence that the indices of item/person reliability and item separation were fair. The validity of
the instrument was checked using fit statistics and the person-item distribution map.
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However, there are some aspects in which the instrument could be improved. First, the person separation
was not perfect, indicating the limited ability of the instrument to distinguish high and low performers. This may
be because the field test sample was from the same school and grade, which might mean that it was relatively
homogeneous and not widely representative. Another reason could be the inadequate items to differentiate the
sample, considering that each student was administered only three tasks. Some participants did not respond to
all the questions, resulting in missing data in the study, which could reduce accurate measurement (Linacre, 2020).
The test is a low-stakes test and the results are not used for decision making; the relatively low person separation
in this study may not be a critical issue.

The Wright map also presented several gaps in item coverage, suggesting a lack of items targeting some
students. According to a widely accepted criterion, when the difficulty discrepancy between two adjacent items
exceeds 0.5 logits, a gap is deemed substantively significant (Lai & Eton, 2002; Linacre, 2020). In this study, there
were two obvious gaps between item Q8/Q6 (1.03 logits) and item Q7/Q10 (0.51 logits), as well as between item
Q1/Q4 (0.23 logits) and item Q8/Q11 (-0.28 logits). Therefore, new items are needed to fill these gaps. Easier or
harder tasks could also be designed to obtain more data about students who do exceptionally well or poorly (e.g.,
estimates of a person’s ability under —1.61 or exceeding 1.60).

Finally, nine items had ZSTD values outside the fit range. A ZSTD of more than 2 indicates underfit, while a
ZSTD of less than —2 denotes overfit (Bond & Fox, 2015). Therefore, five items showed underfit, and four items
showed overfit to the Rasch model. However, for application, MNSQ is more useful than ZSTD because the former
demonstrates a practical data-model fit, whereas the latter presents a perfect data-model fit (He et al., 2022). The
ZSTD values can be ignored if the MNSQ values are desirable (Boone et al., 2014; Linacre, 2020). Therefore, the nine
items with acceptable MNSQ are not considered problematic.

Overall, it was confirmed that the instrument assessing students’ online metacognitive skills was valid and
reliable.

Students’ Performance in Online Metacognitive Skills

The findings of this study corroborate the work of Dermitzaki (2005) and Lawanto (2010). As the data showed,
most students performed well in monitoring their performance during the problem-solving process, in line with
previous literature (Azizah et al., 2019). The findings also echo Wang's (2015) study, which showed that monitoring
commonly occurred among students who continually made judgments on the accuracy of their understanding
and the effectiveness of their problem-solving strategies. Nearly 60% of the participants were able to evaluate
their cognitive performance, similar to the findings of Wang's (2022) empirical research, which indicated that
two-thirds of students reconfirmed the correctness of the solutions and checked their conclusions. However, this
result differs from the findings of Overton et al. (2013), which revealed that a large portion of students had great
difficulty assessing their problem-solving processes. Only one-third of the sample was able to regulate their thought
processes successfully. This outcome is in agreement with other authors (Stevens et al., 2013) who noticed that
many students changed their approaches to chemistry problems but did not achieve good outcomes. The ability
to make attributions of their own problem-solving performance appeared to be the hardest to achieve. This may
be because students rarely used effective reflective methods (Tu et al., 2020) and were confident in their results
for problem-solving. Therefore, they made few causal attributions (Moller & Koller, 1999).

This study showed the four hierarchical levels of ninth graders’online metacognitive skills: monitoring, evaluat-
ing, regulating, and making attributions. This agrees with existing studies (Koriat, 2002). As Kuzle (2013) reported,
students were able to monitor their understanding of the problem, but they did not assess or direct their thinking.
Azizah et al. (2019) also found that students had trouble using monitoring skills and that more of them struggled
with evaluation skills. Wang (2015) observed that monitoring was more common than judgment, while reflections
were occasionally absent in terms of frequency of occurrence.

Overall, nearly 60% of the ninth graders in this sample were able to monitor their own thought processes
or evaluate their own cognitive performance in processing chemistry problems, showing relatively good perfor-
mance. This might be related to several factors. First, the field test participants were from one of the top schools
in the city. In general, they have higher academic achievement than other students, which might result in better
online metacognitive performance. This explanation makes sense because researchers have observed a positive
correlation between academic outcomes and online metacognitive skills (Fleur et al., 2021; Treglia, 2018). Second,
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due to cultural differences, Chinese students have high metacognitive sensitivity (van der Plas et al., 2022), which
probably promotes the perception of cognitive processes.

Some students, however, did not master online metacognitive skills, and their level of skills was low. The reason
may be the absence of relevant experiences (Celik, 2022), inadequate metacognitive training (Veenman, 2012),
and teachers’ lack of metacognitive knowledge (Heidbrink & Weinrich, 2021). Online metacognitive skills cannot
be developed overnight (Pulmones, 2007). Therefore, there is an urgent need to give students more opportunities
to practice online metacognitive activities, and teachers should improve their online metacognitive awareness.

Conclusions, Implications, and Limitations

In light of the absence of research to measure lower-secondary school students’ online metacognitive skills,
this study developed an instrument for the evaluation of ninth-grade students’online metacogpnitive skills in solving
chemistry problems. Rasch analysis suggested that the instrument functioned as expected. The unidimensionality,
fit statistics, Wright map, reliability and separation estimates verified the validity and reliability of the instrument. A
sample of 258 Chinese ninth-grade students was measured and assessed using the instrument. Results showed that
students’online metacognitive skills progressed along with their proficiency levels as hypothesized (i.e., monitoring,
evaluating, regulating, and making attributions). However, only a few students were able to successfully employ
online metacognitive skills to complete chemistry problems, while most students could not accurately monitor
their cognitive processes, judge their task performance, regulate their thought processes, or make attributions of
their chemistry problem-solving outcomes.

Researchers could find some inspiration from this work to generate a trustworthy measurement instrument.
Guided by the Construct Modeling Approach, this study created an assessment tool using a more specific and
detailed procedure that included building a construct map, generating items, developing scoring rubrics, admin-
istering a pilot test, and revising test items. Furthermore, this research may contribute to a better understanding
of students’ online metacognitive skills when they deal with problems and difficulties. Test designers can develop
items to measure students’ online metacognitive skills to offer valuable guidance and information to teachers. In
addition, the instrument could serve as an available tool to enable teachers to identify students’ current level of
online metacognitive skills, change teaching strategies promptly, and determine the most effective educational
interventions, eventually leading to better chemistry learning outcomes.

Some limitations must be considered. First, because of the limited conditions, the sample size was small, and
all participants were from ninth grade in Jiangsu, China, which affected the statistical power of the analysis con-
ducted. Second, convenience sampling may have reduced the generalizability of the results. Third, since all data
were generated in chemistry problem-solving settings, the results may not generalize to other disciplines (e.g.,
biology, physics, earth science, engineering). Finally, this study did not conduct a think-aloud study to confirm
whether participants did or did not engage in online metacognitive activities as intended.

Therefore, future research may need to include more diverse samples and more discriminative items to increase
the statistical power of analyses. Further study may use a mixed-method research design to gain deeper insights
and investigate the factors influencing students’ online metacognitive skills. Finally, researchers could explore the
connection between online metacognitive skills and chemistry problem-solving abilities, and infer whether online
metacognitive activities may have a positive effect on chemistry problem-solving.
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Appendix A. An example task

CRYSTALLIZATION

Potassium nitrate partially precipitates in the form of crystals when cooling a hot concentrated aqueous solution of potassium nitrate. There
are many cooling methods, such as rapid cooling, slow cooling, and variable speed cooling. Different cooling rates affect the degree of
crystallization. A student used three cooling methods to crystallize the potassium nitrate, and the crystal particle size distribution is shown in
the figure below. Which cooling method should be chosen to obtain large crystals with relatively uniform particle sizes? (Do not answer this
question here. Please answer the following questions in sequence.)

Q13. Before answering the above question, please estimate the probability that you can answer the question correctly. Tick “v" in the table
below according to your judgment.
incorrect correct

0% 25% | 50% | 75% | 100%

Q14. According to the figure above, which cooling method should be chosen to obtain large crystals with relatively uniform particle sizes?
Please explain the thinking processes and ideas you used to come to your answer.

Q15. Have you recognized if the thinking processes are clear and whether the reasoning is correct or incorrect when solving this chemistry
problem?
A. Yes. My thinking is clear and my reasoning is correct.
B. Yes. My thinking is not clear, and | encounter difficulties in reasoning about this problem.
C. No. I do not have such recognition.
Q16. Based on your answers in Q14, please re-estimate the probability that you can answer this question correctly. Tick “V” in the table
below according to your judgment.
incorrect correct

0% 25% 50% 75% | 100%

Q17. Please evaluate the answer you gave to Q14?
A. My answer is correct.

B. My answer is partially correct.

C. My answer is incorrect.

D. Itis hard for me to evaluate my answer.

Q18. Why did you make the evaluation in Q177

Item Q14 and item Q15 (abbreviated to Q14/Q15) were designed in accordance with Level 1, which assessed
whether students monitored their own thinking during the process of solving a chemistry problem. The first tier
required students to answer a question about which cooling method should be chosen to obtain large crystals
with relatively uniform particle sizes and to write down their thinking processes. The second tier contained three
options that depicted different monitoring awareness about the thinking processes when solving the first-tier
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question and required students to choose one that best fitted their situation. The response demands of Q14 and
Q17 (abbreviated to Q14/Q17) were in line with Level 2, which assessed online metacognitive evaluation. The sec-
ond tier consisted of four options from which students had to choose one to indicate their evaluation results on
the answers they gave in the first tier. Q13 and Q16 (abbreviated to Q13/Q16) were generated to measure online
metacognitive regulation (Level 3). Immediately after reading the scenario and question, students were required
to estimate the likelihood of giving an accurate response to the question in the first tier. After writing down their
answers, respondents were asked to rate the probability again in the second tier. The difference between the two
probability values was used to infer whether students might have regulated their thinking and thus changed their
awareness about whether the problem could be solved. The Q17 and Q18 (abbreviated to Q17/Q18) belonged to
Level 4, examining the ability of students to make attributions of their own chemistry problem-solving performance.
Students evaluated their problem-solving performance in the first tier, and then they were provided with a space
to write down the reasons for their evaluation in the second tier.

Appendix B. The scoring rubrics

Level Items Score Performance Evaluation criteria

The first-tier responses are correct, and the second-tier re-
sponses are option A.

Participants can accurately The first-tier responses are partially correct, and the second-tier

2 monitor their own thought pro- !
cesses responses are option B.
' The first-tier responses are incorrect, and the second-tier
responses are option B.
Level 1 8i/5QQ32%%Q22 8;‘6‘; The first-tier responses are correct, and the second-tier re-
Q27 Participants can monitor their Sponses are option B. . .
1 ownthought processes, but ot The first-tier responses are partially correct, and the second-tier
accurately enough ' responses are option A.
' The first-tier responses are incorrect, and the second-tier
responses are option A.
0 Participants cannot monitor The second-tier responses are option C.

their own thought processes.

The first-tier responses are correct, and the second-tier re-
sponses are option A.

The first-tier responses are partially correct, and the second-tier
responses are option B.

The first-tier responses are incorrect, and the second-tier
responses are option C.

Participants can accurately
2 evaluate their own cognitive
performance.

The first-tier responses are correct, and the second-tier re-
sponses are option B.
The first-tier responses are correct, and the second-tier re-
Q2/Q5 Q8/Q11 sponses are option C.
Level2  Q14/Q17 Q20/Q23 The first-tier responses are partially correct, and the second-tier
Q26/Q29 responses are option A.
The first-tier responses are partially correct, and the second-tier
responses are option C.
The first-tier responses are incorrect, and the second-tier
responses are option A.
The first-tier responses are incorrect, and the second-tier
responses are option B.

Participants can evaluate their
1 own cognitive performance, but
not accurately enough.

Participants cannot evaluate
0 their own cognitive perfor- The second-tier responses are option D.
mance.
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Level Items Score Performance Evaluation criteria

Participants can successfully
regulate their own thought

2 processes, which makes their
problem-solving performance
better.

The probability rated by participants in the second tier is higher
than the probability rated in the first tier.

Participants cannot success-

Q1/Q4 Q7/Q10 fully regulate their own thought

Level 3 Q13/Q16 Q19/Q22 The probability rated by participants in the second tier is equal

Q25/Q28 1 processes, malntz?umng the to the probability rated in the first tier.
same problem-solving perfor-
mance.
Participants cannot regulate
0 their own thought processes, The probability rated by participants in the second tier is lower
which makes their problem- than the probability rated in the first tier.
solving performance worse.
E’arnmpants can make a“?'b“‘ Reasonable explanations for the problem-solving performance
1 tions of their own cognitive R >
are given in the second tier.
Q5/Q6 Q11/Q12 performance.
Level 4  Q17/Q18 Q23/Q24
Q29/Q30 Participants cannot make at- ) .
- . " Unreasonable explanations for the problem-solving performance
0 tributions of their own cognitive o )
are given in the second tier.
performance.
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